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ABSTRACT 

During the development and production phases in the life of a reservoir, a significant 

amount of production data (i.e. flowrates and well flowing pressures) become availab le 

for use in reservoir engineering studies.  The analysis of such production data is an 

economically attractive approach for estimating reservoir and well productivity 

parameters, particularly in low permeability reservoirs, where conventional well test 

analysis would require prohibitively long shut-in periods, leading to production losses.  

Conventional production data analysis (PDA) tools, however, assume single-phase pure 

Darcy flow in reservoirs with pressure-invariant matrix properties.  Deviations from these 

assumptions can negatively affect the quality of interpretations obtained using these tools.  

This thesis therefore examines the impact of two-phase flow, velocity-dependent 

permeability (non-Darcy flow) and pressure-dependent permeability (p-k) and porosity 

(p-ϕ) effects on the analysis of long-term production data from low permeability gas 

condensate reservoirs (GCR) using selected modern PDA (type curve and straight-line) 

techniques. 

The primary objective is to propose a suitable PDA framework for reliable estimation of 

flow and in-place-related reservoir and well productivity parameters in low permeability 

GCRs where one or more of the above-mentioned nonlinear effects exist.  In this 

direction, this thesis presents novel implementations and applications of pseudovariab le-

based modifications for use with existing PDA techniques to improve the quality of 

interpretations and the reliability of parameter estimates in the presence of such nonlinear 

effects.  The effectiveness of the proposed modifications have been tested using 

production data generated, under a wide range of reservoir and well operating conditions,  

from black oil and compositional numerical reservoir simulators in which these effects 

are enabled individually or combined. 

Key conclusions from this study are that pseudovariables based on the equivalent single 

phase concept, employed in this study, can improve the quality of production data type 

curve analysis of GCRs under two-phase conditions.  It is shown that although inertia l 

non-Darcy and p-k effects can look similar in the analysis of single-cycle production data, 

when multiple production cycles are analysed independently, these two permeability-

reducing phenomena can be distinguished from each other.  Pseudovariables modified for 

p-k and p-ϕ effects are also shown to be effective linearizing tools for improving type 

curve analysis of GCRs with pressure/stress sensitive matrix properties.  
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NOMENCLATURE 

𝑎 = constant in permeability-porosity correlation 

𝐴 = drainage area 

𝑏 = Arps’ decline exponent 

𝑏𝑎,𝑝𝑠𝑠  = post-transient flow constant 

𝑏𝐷𝑝𝑠𝑠  = dimensionless post-transient flow constant 

𝐵 = formation volume factor 

𝑐  = compressibility 

𝐶𝐴 = Dietz shape factor 

𝑐�̅� = isothermal pore volume compressibility 

𝐷𝑖 = Arps’ initial decline rate 

𝐹𝑐 = fracture conductivity 

𝐹𝐶𝐷  = dimensionless fracture conductivity 

𝐹𝑠 = dimensionless shape factor in shape skin factor equation 

ℎ = producing interval thickness 

𝐽0 = zero order Bessel function of the first kind 

𝐽1 = first order Bessel function of the first kind 

𝑘 = effective permeability 

𝑘𝑎 = permeability of altered region around wellbore in Hawkins’ equation 

𝑘𝑓  = fracture permeability 

𝑘𝑟 = relative permeability 

𝐿 = liquid mole fraction (CCE experiments) 

𝑚(𝑝) = real gas pseudopressure 

𝑚(𝑝)′ = real gas pseudopressure with modification for p-k effects 

𝑝 = pressure 

�̅� = average reservoir pressure 

𝑃𝑏 = arbitrary base pressure in pseudopressure integral 

𝑃𝑐  = capillary pressure 

𝑃𝑑 = displacement pressure 

𝑃𝑑𝑒𝑤 = dewpoint pressure 

𝑃𝑖 = initial reservoir pressure 
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𝑃𝑤𝑓 = flowing well pressure 

𝑞  = surface production rate at time t 

𝑞𝑑𝐷 = decline curve dimensionless rate 

𝑞𝑚 
 = liquid flow rate at time t, variable-rate case 

𝑄 = volumetric flow rate for oil or gas 

𝑄𝑚  = cumulative liquid production at time t, variable-rate case 

𝑟𝑎 = radius of altered region around wellbore in Hawkins’ equation 

𝑟𝑒 = external reservoir radius 

𝑟𝑒𝐷  = dimensionless reservoir radius 

𝑟𝑠 = oil-gas ratio/condensate correction term 

𝑟𝑤 = wellbore radius 

𝑟𝑤𝑎 = effective wellbore radius 

𝑅𝑝 = producing gas-oil ratio (GOR) 

𝑅𝑠 = solution gas-oil ratio 

𝑅𝑣 = condensate to gas ratio (vaporized oil in gas phase) 

𝑠 = near well true skin factor, dimensionless 

𝑆 = saturation 

𝑡 = time 

𝑡𝑎 = pseudotime 

𝑡𝑎
′ = pseudotime with modification for p-k effects 

𝑡̅  = material balance time (MBT) 

𝑡̅𝑎 = material balance pseudotime (MBPT) 

𝑡̅𝑎
′ = MBPT with modifications for p-k and p-ϕ effects 

𝑡𝑎,𝑡𝑝 = two-phase pseudotime 

𝑡̅𝑎,𝑒𝑞.𝑝ℎ = equivalent phase MBPT 

𝑡̅𝑎,𝑒𝑞.𝑝ℎ
′= equivalent phase MBPT with modifications for p-k and p-ϕ effects 

𝑡𝑑𝐷 = decline curve dimensionless time 

𝑡̅𝑑𝐷 = decline curve dimensionless time based on MBT or MBPT  

𝑢 = superficial velocity 

𝑉 = vapour mole fraction (CCE experiments) 

𝑉𝑔 = vapour volume fraction (CCE experiments) 
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𝑉𝑜 = oil volume fraction (CCE experiments) 

𝑤𝑓 = fracture width 

𝑥𝑗 = weight fraction of the jth component in the condensate phase 

𝑋𝑓 = fracture half-length 

𝑋𝑛 = root of first order Bessel function of the first kind 

𝑦𝑗 = weight fraction of the jth component in the gas phase 

𝑍 = compressibility factor 

𝑧𝑗 = weight fraction of the jth component in the reservoir fluid mixture 

𝛼 = Biot’s poro-elastic constant 

𝛽  = Forchheimer factor 

∆𝑝 = change in pressure 

∆𝑝

∆𝐿
 or 

𝑑𝑝

𝑑𝐿
 = pressure gradient 

∆𝜎 = change in effective stress 

𝛾 = permeability modulus 

𝛾′ = 0.577216, Euler’s constant 

𝜂 = constant relating change in pore pressure to change in effective stress 

∆𝑝𝑝 = pseudopressure drop 

∆𝑝𝑝
′ = pseudopressure drop with modification for p-k effects 

𝜆 = pore size distribution index 

𝜇 = viscosity 

𝜇𝑒𝑞.𝑝ℎ  = equivalent single phase viscosity 

𝜇𝑡𝑝 = total two-phase viscosity 

𝜈 = Poisson’s ratio 

𝜌 = fluid density 

𝜙 = porosity, fraction 

𝜔 = exponent in permeability-porosity correlation 

 

Subscripts 

𝑔 = gas 

𝑖 = initial conditions 

𝑜 = oil (condensate) 
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𝑡 = total 

𝑤 = wetting phase 

𝑛𝑤 = non-wetting phase 

𝑡𝑝 = two-phase 

𝑠𝑐 = surface conditions 

 

Abbreviations 

𝐵𝐷𝐹 = boundary dominated flow 

𝐶𝐶𝐸 = constant composition expansion 

𝐶𝐺𝑅 = condensate gas ratio 

𝐶𝑉𝐷 = constant volume depletion  

𝐷𝐶𝐴  = decline curve analysis 

𝐸𝑈𝑅 = expected ultimate recovery 

𝐺𝐶𝑅 = gas condensate reservoir 

𝐺𝐸 = gas equivalent 

𝐺𝑇𝑅 = gas to total (gas plus condensate) flow rate (i.e. gas fractional flow) 

𝐼𝐴 = infinite acting 

𝐼𝐹𝑇 = interfacial tension 

𝐿𝐺𝑅 = local grid refinement 

𝑀𝐵𝑃𝑇 = material balance pseudotime 

𝑀𝐶 = multiple-cycle 

𝑀𝐿𝐷𝑂 = maximum liquid drop-out 

𝑂𝐺𝐼𝑃 = original gas in place 

𝑂𝑂𝐼𝑃 = original oil in place 

𝑃𝐷𝐴 = production data analysis 

𝑃𝑉 = pore volume  

𝑃𝑉𝑇 = pressure volume temperature 

𝑆𝐶   = single-cycle 

𝑆𝐹𝑉𝑊 =single fractured vertical well 

𝑇𝐶𝑀 = type curve match 

𝑊𝑇𝐴 = well test analysis  
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CHAPTER 1 – INTRODUCTION 
 

1.1. Background of Research 

The “International Energy Outlook” forecasts, released by the US Energy Information 

Administration in 2017, estimated a 28% increase in worldwide energy consumption 

between 2015 and 2040, assuming continual improvement in known technologies based 

on current trends (US-EIA, 2017).  The same source forecasted natural gas as the world’s 

fastest growing fossil fuel, Figure 1-1, increasing by 1.4% per year. 

 

 

Figure 1-1: World energy consumption by energy source grouping, forecast from 2015 to 2040. 

Source: International Energy Outlook 2017, U.S. Department of Energy, Energy In formation 

Administration (EIA). 

 

With the fast decline of conventional fossil fuel reserves, unconventional sources, which 

include very low permeability reservoirs, have assumed greater importance in meeting 

the ever-increasing energy demands (Stark et al., 2007).  Technological advancements in 

the exploration and development of petroleum reservoirs have made it possible to reach 

such reservoirs at ever-greater depths, at higher temperatures and pressures.  An 

increasing percentage of these are low permeability gas condensate reservoirs (GCR). 

Although the definition of a low permeability reservoir is somewhat arbitrary, it is 

generally accepted that the in-situ permeability in such reservoirs is typically less than 1 

md, ranging down into micro-Darcies (Bennion et al., 1996).  Gas reservoirs with average 

permeability less than 0.1 md are commonly classified as tight gas reservoirs.  This thesis 

focuses on low permeability reservoirs with matrix permeabilities ranging from 0.01 md 

to 1 md.  This range was chosen in line with the objectives of project sponsors, and is 
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reflective of low primary permeabilities in parts of the North Sea Basinal Area (Dunn, 

1975) and average permeabilities of tight gas offshore field developments in the Southern 

North Sea (OGA, 2017). 

To achieve economically viable flowrates and recovery factors in such reservoirs, 

technologies such as hydraulic fracturing, horizontal and multilateral wells are often 

necessary (Holditch, 2006).  Reservoir development and management decisions regarding 

the use of advanced and typically costly technology in such reservoirs require a good 

understanding of reservoir parameters (such as permeability) and well productivity 

parameters (such as wellbore skin and drainage radii).  Such information can be obtained 

from conventional well test analysis (WTA).  However, the very low permeability of tight 

reservoirs slows down their response to pressure and rate perturbations.  For such 

conditions, insufficient test durations often lead to inconclusive results (Borges and 

Jamiolahmady, 2009).  The prohibitively long test durations required to obtain useful 

results, with the associated production loss when a well is shut-in for a build-up test, make 

WTA less economically attractive (Agarwal et al., 1999, Holditch, 2006, Jin et al., 2013). 

Routinely recorded well flow rates and pressures from a producing reservoir can be 

analysed using rate transient techniques to obtain reservoir and well productivity 

parameters.  Such an approach precludes the shutting in of wells, thus making production 

data analysis (PDA) a more economically attractive option, especially when dealing with 

tight reservoirs (Holditch, 2006). 

Most conventional PDA tools were however developed on the basis of single-phase pure 

Darcy flow in reservoirs with pressure-invariant matrix properties.  Dynamic conditions 

in real reservoirs can become more complex when nonlinear effects such as multiphase 

flow, velocity-dependent non-Darcy flow and pressure/stress dependent matrix properties 

are present.  Such conditions, which violate the underlying assumptions of existing tools, 

have the potential to negatively impact the quality of interpreted reservoir and well 

productivity parameters. 

This study uses simulated production data to closely examine the impact of the above-

mentioned nonlinear effects on selected conventional PDA techniques (Blasingame and 

Lee, 1988, Palacio and Blasingame, 1993, Pratikno et al., 2003) by employing them in 

low permeability gas and gas condensate reservoirs.  More specifically, the impact of 

these nonlinear effects on the production decline behaviour and the subsequent data 

interpretation using the selected conventional PDA techniques are highlighted.  
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Techniques to improve interpretations using conventional PDA under such conditions are 

also examined. 

For the analysis of data affected by two-phase flow conditions, an equivalent single phase 

based approach, combined with a gas fractional flow based pressure-saturation prediction 

method is explored.  In-depth examinations of the impact of reservoir and well operating 

conditions on the representativity of predicted pressure-saturation responses, and the 

quality of subsequent equivalent phase based data analysis are presented.  A wide range 

of cases is considered, with variations in gas condensate fluid richness (maximum liquid 

dropout from 1% to 42%), degree of reservoir undersaturation and rock type (i.e. relative 

permeability, kr, characteristics).  It should be mentioned here that, in this thesis, the term 

“rock type” is used to refer only to the shape of the relative permeability curves.  Based 

on the results obtained, a procedure is proposed for evaluating conditions under which 

two-phase methods are necessary for improving the quality of data analysis, as well as 

conditions under which single-phase methods would produce sufficiently reliable results 

from the analysis of long-term production data in GCRs. 

The results obtained for cases with non-Darcy velocity effects of inertia (a decrease in kr, 

with an increase in flow velocity) and coupling (an increase in kr with an increase in flow 

velocity or a decrease in interfacial tension) suggest that such effects are potentially 

significant during the first few hours/days of production.  However, they tend to be less 

significant for the analysis of long-term production data using type curves in gas/gas 

condensate reservoirs with permeabilities of the order of 0.1 md and lower. 

The results obtained for the analysis of cases with significant pressure/stress-dependent 

permeability effects, using conventional techniques, show certain trends mentioned in 

literature, namely the reduction in permeability and drainage area estimates.  However, 

another trend, which mimics the presence of external pressure support, hitherto not 

reported in literature, is also presented.  For such cases, the use of modified 

pseudovariables to handle pressure-dependent matrix effect in modern production data 

type curve analysis is also examined. 

The objectives of this thesis are outlined in Section 1.2.  This is followed by a detailed 

outline of the thesis in Section 1.3. 
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1.2. Research Objectives 

The aim of this thesis is to propose a suitable PDA framework to estimate flow and in-

place-related parameters in low permeability gas and gas condensate reservoirs by  

 Improving current understanding of the impact of nonlinear effects (i.e. velocity-

dependent relative permeability (kr), multiphase and pressure-dependent 

permeability and porosity effects) on selected conventional PDA techniques.  

 Examining the reliability (under various reservoir and operating conditions) or 

otherwise of selected PDA techniques in the presence of the listed nonlinear effects.  

 Proposing modifications to existing methods to improve the quality of interpretat ion 

and reservoir parameter estimates obtained from the analysis of data in the presence 

of such nonlinear effects.  

 Identifying the conditions under which such modifications are necessary, and 

conditions under which, although present, the nonlinear effects do not cause 

significant deviations in data interpretation. 

 

1.3. Outline of Thesis 

Chapter 2 is a review of literature on the subject of PDA, with particular focus on modern 

production data type curve analysis techniques.  The nature of the challenges associated 

with such analysis in low permeability GCRs is examined.  Existing techniques for 

handling production data from such reservoirs are reviewed with the goal of clearly 

identifying the context of this study, as well as the gaps in the existing literature, which 

this study aims to address. 

In Chapter 3, the reservoir simulation models, gas and gas condensate fluid models, and 

measured rock properties used in this study are presented.  The selected PDA techniques 

and procedures used are also described in this chapter.  Sensitivities carried out to verify 

that the simulated production data used in this study are unaffected by the choice of 

gridding and time-steps are presented.  Sensitivities to investigate the impact of velocity 

dependent (non-Darcy) flow effects on the low permeability models used in this study are 

also presented in this chapter. 

The computation of two-phase pseudovariables required for the analysis of gas 

condensate cases requires knowledge of suitable pressure-saturation/kr data.  Chapter 4 

presents the gas fractional flow based pressure-saturation prediction method used in this 

study.  The method, similar to others found in literature, assumes that a near-wellbore 
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two-phase steady-state condition is valid.  The impact of reservoir and well operating 

conditions on the accuracy of such pressure-saturation predictions is also examined here. 

In Chapter 5 the use of an equivalent single phase based modification to existing 

conventional PDA techniques, such as modern production data type curves and variable 

rate reservoir limit testing, is presented.  The modification is shown to improve both the 

quality and reliability of type curve matches and reservoir parameter estimates, 

particularly for cases where two-phase effects are significant.  The proposed approach is 

tested using over 60 simulation cases, with variations in reservoir fluid richness, rock 

types (i.e. kr characteristics), degree of reservoir undersaturation, and well operating 

conditions.  Based on the observed trends in the cases analysed, a new time adjustment is 

proposed, which improves skin estimates for two-phase production data type curve 

analysis of cases where the average reservoir pressure falls below dewpoint pressure 

before the establishment of stable boundary dominated flow. 

In Chapter 6, pressure/stress-dependent permeability and porosity effects are introduced 

into the simulation models by means of pressure-dependent transmissibility multipliers.  

Their impact on the production decline behaviour and subsequent type curve analysis is 

examined.  The effectiveness of the use of modified pseudovariables in production data 

type curve analysis to handle such effects is considered for both single-phase and two-

phase reservoir conditions. 

Chapter 7 examines the impact of capillary pressure on the proposed two-phase methods, 

using capillary pressure curves computed using the Brooks-Corey correlations.  The 

chapter then briefly addresses the question of availability of measured gas condensate kr 

data for use in two-phase analysis as presented in this study.  

In Chapter 8, a number of practical considerations, including multiwell interference 

effects and multiple-cycle PDA, are examined.  For multiple-cycle PDA, an approach is 

suggested which allows the phenomenon of stress-dependent matrix effects to be 

distinguished from velocity-dependent kr effects.  The extension of the equivalent phase 

approach to type curve analysis of multiwell cases is also presented in this chapter.  

Chapter 9 presents a summary of the key conclusions drawn from this study, together 

with recommendations for future work in this area of research. 

 



 

CHAPTER 2 – LITERATURE 
 

2.1. Production Data Analysis  

Production data analysis (PDA) is a broad term, which encompasses the analysis of 

production rate and pressure data for the purpose of forecasting future production 

performance and expected ultimate recovery (EUR), as well as quantifying reservoir and 

well productivity parameters.  PDA techniques include traditional empirical decline curve 

analysis (i.e. curve-fitting techniques) as introduced by Arps (1945), rate transient 

analysis type curve based methods like those of Fetkovich (1980), Palacio and 

Blasingame (1993), and (Agarwal et al., 1999), and reservoir engineering techniques like 

the flowing material balance method of Mattar and McNeil (1998).  Some of these PDA 

techniques are examined in the following sections. 

 

2.1.1. Traditional Decline Curve Analysis (DCA) 

Arps (1945) introduced the first systematic approach to production decline analysis.  His 

approach, which is still widely used in industry, employs an empirically-der ived 

mathematical function (Eq. 2-1) to which production data (from the boundary dominated 

flow regime, BDF) is fitted to estimate original oil- or gas-in-place (OOIP/OGIP), 

forecast future production and productive life, as well as EUR at some specified 

abandonment condition.  In this equation, qi is the initial flow rate and Di is the init ia l 

decline rate.  The decline exponent parameter (b) in this equation assumes a value of 0 

for exponential decline, 1 for harmonic decline and 0 < 𝑏 < 1 for hyperbolic decline. 

𝑞 =
𝑞𝑖

(1+𝑏 𝐷𝑖 𝑡)
1
𝑏

 2-1 

Arps’ decline curve analysis requires only flowrate data, and is based on an assumption 

of constant flowing well pressure (Pwf).  It also assumes the absence of changes in 

production and reservoir development scenarios, which can alter the decline behaviour 

and significantly impact the accuracy of forecasts and reserves estimates obtained using 

the technique. 

 

2.1.2. Modern Production Data Type Curve Analysis Techniques 

Fetkovich (1980) built on the work of Arps (1945), by showing that Arps’ equation for 

exponential decline (i.e. b = 0) is actually the same as the late time solution for the case 
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of constant pressure liquid flow from a closed reservoir.  He went on to combine 

analytically-derived transient flow regime stems with Arps’ empirically-der ived 

boundary dominated flow (BDF) hyperbolic decline stems, and introduced a family of 

semi-analytical type curves, known as the Fetkovich type curves, expressed in terms of 

dimensionless variables.   

These production data type curve analysis (a subset of rate transient analysis), in addition 

to the estimation of EUR and OGIP, allowed for the estimation of reservoir and well 

productivity parameters such as effective permeability (k), skin (s), and average reservoir 

pressure (�̅�).  The Fetkovich type curves, which also employ only flow rate data plotted 

against actual time, laid the foundation for more modern production data type curve 

analysis techniques. 

Modern production data type curves (Palacio and Blasingame, 1993, Doublet et al., 1994, 

Agarwal et al., 1999, Pratikno et al., 2003) are mostly analytically based, and employ 

both flow rate and pressure data.  Through the use of superposition time functions, and 

pressure normalization, such techniques are better able to handle variable rate and 

variable pressure production scenarios, unlike the classical Fetkovich type curves which 

are intended for use in constant Pwf  cases. 

Production data type curve analysis focuses on long-term production data, and assumes 

that BDF is attained during the flowing period, since without the BDF part of the 

production decline, the uniqueness of the type curve matches obtained is significantly 

compromised.  Production data type curve techniques also assume that wellbore skin does 

not change with time, and when applied to individual wells, assume non-changing 

drainage volume. 

More importantly, for the focus of this study, most modern production data type curves 

were developed from interpretation models which assume single-phase pure Darcy flow 

of a slightly compressible fluid (i.e. liquid) in a reservoir with pressure-invariant matrix 

properties.  Deviations from such assumptions affect the uniqueness of matches between 

the type curves and rate-transient data, and hence the quality/reliability of subsequent 

interpretations and parameter estimates. 

Fraim and Wattenbarger (1988) presented some of the earliest studies on decline curve 

analysis for multiphase flow.  Their work focused on solution-gas drive reservoirs for 

which they converted the total mass flow rates of the individual phases into volumetr ic 

flow rates of a single-phase slightly compressible liquid for analysis using the Fetkovich 
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type curves.  This thesis however focuses on the analysis of production data in gas 

condensate reservoirs (GCR) operating below dewpoint pressure (Pdew). 

 

2.2. Gas Condensate Reservoirs 

The classification of reservoirs on the basis of the fluids they contain is dependent on the 

composition, temperature, and pressure of the hydrocarbon accumulation (Allen, 1952).  

Figure 2-1 is the pressure-temperature diagram for a particular reservoir fluid. 

 

 

Figure 2-1: Pressure-temperature phase diagram of a reservoir fluid (Terry et al. (2013)). 

 

For a retrograde gas condensate reservoir, the initial reservoir fluid composition is at point 

B (in Figure 2-1).  Here, the reservoir temperature is between the critical temperature and 

the cricondentherm (i.e. the maximum two-phase temperature).  With initial pressure 

above dewpoint pressure (i.e. point B), the reservoir exists as a single-phase fluid.  As the 

reservoir pressure declines, as a result of production at isothermal conditions, and reaches 

point B1, retrograde condensation begins to occur, producing two-phase conditions in the 

reservoir.  To study such reservoirs, it is usually necessary to employ a compositiona l 

reservoir simulator and a suitable PVT package (Donnez, 2007). 

The accumulation of liquid condensate near the wellbore tends to impact well 

productivity and deliverability (Afidick et al., 1994, Fevang and Whitson, 1996, 

Henderson et al., 1997).  In addition, two-phase conditions in GCRs operating below Pdew 

introduce nonlinearities into the governing partial differential equations.  This happens 
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because under these conditions, not only are the fluid properties a strong function of 

pressure, but also mobility changes with saturation, pressure and velocity.  As such, the 

use of single-phase data analysis techniques becomes inadequate, potentially producing 

erroneous interpretations and reservoir and well productivity parameter estimates. 

Effective linearization should account for the multiple flowing phases present, in addition 

to the pressure dependence of fluid properties.  The goal of such linearization is to allow 

the use of analytical well/reservoir models and solutions, which were originally derived 

for single-phase liquid flow to be applicable to gas and multiphase flow conditions.  A 

common approach to linearizing the system is through the use of pseudovariables which 

account for the multiphase effects in addition to the pressure-dependence of fluid 

properties.  

 

2.3. Data Analysis Using Pseudovariables 

Early work on the use of pseudovariables to handle nonlinearities in the partial differentia l 

equation focused on pressure transient analysis.  However, there have been some recent 

work to improve PDA in gas condensate reservoirs, particularly through the use of two-

phase pseudovariables (Sureshjani and Gerami, 2011, Behmanesh et al., 2013, Sureshjani 

et al., 2014, Sarvestani et al., 2016).  

Sarisittitham and Jamiolahmady (2014) employed two-phase pseudopressures (Jones and 

Raghavan, 1988) in the analysis of long-term production data from GCRs using the 

classical Fetkovich type curves, and showed that improvements in estimates of flow 

capacity (kh) could be obtained.  However, not much attention has been given to the 

analysis of production data in GCRs using modern production data type curves, with 

detailed examination of the impact of pertinent factors such as rock type (kr), gas 

condensate fluid richness, well operating pressures and degree of reservoir 

undersaturation.  This thesis therefore examined this area, using pseudovariable (i.e. 

pseudopressure and pseudotime) based methods. 

 

2.3.1. Single-Phase and Two-Phase Pseudopressures 

The single-phase real gas pseudopressure function, Eq. 2-2, was defined by Al-Hussainy 

et al. (1966) to account for the strong pressure-dependence of gas properties in gas 

reservoir well test analysis (WTA) and gas reservoir calculations. 
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𝑚(𝑝) = 2 ∫
𝑝

𝜇(𝑝)𝑍(𝑝)
𝑑𝑝

𝑝

𝑝𝑏
 , where pb is a low base pressure 2-2 

For multiphase conditions in GCRs, Fussell (1973) put forward Eq. 2-3, based on near-

wellbore two-phase "steady-state" assumptions, similar in form to the single-phase 

pseudopressure integral (Eq. 2-2).  Jones and Raghavan (1988), building on the work of 

Fussell (1973), defined the two-phase pseudopressure sandface integral, Eq. 2-4, which 

they used in pressure transient analysis in GCRs.  In these equations, V is the volume 

fraction, Z is the compressibility factor, 𝜇 is the viscosity, and kr is the relative 

permeability for gas (g) or oil (o), i.e. condensate.   

𝑚(𝑝) = 2 ∫ (
𝐾𝑟𝑔

𝜇𝑔𝑍𝑔
) (1 +

𝑉𝑜 𝑍𝑔

𝑉𝑔𝑍𝑜
) 𝑝𝑑𝑝

𝑝

𝑝𝑏
 2-3 

𝑝𝑝(𝑝) = 2 ∫ (
𝑘𝑟𝑜

𝜇𝑜 𝑍𝑜
+

𝑘𝑟𝑔

𝜇𝑔𝑍𝑔
) 𝑝𝑑𝑝

𝑝

𝑝𝑏
 2-4 

In this thesis, for two-phase flow conditions, a two-zone radial composite model, like that 

employed by some researchers for WTA (Marhaendrajana et al., 1999, Raghavan et al., 

1999, Xu and Lee, 1999, Osorio et al., 2005), and more recently by Sarisittitham and 

Jamiolahmady (2014) for decline curve analysis in GCR, was assumed.  Such a model 

can be justified on the basis that critical condensate saturation can be quite low, as has 

been demonstrated experimentally (Danesh et al., 1991, Henderson et al., 1993, 

Henderson et al., 1998, Jamiolahmady et al., 2009).  In other words, the liquid phase 

produced as a result of retrograde condensation in porous rock at irreducible water 

saturation does in fact flow at very low saturation values. 

In the outer zone of the two-zone model, where pressures are above Pdew, only gas is 

present and flows; while in the inner zone (closer to the wellbore), where pressures are 

below Pdew, both gas and condensate are present, and both phases are assumed to be 

mobile. 

Although this approach is different from the three-zone model (and corresponding 

pseudopressure drop definition) employed in literature (Fevang and Whitson, 1996, 

Sureshjani and Gerami, 2011, Sarvestani et al., 2015, Sarvestani et al., 2016), it should 

be noted that in this two-zone model, what may be considered as the transition zone (as 

per the three-zone model) is captured by the initially very low condensate mobility due 

to its very low relative permeability (kro) at low condensate saturations. 
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On the basis of the two-zone model, the pseudopressure drop expressed by Eq. 2-5 was 

employed for two-phase analysis in this thesis, to offset the nonlinearity caused by 

changes in saturation and kr with pressure, in addition to changes in fluid properties with 

pressure. 

∆𝑝𝑝 = 2 ∫ (
𝑘𝑟𝑜

𝜇𝑜𝑍𝑜
+

𝑘𝑟𝑔

𝜇𝑔 𝑍𝑔
) 𝑝𝑑𝑝

𝑃𝑑𝑒𝑤

𝑝𝑤𝑓
+ 2 ∫

𝑝

𝜇(𝑝)𝑍(𝑝)
𝑑𝑝

𝑃𝑖

𝑃𝑑𝑒𝑤
 2-5 

For variable rate systems (as are typically analysed using production decline techniques), 

the use of superposition time functions (such as material balance time) is often 

encountered.  The material balance time function converts variable rate data into 

equivalent constant rate data for boundary dominated flow analysis.  For gas reservoirs, 

which exhibit significant variations in fluid viscosity and compressibility during the 

depletion process, adequate linearization of the partial differential equation in the 

temporal domain calls for the use of pseudotime functions.  The next section therefore 

discusses the development of the material balance pseudotime function. 

 

2.3.2. Single-Phase Material Balance Pseudotime  

In their development of the material balance time function for use in variable rate 

reservoir limit testing in oil reservoirs, Blasingame and Lee (1986) presented the 

complete solution to the equation describing the behaviour of Pwf as a function of time for 

a single well producing with variable rate in a bounded reservoir, i.e. Eq. 2-6. 

𝑝𝑖−𝑝𝑤𝑓

𝑞𝑚
= 70.6

𝐵𝜇

𝑘ℎ
ln

4𝐴

𝑒𝛾′
𝐶𝐴 𝑟𝑤

2 + 0.2339
𝐵

∅ℎ𝑐𝑡𝐴

𝑄𝑚

𝑞𝑚
−

141.2
𝐵𝜇

𝑘ℎ
[

2 ∑ (𝑞𝑗−𝑞𝑗−1)𝑚
𝑗=1

∑
𝐽𝑜(

𝑋𝑛𝑟𝑤
𝑟𝑒

)

𝑋𝑛
2

𝐽𝑜
2(𝑋𝑛)

𝐸𝑋𝑃(−𝑋𝑛
2𝜋(0.0002637)

𝑘

∅𝜇𝑐𝑡𝐴
(𝑡−𝑡𝑗−1))∞

𝑛=1

𝑞𝑚
  ]  2-6 

In order to employ this equation for straight- line analysis of data from the boundary 

dominated “stabilized” flow regime, the infinite series (i.e. the transient component) was 

assumed negligible, producing Eq. 2-7.  A plot of 
∆𝑝

𝑞𝑚
 versus 𝑡̅ (the material balance time) 

using data from the BDF regime yields a straight line with a slope from which the 

drainage area (A) can be determined.  The material balance time is therefore a 

superposition time function defined for BDF, when transient terms are negligible. 

∆𝑝

𝑞𝑚
= 70.6

𝐵𝜇

𝑘ℎ
ln

4𝐴

𝑒𝛾′
𝐶𝐴 𝑟𝑤

2 + 0.2339
𝐵

∅ℎ𝑐𝑡𝐴
𝑡 ̅ 2-7 
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where 𝑡̅ =
𝑄𝑚

𝑞𝑚
 2-8 

Blasingame and Lee (1988) later extended the variable rate reservoir limit testing 

technique to gas reservoirs using a modified gas flow equation.  They employed an 

adjusted pressure and an adjusted time function (i.e. the normalized pseudotime function 

put forward by Fraim and Wattenbarger (1987) as an extension of the pseudotime function 

of Agarwal (1979), as a means of linearizing the accumulation term of the diffusivity 

equation for gas reservoirs), to account for the significant changes in gas viscosity and 

compressibility with reservoir depletion. 

Palacio and Blasingame (1993), provided an analytical proof of the modified gas flow 

equation presented by Blasingame and Lee (1988), using material balance and 

pseudosteady state gas flow equations, and presented Eq. 2-9a as the most useful form of 

the flow equation for decline analysis under variable rate/variable pressure conditions. 

𝑞𝑔

(𝑝𝑝𝑖 −𝑝𝑝𝑤𝑓 )
𝑏𝑎,𝑝𝑠𝑠 =

1

1+(
𝑚𝑎

𝑏𝑎,𝑝𝑠𝑠
)𝑡̅𝑐𝑎

 2-9a 

where 𝑏𝑎,𝑝𝑠𝑠 = 141.2
𝜇𝑔𝑖 𝐵𝑔𝑖

𝑘𝑔ℎ
[

1

2
ln (

4𝐴

𝑒𝛾′
𝐶𝐴 𝑟𝑤

2 )] 2-9b 

In Eq. 2-9a, 𝑚𝑎 =
1

𝐺𝑐𝑡𝑖
, where G is the OGIP, cti is the total compressibility at initia l 

conditions, 𝑝𝑝 are real gas pseudopressures, 𝑏𝑎,𝑝𝑠𝑠  is the post-transient flow constant 

defined as shown in Eq. 2.9b, and 𝑡̅𝑎 is the single-phase material balance pseudotime 

(MBPT) integral, which is defined as: 

𝑡̅𝑎 =
𝜇𝑔𝑖 𝑐𝑡𝑖

𝑞𝑔
∫

𝑞𝑔

𝜇𝑔(𝑃)𝑐𝑡(𝑃)

𝑡

0
𝑑𝑡 2-10 

The development of Eqs. 2-7 and 2-9 assumes stabilized/boundary dominated flow, 

making them strictly valid for post-transient flow. Palacio and Blasingame (1993) pointed 

out that Eq. 2-9 should trace the path of a harmonic decline on the Fetkovich type curves 

because it is identical to the Arps hyperbolic decline relation (i.e. Eq. 2-1, with 𝑏 = 1).  

Eq. 2-10, which is employed in some modern production data type curve techniques, is 

the gas analogue of Eq. 2-8, and was shown by Palacio and Blasingame (1993) to be a 

valid definition of a superposition time function for BDF. 

The MBPT integral and the Blasingame type curves used in this study are those presented 

by Palacio and Blasingame (1993) and Doublet et al. (1994), who built on earlier work 



Chapter 2 – Literature 

 

13 
 

by Blasingame and Lee (1986), Blasingame and Lee (1988), McCray (1990) and 

Blasingame et al. (1991). 

In this study, production data type curve analysis based on Eq. 2-9 was found under some 

conditions to be inadequate for the analysis of GCR production data, therefore requiring 

modifications for two-phase effects, which were achieved using equivalent single phase 

concepts.  The application of the equivalent single phase concept to the straight- line 

techniques (Blasingame and Lee 1986, Blasingame and Lee 1988) described above, for 

GCR data analysis was also briefly examined. 

 

2.3.3. Two-Phase Material Balance Pseudotime 

Saleh and Stewart (1992), in their work on well test interpretation for GCR, made mention 

of a real condensate pseudotime function (Eq. 2-11).  The viscosity term, 𝜇𝑡𝑝, in this 

equation was referred to as "total two-phase viscosity". 

𝑡𝑎,𝑡𝑝 = (𝜇𝑐𝑡)𝑖 ∫
𝑑𝑡

𝜇𝑡𝑝 𝑐𝑡

𝑡

0
 2-11 

Recent work (Sureshjani and Gerami, 2011, Sureshjani et al., 2014, Sarvestani et al., 

2016) have presented attempts to include two-phase considerations in pseudotime and 

MBPT functions for both straight- line and type curve based PDA.  However, such 

attempts have employed expressions of two-phase pseudotime as a function of gas and 

oil/condensate saturation, like Eq. 2-12 (Sarvestani et al., 2016) and Eq. 2-13 (Sureshjani 

and Gerami, 2011), which are more involved than those used in this study, or like Eq. 2-

14 (Sureshjani et al., 2014), which does not explicitly account for condensate mobility. 

𝑡𝑎,𝑡𝑝(𝑡) =
1

𝑃𝑝,𝑡𝑝,𝑖
∫

𝜕𝑡

𝜕

𝜕𝑚𝑡𝑝
[

𝑆𝑔

�̅�𝑔
+

𝑆𝑜
�̅�𝑜

𝑅𝑠+(
𝑆𝑜
�̅� 𝑜

+
𝑆𝑔

�̅�𝑔
𝑅𝑣)]

𝑡

0
 2-12 

𝑡𝑎,𝑡𝑝(𝑡) =
1

𝑚𝑡𝑝,𝑖
∫

𝑑𝑡

𝜕

𝜕𝑚𝑡𝑝
(

𝑆𝑔

𝐵𝑔
+

𝑆𝑜
𝐵𝑜

𝑅𝑠)

𝑡

0
 2-13 

𝑡𝑎,𝑡𝑝 = 𝜇𝑔𝑖𝑐𝑔𝑖 ∫
𝑘𝑟𝑔,𝐶𝑉𝐷

𝜇𝑔𝑆𝑔 𝑐𝑔
∗

𝑡

0
𝑑𝑝 2-14 

In the above equations, S is the saturation, B is the formation volume factor of the 

condensate (o) or gas (g) phase, 𝑚𝑡𝑝 is the two-phase pseudopressure, Rs is the solution 

gas oil ratio, Rv is the vaporized oil in gas phase, c is the compressibility, 𝜇 is the viscosity, 

and i represents initial conditions. 
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Behmanesh et al. (2013) incorporated the equivalent single phase concept (Jamiolahmady 

et al., 2006, Jamiolahmady et al., 2009) into the pseudotime function, resulting in a 

formulation of two-phase pseudotime, similar to that of Saleh and Stewart (1992).  They 

employed this definition of two-phase pseudotime in straight- line analysis of the transient 

linear flow regime of production data from hydraulically fractured shale gas condensate 

wells operating with constant Pwf.  However, the equivalent phase concept had not yet 

been employed in the MBPT integral for production data type curve analysis. 

In this thesis, Eq. 2-10 is modified and presented as an equivalent phase MBPT function 

(Eq. 2-15), and employed mainly in type curve analysis; a few cases of straight- line 

analysis are also considered.  Very recently published literature, based on parallel 

independent research by Behmanesh et al. (2017), has also employed a similar equivalent 

phase concept, although only for straight- line analysis of BDF regime data from GCRs. 

𝑡̅𝑎,𝑒𝑞.𝑝ℎ =
𝜇𝑔𝑖 𝐶𝑔𝑖

𝑞𝑔
∫

𝑞𝑔

𝜇𝑒𝑞 .𝑝ℎ(𝑃)𝑐𝑡(𝑃)

𝑡

0
𝑑𝑡 2-15 

Eq. 2-15 is computed using an equivalent phase viscosity and a total compressibility that 

account for the presence of the condensate phase.  The fluid properties in the integral are 

evaluated at average reservoir pressure (�̅�), meaning that when �̅� is greater than Pdew, the 

integral becomes the same as Eq. 2-10.  To compute Eq. 2-15, �̅� as a function of time is 

required.  For this purpose, iterative material-balance based methods have been used in 

literature to estimate the average reservoir pressure for both dry gas reservoirs 

(Blasingame and Lee, 1988) and GCRs (Sarvestani et al., 2016).  Such methods were not 

used in this thesis.  Instead, the average reservoir pressures used were the volumetr ic 

average pressures of the entire reservoir obtained from the reservoir simulation outputs. 

The importance of the viscosity-compressibility product (𝜇𝑔𝑐𝑔) as a key controlling 

parameter of BDF performance in natural gas reservoirs had previously been highlighted 

by Carter (1985), who introduced a depletion parameter, λ, (associated with 𝜇𝑔 𝑐𝑔 for a 

given initial reservoir pressure and Pwf) into production data type curve analysis.  The 

methods of accounting for 𝜇𝑔 𝑐𝑔 in gas well data analysis have however not been limited 

to the use of pseudotime functions. 

Researchers like Ansah et al. (2000), used dimensionless-pressure variables to capture 

gas 𝜇𝑔𝑐𝑔 variations with pressure drawdown in production data type curve based analys is, 

circumventing the use of pseudotime functions. 
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More recently, a density based approach to analysing constant Pwf BDF production data 

in gas reservoirs was introduced (Ayala and Ye, 2012, Ye, 2013).  The approach, which 

was presented in both type curve and straight- line formats, was used for estimating gas-

in-place and forecasting production rates, without reliance on pseudopressure and 

pseudotime functions.  The approach is based on a rescaled exponential decline model, 

Eq. 2-16, which expresses the governing flow equations in terms of density variables, and 

dimensionless 𝜇𝑔𝑐𝑔 ratios. 

𝑞𝑔𝑠𝑐 = 𝑞𝑔𝑖 × 𝜆′ × exp (−𝐷𝑖 × 𝛽′𝑡) 2-16 

𝜆′(𝑡) =
𝜇𝑔𝑖𝐶𝑔𝑖

�̅�𝑔𝑐̅𝑔(𝑡)
 2-17 

𝛽′(𝑡) =
1

𝑡
∫ 𝜆′(𝑡)𝑑𝑡

𝑡

0
 2-18 

In the above equations Di is the initial decline-rate coefficient, qgi is the initial flow rate, 

𝜇̅𝑔 and 𝑐�̅�  are space averaged viscosity and compressibility.  The terms 𝜆′ (defined by Eq. 

2-17) and 𝛽′ (defined by Eq. 2-18) are dimensionless rescaling parameters which quantify 

the effect that depletion-driven changes in gas viscosity and compressibility have on the 

rate-decline response of the system. 

This approach was extended to the analysis of BDF data from variable rate/variab le-

pressure drawdown systems (Ayala and Zhang, 2013, Zhang and Ayala, 2014), and most 

recently to multiphase systems (Zhang et al., 2016).  It is however worth noting that the 

implementation of this density-based approach for multiphase conditions, although 

avoiding the use of pseudotime functions, still required the use of two-phase 

pseudopressure functions of the form defined by (Fevang and Whitson, 1996).  In 

addition, the scaling parameter, 𝜆′, was presented as a two-phase equivalent viscosity-

compressibility ratio, with the equivalent viscosity computed as a weighted average of 

the reciprocals of the oil and gas phase viscosities. 

This thesis focuses on proposing modifications to existing and widely used techniques.  

In this direction, the appeal of the equivalent single phase approach lies in the adaptation 

of the single-phase MBPT integral which, when used in combination with two-phase 

pseudopressures, allows the single-phase type curves, and associated parameter 

estimation equations to be employed in the analysis of two-phase production data from 

GCRs.  The equivalent single phase concept is presented in detail in Chapter 5 and shown 
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to be a valuable approach to improving the quality of PDA in GCR using some well-

known conventional (i.e. single-phase based) type curve techniques. 

 

2.4. Pressure-Saturation Prediction Methods 

The incorporation of relative permeability (kr) data in the computation of the two-phase 

pseudovariables discussed above requires a priori knowledge of sufficient ly 

representative pressure-saturation relationships.  For this purpose, a number of analyt ica l 

methods (O'Dell and Miller, 1967, Fetkovich et al., 1986), as well as semi-analyt ica l 

methods (Becker et al., 2016) for predicting pressure-saturation responses can be found 

in existing literature. 

The first of these was introduced by O'Dell and Miller (1967) who, in their work on 

successfully cycling low permeability high yielding GCRs, presented a two-phase steady-

state theory for performance prediction of single-well gas condensate systems.  They 

introduced a simple expression (Eq. 2-19), later modified by Fussell (1973), which could 

be used for predicting pressure versus saturation behaviour applicable in the two-phase 

region around the wellbore. The approach is based on an assumption that the composition 

of the wellstream remains the same as the original single-phase reservoir fluid– a 

condition that is applicable if the growth of the two-phase region is small (i.e. the reservoir 

remains significantly above Pdew).  It should be mentioned that steady state here refers to 

a near-wellbore condition, rather than the late time BDF regime with which the term is 

often usually associated. 

𝑘𝑟𝑜

𝑘𝑟𝑔
=

𝑉𝑜𝜇𝑜

𝑉𝑔𝜇𝑔
 2-19 

In Eq. 2-19, 𝑉𝑜 and 𝑉𝑔 are condensate and vapour volume fractions obtained from CCE 

experiments.  Equation 2-20, which includes the mole fractions of liquid (𝐿) and vapour 

(𝑉) in equilibrium at a given temperature and pressure, is the common format in which 

the equation is seen in literature.  Later work (Chopra and Carter, 1986, Jones and 

Raghavan, 1988) provided theoretical proofs of these expressions. 

𝑘𝑟𝑜

𝑘𝑟𝑔
=

𝐿𝜌𝑔𝜇𝑜

𝑉𝜌𝑜𝜇𝑔
  2-20 

Fetkovich et al. (1986) also introduced a black oil gas-oil relative permeability ratio (Eq. 

2-21) for use in volatile oil reservoirs. 



Chapter 2 – Literature 

 

17 
 

𝑘𝑟𝑔

𝑘𝑟𝑜
(𝑝) = (

𝑅𝑝−𝑅𝑠

1−𝑟𝑠𝑅𝑝
)

𝜇𝑔 𝐵𝑔𝑑

𝜇𝑜 𝐵𝑜
  2-21 

In this equation, Rp is the producing gas-oil ratio, Rs is the solution gas-oil ratio, rs is the 

oil-gas ratio/condensate correction term, B is the formation volume factor of oil (o) or dry 

gas (gd). 

Equation such as 2-20 and 2-21, which relate fluid PVT properties at a given temperature 

and pressure under two-phase steady flow conditions to the kr ratio, are useful because, 

when combined with kr versus saturation data, they allow pressure-saturation/k r 

relationships to be established for use in two-phase pseudovariable based data analysis. 

Two-phase steady-state based methods have been extensively employed in the modelling 

of gas condensate well deliverability under various completions (Fussell, 1973, Fevang 

and Whitson, 1996, Jamiolahmady et al., 2007, Mahdiyar and Jamiolahmady, 2014), and 

in the computation of two-phase pseudovariables for pressure transient analysis (Jones 

and Raghavan, 1988, Jones et al., 1989, Vo et al., 1989, Osorio et al., 2005, Estrada and 

Settari, 2006) and rate transient analysis, which is a subset of PDA (Sureshjani and 

Gerami, 2011, Behmanesh et al., 2013, Sarisittitham and Jamiolahmady, 2014, Johnson 

and Jamiolahmady, 2015, Sarvestani et al., 2016). 

The quality of data analysis obtained using techniques which rely on such two-phase 

pseudovariables is directly impacted by the quality of the pressure-saturat ion 

relationships employed.  As such, it is important to understand the impact of reservoir 

and well operating conditions on the representativity of such two-phase pressure-

saturation predictions. 

 

2.4.1. Performance of Two-Phase Steady-State Pressure-Saturation Predictions 

The works reported in literature on the performance of two-phase steady-state pressure-

saturation predictions compared to those observed around the wellbore in reservoir 

simulations, indicate that the predicted values match most closely with simulated 

pressure-saturation responses under conditions of high reservoir pressure and large 

drainage radii (Fussell, 1973). 

Raghavan et al. (1999), in their work on pressure transient analysis in GCRs operating 

with bottomhole pressures below 𝑃𝑑𝑒𝑤, pointed out that the kr ratio of O'Dell and Miller 

(1967) works best when the pressure differentials (𝑃𝑖 − 𝑃𝑑𝑒𝑤) or (𝑃 ̅ − 𝑃𝑑𝑒𝑤) and (𝑃𝑑𝑒𝑤 −
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𝑃𝑤𝑓) are large (i.e. when 𝑃 ̅ is maintained above 𝑃𝑑𝑒𝑤, meaning that the assumption that 

the composition of the produced wellstream remains the same as the original single-phase 

reservoir fluid is not violated).  They added that a violation of this condition would result 

in the use of kro values that are too high, and krg values that are too low (i.e. overprediction 

of condensate saturations) in subsequent data analysis.  This is in line with similar 

observations by Fussell (1973) and Saleh and Stewart (1992). 

Other authors like, Becker et al. (2016), examining the pressure-saturation paths in 

infinite-acting unconventional gas condensate reservoirs using semi-analytical methods, 

and comparing their results to black oil simulations, observed that increasing degrees of 

undersaturation resulted in increased gas condensate saturations in the two-phase region.  

Similar observations had been made earlier by Behmanesh et al. (2014) while examining 

synthetic production data from the linear flow regime of hydraulically fractured wells 

located in liquid-rich shale reservoirs under varying degrees of undersaturation, although 

they offered no explanation for it. 

This thesis notes that the role of other pertinent reservoir conditions such as gas 

condensate fluid richness, kr characteristics and well operating pressures in such observed 

trends have not been extensively examined.  In addition, the need to understand the impact 

of reservoir and operating conditions on the representativity of predicted pressure-

saturation data, and on subsequent PDA is one that has been recognised in literature 

(Becker et al., 2016). 

As such in Chapter 4 of this study, the gas fractional flow (GTR) based pressure-

saturation prediction method, which also assumes that two-phase steady-state conditions 

are valid, is presented.  The output of such predictions are compared to those observed in 

the near-wellbore regions of compositional GCR simulation models operated with fixed 

Pwf, varying degrees of undersaturation, a wide range of fluid richness levels (1% to 42%) 

and different kr characteristics, to highlight trends in the representativity of the predicted 

pressure-saturation response. 

The results obtained demonstrate that although the observations mentioned above 

(Fussell, 1973, Raghavan et al., 1999, Behmanesh et al., 2014, Becker et al., 2016) are 

valid in some cases, their validity is very much dependent on the gas condensate fluid 

richness, and the nature of the kr characteristics.  Three trends in the near-wellbore 

pressure saturation responses at different degrees of reservoir undersaturation, two of 
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which, to the best of the author’s knowledge, have not been highlighted in literature, are 

presented. 

Further, in Chapter 5, the GTR-based pressure-saturation predictions are employed in the 

equivalent phase-based PDA of GCR under various reservoir and operating reservoir 

conditions.  The use of PVT liquid saturation curves (i.e. from constant composition 

expansion, CCE, experiments) as a source of pressure-saturation data for two-phase 

production data type curve analysis is also examined.  Also in Chapter 5, the extension of 

the equivalent phase approach to type curves designed for the analysis of hydraulica l ly 

fractured wells is examined. 

 

2.5. Production Data Type Curve Analysis for Hydraulically Fractured Wells 

Prats (1961), in his work on the effect of vertical fractures on reservoir behaviour, 

presented analytical models to describe the behaviour of infinite conductivity vertical 

fractures in depletion type reservoirs.  Gringarten (1978) presented the analytical solution, 

together with type curves, for a well (produced at constant rate) with an infinite 

conductivity vertical fracture in a bounded rectangular reservoir.  Subsequently, Carter 

(1985) presented Fetkovich-style production data type curves for gas wells, addressing 

the question of fractured well analysis (in the form of a negative skin factor), while Fraim 

et al. (1986) provided the first comprehensive suite of production data type curves for 

finite conductivity vertical fractures. 

Pratikno et al. (2003) building on the work of Fraim et al. (1986), noted that traditiona l 

type curve solutions for infinite conductivity vertical fractures are typically inadequate 

for low permeability reservoirs.  They developed and validated a new analyt ica l 

desuperposition solution for the case of a well produced at constant rate with a finite 

conductivity vertical fracture in a bounded homogeneous reservoir, based on which they 

presented type curves and associated decline variable relations for use in tight gas (i.e. 

single-phase) reservoirs.  Separate sets of type curves apply for different dimensionless 

fracture conductivity (FcD) values.  Parameter estimates obtained from the analysis using 

the type curves presented by Pratikno et al. (2003) include effective permeability (k), skin 

factor for near wellbore damage or stimulation (s), fracture half-length (Xf), in-place fluid 

volume, oil or gas reserves, and reservoir drainage area (A). 
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For GCRs, some recent works (Mahdiyar et al., 2011a, Mahdiyar et al., 2011b) have 

examined the impact of geometrical and flow parameters on the performance of 

hydraulically fractured wells under steady-state and pseudosteady state conditions, with 

consideration for velocity-dependent permeability effects, using a two-dimensiona l 

finite-difference mathematical simulator.  Part of the current study, however, examines 

the analysis of production data for hydraulically fractured wells in GCRs.  For this 

purpose, flowrate and pressure data from fine grid numerical simulation models were 

analysed using the type curves presented by Pratikno et al. (2003), with equivalent phase 

based modifications as proposed in this study.  The choice of these type curves was based 

on the fact that they employ the same single-phase MBPT integral and plotting functions 

as the modern production data type curves under consideration. 

In line with the focus of this thesis on low permeability gas/gas condensate reservoirs, 

following the examination of two-phase effects in the first few chapters, the impact of 

pressure/stress-dependent matrix effects is considered in Chapter 6. 

 

2.6. Stress-Dependent Permeability and Porosity Effects in Low Permeability 

Reservoirs 

A significant amount of research on stress/pressure-dependent permeability (p-k) and 

porosity (p-ϕ) effects in tight reservoirs started to appear in literature around the 1950s.  

Such research have suggested that most stress-related permeability changes occur over 

the first few thousands of psi increase in effective stress, i.e. from 0 to 4,000 psig (Fatt 

and Davis, 1952, Vairogs et al., 1971), and that low permeability formations (less than 1 

md) and particularly tight argillaceous formations, as well as formations with hairline 

fractures/microcracks, show greater permeability stress-sensitivity (McLatchie et al., 

1958, Vairogs et al., 1971, Thomas and Ward, 1972, Jones and Owens, 1980, Ostensen, 

1983, McKee et al., 1988).  Others have shown kr to be relatively unaffected by effective 

stress-changes (Fatt, 1953, Thomas and Ward, 1972).  Studies on the importance of 

directionality in the applied stress (Gray and Fatt, 1963) as well as the importance of 

hysteresis effects (Vairogs et al., 1971) on observed trends in permeability reduction can 

also be found in literature. 

Other researchers like McLatchie et al. (1958) and Fatt (1958) showed pore volume 

compressibility to be functions of pressure, and dependent on other factors such as clay 

content.  While stress increase has been shown to cause as much as 10 times permeability 
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reduction in tight formations, pore volume reduction has been shown to be less sensitive, 

~10-20% (Jones and Owens, 1980, Dong et al., 2010). 

Most experimental results presented in literature show permeability versus effective stress 

curves with the typical exponential "concave-upward" shape.  However, a less commonly 

reported "concave-downward" trend has also be observed in limestone formations 

(Mohiuddin et al., 2000).  In this thesis, production data type curve analyses of a few 

cases with this trend are examined.  

 

2.6.1. Mathematical Modelling of Pressure/Stress-Dependent Permeability Effects 

To incorporate stress-dependent permeability and porosity effects into analytical and 

numerical simulation models, mathematical functions/models are needed.  The 

exponential model of Nur and Yilmaz (1985), Eq. 2-22, is a very common one because 

of the convenience of using a single parameter, the permeability modulus (𝛾), to capture 

permeability variations as a function of pressure change. 

𝑘 = 𝑘𝑖  𝑒
−𝛾(𝑝𝑖−𝑝) 2-22 

Such an exponential relationship has been widely demonstrated to be supported by 

experimental data (Vairogs and Rhoades, 1973, McKee et al., 1988, Kikani and Pedrosa, 

1991). 

A fundamental theoretical relation of permeability to effective stress, Eq. 2-23, similar in 

form to Eq. 2-22, was derived by McKee et al. (1988).  The relation, which includes the 

pore compressibility, 𝑐�̅�, relies on Eq. 2-24 (Walsh, 1981), to relate effective stress to 

pore pressure changes. In Eq. 2-24, 𝜂 is a constant for linearly elastic materials and for 

rocks, which is here assumed to have a value of 1. 

𝑘 = 𝑘𝑖𝑒
−3𝑐̅𝑝∆𝜎 2-23 

∆𝜎 = 𝜂∆𝑝 2-24 

The conversion of stress change to pressure change is a popular approach which allows 

p-k and p-ϕ effects to be implemented using matrix property multipliers, expressed as 

functions of pore pressure, in conventional reservoir simulators.  Such an approach 

assumes that the confining stress (i.e. overburden) is relatively constant, so that changes 

in pore pressure bear a direct relation to changes in effective stress.  This approach of 
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modelling dynamic changes in permeability and porosity as functions of pore pressure 

changes using transmissibility and pore volume multipliers was used in this study.  

Although more complex expressions of poro-elastic average stress change (∆𝜎𝑎𝑝
′ ) as 

functions of pressure change (∆𝑝), with geomechanical considerations like Eq. 2-25 

(Bachman et al., 2011) exist, this study adopts Eq. 2-24, as it requires fewer user-defined 

inputs, and still allows the objectives of this study to be satisfied. 

∆𝜎𝑎𝑝
′ = −𝛼

1+𝑣

3(1−𝑣)
∆𝑝 2-25  

In Eq. 2-25, 𝑣 is Poisson’s ratio, and 𝛼 is Biot’s poro-elastic constant. 

Some studies have considered other p-k functions, e.g. linear functions (Raghavan and 

Chin, 2004, Archer, 2008, Qanbari and Clarkson, 2013) and power law functions (Shi 

and Wang, 1988, Raghavan and Chin, 2004, Dong et al., 2010).  However, exponentia l 

functions are by far the most commonly used (Pedrosa, 1986, Kikani and Pedrosa, 1991, 

Franquet et al., 2004, Archer, 2008, Ozkan et al., 2010, Thompson et al., 2010, Bachman 

et al., 2011, Okouma Mangha et al., 2011, Clarkson, 2013, Qanbari and Clarkson, 2013) 

for modelling p-k and p-ϕ effects in matrix and fractures.  In this study, exponential p-k 

and p-ϕ functions are employed. 

To determine values for 𝛾 and pore volume compressibility (𝑐�̅�) within applicable ranges 

for low permeability gas reservoirs, experimental and simulated data available in 

literature (Vairogs et al., 1971, Thomas and Ward, 1972, Jones and Owens, 1980, McKee 

et al., 1988, Luffel et al., 1991, Mohiuddin et al., 2000, Rushing et al., 2007, Archer, 

2008, Blasingame, 2008) were examined. 

Typically, 𝑐�̅� and 𝛾 are assumed to be constant.  However in fitting curves to measured 

permeability versus effective stress, McKee et al. (1988) noted that for some core samples 

from coal and sandstone formations, exponentially declining pore compressibilit ies, 

following Eq. 2-26, were necessary to obtain the best fit. In this equation, 𝜗 is the rate of 

decline of pore compressibility with increase in effective stress, co, is the pore 

compressibility at initial effective stress, and ∆𝜎 is the change in effective stress. 

𝑐�̅� =
𝑐𝑜

𝜗∆𝜎
[1 − 𝑒−𝜗∆𝜎] 2-26 

For most of the simulation cases considered in this study, 𝛾 was assumed constant.  A 

brief consideration was however given to the scenario of variable 𝑐�̅� and 𝛾, as per Eq. 2-
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26, to examine their effect on long-term production decline behaviour.  It is understood 

that the character of stress-dependent permeability can change (e.g. going from elastic to 

inelastic) during production, however such considerations were not included in this study. 

 

2.6.2. Impact of Stress-Sensitive Permeability and Porosity on Well Performance 

Analysis 

In reservoirs exhibiting significant stress sensitivity, permeability is usually a major 

controlling factor that influences well responses, sometimes reducing initial steady-state 

deliverability by as much as 30 - 50% (Vairogs et al., 1971, Ostensen, 1986). 

Beginning in the 1970s, researchers (Vairogs et al., 1971, Vairogs and Rhoades, 1973, 

Ostensen, 1986, Chin et al., 1998, Franquet et al., 2004, Franquet Barbara, 2005) have 

examined the impact of stress-sensitive matrix properties on conventional pressure 

transient analysis (PTA), for both constant rate and variable rate cases, and generally 

shown that, under such conditions, the use of conventional PTA techniques produces 

erroneous estimates of permeability thickness (kh); skin (s); original-fluid- in-place etc. 

Some of such researchers have shown that drawdown data are more affected (Vairogs and 

Rhoades, 1973, Ostensen, 1986), compared to build-up (BU) data.  Others have also 

suggested a need to obtain successive BU data at different times particularly in the early 

life of the reservoir, to confirm the presence or absence of stress sensitive behaviour and 

to establish a relationship between permeability and effective overburden stress, which 

can then be used to constrain subsequent performance prediction (Evers and Soeiinah, 

1977, Thompson et al., 2010, Ehlig-Economides and Vera, 2013). 

There have also been studies on p-k effects on PDA in hydraulically fractured wells in 

tight gas and shale reservoirs (Thompson et al., 2010, Bachman et al., 2011, Okouma 

Mangha et al., 2011, Clarkson et al., 2013, Dou et al., 2015b), some using straight- line 

methods (e.g. √t plots and flowing material balance analysis (Mattar and Anderson, 

2005)).  Most of these have shown that where p-k effects are important, significant 

underestimation of reserves, linear flow capacity (𝑋𝑓√𝑘), OGIP and EUR results from 

the use of conventional techniques, which ignore such effects. 

Until the late 2000s, there was not much literature regarding the impact of p-k effects on 

long-term PDA, particularly using type curves.  Archer (2008) examined this area by 

using conventional modern type curves (Blasingame type curves), which assume constant 
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matrix properties, to analyse production data from dry gas reservoir simulation models 

with p-k effects.  The results of that study highlighted underestimations in the 

permeability and drainage area obtained from analysis using methods which ignore the 

presence of such effects.  Archer’s work did not present attempts to improve the quality 

of such analysis, such as are considered in this thesis. 

 

2.6.3. Accounting for p-k Effects in Data Analysis – A Type Curve Approach 

The use of purely analytical means to account for pressure-dependent matrix effects has 

been limited because of the difficulty of solving the resulting nonlinear partial differentia l 

equation.  This notwithstanding, some researchers have attempted to obtain approximate 

solutions to the stress-dependent flow equation (Pedrosa, 1986, Kikani and Pedrosa, 

1991, Friedel and Voigt, 2009).  Kikani and Pedrosa (1991), expanding on work done by 

Pedrosa (1986) used perturbation techniques to obtain an approximate analytical solution 

to the third order of accuracy for the nonlinear radial flow equation with pressure 

dependent rock properties.  They used their solution to develop type curves that could be 

applied to drawdown and build-up analysis of well test data from stress-sensit ive 

reservoirs, to determine initial permeability and the permeability modulus (𝛾). 

Theoretically, when production rate decline data from stress-sensitive reservoirs are 

matched to “variable property” type curves, it should be possible to correctly estimate 

reservoir parameters.  However, such a type-curve approach has the disadvantage that 

different sets of type curves are needed for different permeability moduli, with a potential 

for non-uniqueness in the type curve match for a system in which the permeability 

modulus is not constant as assumed for such type curves.  For this reason, methods that 

aim to linearize the problem using so called “modified” pseudovariables, to allow for the 

use of the conventional (constant-property) type-curves, are more attractive. 

 

2.6.4. Accounting for p-k Effects in Data Analysis Using Pseudovariables 

Several literature sources, since the late 1960s, have employed pseudopressure integra ls 

like Eq. 2-27 (Raghavan et al., 1972), to improve interpretation of pressure-transients in 

reservoirs with p-k and p-ϕ effects (Al-Hussainy et al., 1966, Raghavan et al., 1972, Evers 

and Soeiinah, 1977, Samaniego et al., 1977, Ostensen, 1986, Franquet et al., 2004).  

Examples of such studies showed Eq. 2-27 to be an excellent linearizing tool during 
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transient flow, but not during BDF (Raghavan et al., 1972, Samaniego et al., 1977), 

suggesting a need to incorporate time based corrections (i.e. pseudotime functions). 

𝑚(𝑝)′ = ∫
𝜌(𝑝)𝑘(𝑝)

[1−∅(𝑝)]𝜇(𝑝)

𝑝

𝑝𝑏
𝑑𝑝 2-27 

For analysis of rate transients, Samaniego and Cinco-Ley (1980), used Eq. 2-27 in the 

conventional 1/𝑞 versus log 𝑡 analysis of constant Pwf cases, and also found this integra l 

to be adequate during the transient flow regime, but not during BDF, when deviations 

from the classic liquid solution were observed with increasing pressure ratio (i.e. Pi/Pwf) 

and with increasing cumulative production.  They also observed faster decline in 

production rates for stress-sensitive systems, compared to constant property systems, and 

BDF decline which followed none of the three known decline behaviours, i.e. harmonic, 

hyperbolic or exponential. 

Other studies have examined the use of very similar modified pseudopressure functions, 

Eq. 2-28 (Clarkson et al., 2007, Thompson et al., 2010), and modified pseudotime 

functions, Eq. 2-29 (Thompson et al., 2010, Dou et al., 2015a, Dou et al., 2015b), based 

on the pseudotime function of Fraim and Wattenbarger (1987), for non-type curve based 

rate transient analysis.  Thompson et al. (2010) indicated that using this modified 

pseudotime function, better estimates of gas-in-place could be obtained.  Clarkson et al. 

(2007) also noted that a modified MBPT integral might be suitable for handling p-k 

effects in modern production data type curve analysis, although this was not 

demonstrated.  In other words, the application of such modified pseudovariables in 

modern production data type curve analysis is not so well demonstrated in existing 

literature. 

𝑚(𝑝)′ =
2

𝑘𝑖
∫

𝑘(𝑝)

𝜇𝑔𝑍
𝑝𝑑𝑝

𝑃𝑖

𝑃𝑤𝑓
 2-28 

𝑡𝑎
′ =

(𝜇𝑔𝑐𝑡)𝑖

𝑘𝑖
∫

�̅�(𝑝)

�̅�𝑔  𝑐̅𝑡

𝑡

0
𝑑𝑡 2-29 

This study therefore employs similar modified pseudovariables for modern production 

data type curve analysis in stress sensitive dry gas and gas condensate cases.  To this end, 

the modified pseudopressure integral (Eq. 2-28) and a MBPT integral (Eq. 2-30), 

introduced in this study, which is based on a modification of the new normalized 

pseudotime integral presented by Ibrahim et al. (2003), are employed for single-phase 
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cases.  This MBPT function is employed because it incorporates permeability and 

porosity pressure dependence, both of which are considered in this study. 

𝑡̅𝑎
′ =

(∅𝜇𝑐𝑡)𝑖

𝑞𝑔𝑘𝑖
∫

𝑞𝑔𝑘 (𝑝̅)

∅(𝑝̅)𝜇(𝑝̅)𝑐𝑡(𝑝̅)
𝑑𝑡

𝑡

0
 2-30 

For two-phase conditions, the two-phase pseudopressure drop integral, Eq. 2-5, and the 

equivalent-phase material balance pseudotime function, Eq. 2-15 are modified for 

pressure dependent permeability and porosity effects to obtain Eq. 2-31 and Eq. 2-32.  

These equations are proposed here as generalized forms of pseudovariables for use in low 

permeability gas condensate reservoirs where matrix stress-sensitivity is important.  The 

use of these modified pseudovariables in production data type curve analysis is presented 

in Chapter 6. 

∆𝑝𝑝
′ =

2

𝑘𝑖
[∫ (

𝑘𝑟𝑜

𝜇𝑜𝑧𝑜
+

𝑘𝑟𝑔

𝜇𝑔 𝑧𝑔
) 𝑘(𝑝)𝑝𝑑𝑝

𝑃𝑑𝑒𝑤

𝑝𝑤𝑓
+ ∫

𝑘 (𝑝)𝑝

𝜇(𝑝)𝑧(𝑝)
𝑑𝑝

𝑃𝑖

𝑃𝑑𝑒𝑤
] 2-31 

𝑡̅𝑎,𝑒𝑞.𝑝ℎ𝑎𝑠𝑒
′ =

𝜇𝑔𝑖 𝑐𝑡𝑖∅𝑖

𝑞𝑔𝑘𝑖
∫

𝑞𝑔𝑘(𝑝)

𝜇𝑒𝑞 .𝑝ℎ𝑎𝑠𝑒(𝑝̅)𝑐𝑡(𝑝̅)∅(𝑝̅)
𝑑𝑡 2-32 

 

2.7. Velocity-Dependent Permeability (Non-Darcy Effects) – Inertia and Coupling 

The final nonlinear effect considered in this study is that of velocity-dependent non-Darcy 

flow.  Darcy’s law (Eq. 2-33), which assumes laminar flow of fluid through porous media, 

suggests that if the resistance to flow (𝜇 𝑘⁄ ) remains constant, then the pressure gradient 

(
∆𝑝

∆𝐿
) is proportional to the superficial velocity of the fluid (𝑢).  In Eq. 2-33, k is the 

effective permeability of the system, and 𝜇 is the fluid viscosity. 

∆𝑝

∆𝐿
=

𝜇𝑢

𝑘
  2-33  

As most of the drawdown in a producing well occurs in the near-wellbore region, high 

fluid velocities, particularly in gas wells, can occur in these regions resulting in flow 

which may no longer be laminar.  This condition creates an additional pressure drop (with 

a resultant negative impact on productivity), which exceeds the proportional increase in 

velocity. 

A generalized equation (Eq. 2-34) for this condition was put forward by Forchheimer 

(1901), which was later reformulated by Cornell and Katz (1953) to obtain the commonly 

known form (Eq. 2-35).  The constant "𝜀" in Eq. 2-34 is replaced by the product of the 
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fluid density (𝜌) and a characteristic of the porous medium called the beta factor (𝛽), also 

sometimes referred to as the coefficient of inertial resistance, or the Forchheimer factor. 

∆𝑝

∆𝐿
=

𝜇𝑢

𝑘
+ 𝜀𝑢2 2-34  

∆𝑝

∆𝐿
=

𝜇𝑢

𝑘
+ 𝛽𝜌𝑢2  2-35  

There are a number of different models which relate 𝛽 to the permeability and porosity 

of a porous medium (Cooke, 1973, Geertsma, 1974).  In this thesis however, the 𝛽 used 

in the reservoir simulation models are experimentally measured values from selected core 

samples. 

As mentioned in Section 2.2, in gas condensate systems with Pwf less than Pdew, liquid 

condensate accumulates around the wellbore.  For such systems, in the immediate vicinity 

of the wellbore where high flow velocities can exist, a phenomenon of increased relative 

permeability, termed positive coupling, has been reported to occur.  This phenomenon 

was first demonstrated experimentally by Danesh et al. (1994) and later by Henderson et 

al. (1996) and Henderson et al. (2000b). 

The two velocity effects of inertia and coupling have an opposite impact on productivity 

(i.e. inertia reduces well productivity, while coupling improves productivity).  Positive 

coupling, which occurs at intermediate flow velocities and/or low interfacial tension 

(IFT), tends to be more pronounced than negative inertia as condensate saturation 

increases, and for rich fluid systems (Henderson et al., 2000b, Borges and Jamiolahmady, 

2009).  Coupling has also been shown to compete very strongly with inertial effects which 

are more dominant at very high velocities (Henderson et al., 2001).  The competition of 

these two velocity effects tends to further complicate the multiphase flow behaviour 

around the wellbore (Jamiolahmady et al., 2006). 

A number of correlations exist in literature (Henderson et al., 2000b, Pope et al., 2000, 

Jamiolahmady et al., 2006), some of which are used in commercial simulators, to account 

for the effects of velocity-dependent kr in the near wellbore region.  In this study, the 

velocity-dependent effects in the matrix were introduced into the simulation models using 

the velocity-dependent relative permeability (VDRP) model available in ECLIPSE 300, 

which makes use of correlations put forward by the Heriot-Watt Gas Condensate 

Research Team.  Coefficients based on core experiments conducted by the Heriot-Watt 

University Gas Condensate Recovery Team were employed in the VDRP model. 
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Conventional pseudovariables used in modern production data type curve analysis do not 

account for non-Darcy velocity effects of inertia and coupling.  Some authors have 

suggested the incorporation of an inertial correction factor in the pseudovariab le 

computations (Estrada and Settari, 2006), noting that such an approach would however 

need to be iterative. 

As mentioned in Chapter 1, this thesis focuses on low permeability reservoirs with matrix 

permeabilities ranging from 0.01 md to 1 md.  In Chapter 3, where the description of the 

reservoir simulation models used in this study are presented, results are also presented for 

sensitivity studies which were conducted to investigate the importance of velocity-

dependent permeability effects for the low permeability models used here. 

 

2.8. Relative Permeability and Capillary Pressure Considerations 

A significant amount of literature on pressure and rate transient data analysis in GCRs 

typically ignore the impact of capillary pressure, and often times employ relative 

permeability curves generated using correlations such as those of Brooks and Corey 

(1966).  

Although capillary pressure was initially assumed negligible, and therefore excluded for 

most of the cases examined in this thesis, consideration was given to the impact of the 

negligible capillary pressure assumption in Chapter 7.  This was done using capillary 

pressure models based on the work of Brooks and Corey (1966) and Thomas et al. (1968). 

In this thesis, measured kr data from actual core samples were employed in the simulat ions 

and in the subsequent data analysis.  However, given that measured gas condensate kr 

data may not always be readily available for use in the analysis of real field data, it is 

common to find analytically computed kr data being employed.  A very common 

correlation used is that of Brooks and Corey (1966). Part of this study, also presented in 

Chapter 7, therefore briefly examines the question of availability of kr data. 

 

2.9. Multiple-Cycle Production Data Analysis 

Most of the production data analysed in this study are from simulations with uninterrupted 

production cycles.  It is, however, not uncommon that a well is subjected to operational 

changes during its life due to mechanical failures, recompletions, changes in drive 

mechanisms, or long-term shut-ins.  The resultant “anomalies” in flowrates and pressures 
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caused by such changes, as well as fluctuations in flow rate and pressure at early times in 

the life of a well, can pose a challenge to subsequent PDA using type curves. 

Literature shows that in analysing such cases, anomalies in the production data could be 

removed by reinitializing the data past the particular anomaly.  The concept of 

reinitialization for type curve analysis of production data with multiple transient periods, 

was first mentioned by Fetkovich (1980) and later by Fetkovich et al. (1996).  Time 

reinitialization as referenced by these sources consists of resetting the start time of each 

new transient period and ignoring the earlier production history.  However, it is useful to 

note that the traditional Fetkovich type curves employ actual time, rather than a modified 

time function.  Time reinitialization as described above has therefore not previously been 

applied to the analysis of production data using modern type curves which rely on 

superposition time functions such as the MBPT integral. 

For modern production data type curve analysis, Doublet et al. (1994), in their work on 

oil well production data, suggested that when data reinitialization is required, the 

cumulative fluid produced (i.e. prior to reinitialization) should be accounted for in the 

calculation of the MBPT integral.  Such an approach however requires a reliable record 

of the cumulative production prior to the point of reinitialization, which may not always 

be available. 

Part of this study, presented in Chapter 8, therefore proposes the use of a simpler 

reinitialization approach for modern production data type curve techniques that employ 

MBPT functions, which is more in line with the concept of time reinitialization mentioned 

by Fetkovich et al. (1996). 

It has been suggested in literature (Vairogs and Rhoades, 1973, Samaniego et al., 1977, 

Pinzon et al., 2000) that stress-dependent permeability (p-k) effects, as observed in 

pressure-transient analysis of drawdown data, can closely resemble negative velocity-

dependent permeability (inertial non-Darcy) effects.  Following the examination of the 

simpler reinitialization approach mentioned above, results are presented which 

demonstrate that although stress-dependent permeability and inertia can produce similar 

effects on drawdown data, the analysis of multiple-cycle long-term production data can 

help to distinguish these two phenomena from each other.  

A final practical consideration examined in Chapter 8 of this thesis is the impact of 

multiwell interference effects on the results presented. 
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2.10. Multiwell Decline Analysis Using Type-Curve Based Methods 

Most production data type curve analysis methods assume that the drainage boundaries, 

once established during the BDF regime, remain fixed.  Generally, production data type 

curves are inherently single-well methods.  Analyses using such methods assume the 

absence of well interference, which can be considered valid for the following scenarios: 

 a single well which drains the entire reservoir volume, regardless of the shape of 

the drainage area; 

 a homogenous uniform reservoir in which multiple wells are uniformly distributed 

over the entire reservoir area (Aminian et al., 1985), and production rates and well 

flowing pressures remain constant (albeit different from one well to another), or 

rates and pressures vary in a similar trend for all the wells at the same time. 

In real fields, it is more common to find multiple wells producing simultaneously.  In 

such reservoirs, the drainage areas developed by each producing well during BDF may 

not necessarily remain constant over the entire producing life of the reservoir due to the 

addition of infill wells, the shutting of existing wells, stimulation or changes in the 

production constraints of existing wells.  Under such conditions, the use of single-we ll 

decline analysis techniques can be expected to produce some erroneous results. 

Aminian et al. (1990), derived a production data type curve solution that took into account 

the effects of inertia and inter-well interference.  They suggested that, the concept of 

dimensionless pseudosteady state shape skin factor, Eq. 2-36, introduced by Fetkovich 

and Vienot (1985), could be used to determine and quantify the presence and degree of 

well interference.  Fs, in Eq. 2-36, is the dimensionless shape factor, which is equal to 

31.62 for a well located at the centre of a perfect circular drainage area (i.e. the reference 

shape factor), resulting in SCA of 0, which suggests no interference.  SCA greater than 0 

would indicate the presence of interference effects. 

𝑆𝐶𝐴 =
1

2
ln (

31.62

𝐹𝑠
) 2-36 

This thesis notes that a shape skin factor greater than zero is only an indication of a 

deviation from the reference shape factor, and not necessarily an indication of well 

interference.  On the other hand, changes in the shape skin factor of a given well would 

be an indication of changes in the shape of the drainage area and hence the possible 

presence of well interference effects.  The method introduced by (Aminian et al. 1990) 

although type-curve based and suitable for analysis in multiwell scenarios only focused 

on the forecasting of future well production rates. 
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More recently Marhaendrajana (2000) and Marhaendrajana and Blasingame (2001) 

introduced an approach to multiwell decline-type curve analysis.  Using a new general 

solution, valid for all flow regimes (transient, transition and boundary-dominated) and 

rate profiles, for well performance analysis in a bounded multiwell reservoir system, 

Marhaendrajana and Blasingame (2001) showed that it is possible to analyse data from a 

well located in a multiwell reservoir using single-well type curves provided total material 

balance pseudotime (defined for gas by Eq. 2-37) was employed.  This definition of 

material balance pseudotime makes use of the field cumulative production and the flow 

rates for the individual well under study. 

𝑡̅𝑎,𝑡𝑜𝑡𝑎𝑙 =
[𝜇𝑔 𝑐𝑡]

𝑖

𝑞𝑔,𝑤𝑒𝑙𝑙
∫

𝑞𝑔,𝑓𝑖𝑒𝑙𝑑

[𝜇𝑔𝑐𝑡]
𝑃𝑎𝑣𝑔

𝑑𝜏
𝑡

0
 2-37 

Other researchers have examined multiwell production decline analysis using methods 

other than type curves.  Valko et al. (2000) described an approach to capture interference 

effects in multiwell reservoirs using skin factors.  They developed a multiwe ll 

productivity index in the form of an n-dimensional square matrix (where n is the number 

of wells) to relate the production rate vector to the pressure drawdown vector for the entire 

system.  The matrix equation they developed also included a skin factor vector term.  They 

suggested that the skin factor trace (i.e. skin factor plotted against time) could capture 

interference effects originating from the interaction of neighbouring wells. 

Sureshjani et al. (2013) also examined the use of straight-line methods for BDF analysis 

to determine field gas-in-place and average pressure in multiwell gas reservoirs.  They 

employed total material balance concepts similar to that of Marhaendrajana and 

Blasingame (2001) to improve the quality of straight- line analysis of data affected by 

multiwell interference. 

In this thesis most of the cases presented assumed a single-well model.  However, a few 

multiwell gas condensate cases with interference effects were considered.  For the type 

curve analysis of these cases, a combination of the total material balance approach of 

Marhaendrajana and Blasingame (2001) with the equivalent single phase approach 

proposed in this study was examined. 

 



 

CHAPTER 3 – SIMULATION MODELS AND ANALYSIS 

METHODS 
 

3.1. Introduction 

The study presented in this thesis is simulation based, i.e. rate-transient data generated 

from reservoir simulation models were used in the production decline analysis.  While, 

real data could be associated with the impact of a large number of unknown 

parameters/effects, the use of simulated data gave the advantage that conditions pertinent 

to the theory employed in the data analysis could be honoured where required. 

In this chapter, descriptions of the reservoir models, and the dry gas, and gas condensate 

fluid models used are presented.  In subsequent chapters of this thesis, references are 

made to this chapter to indicate which reservoir and fluid models were employed.  Where 

specific modifications were made to models used in the simulation results presented, such 

modifications are highlighted in the relevant chapters. 

Sensitivities were conducted to validate the simulation models and to verify that the 

simulated production data presented were not adversely impacted by the gridding and 

time steps used.  Sensitivities were also conducted to ascertain the importance of velocity-

dependent non-Darcy effects (i.e. inertia and coupling) on the low permeability 

simulation models used in this study.  These are presented in this chapter. 

 

3.2. Reservoir Simulation Models 

Fine grid numerical simulation models of single-layered homogeneous and isotropic 

reservoirs with uniform thickness and closed outer boundaries were employed.  The 

ECLIPSE 100 black oil reservoir simulator was used in generating production data for 

dry gas cases.  For gas condensate cases, the ECLIPSE 300 compositional reservoir 

simulator was used.  Fully implicit computational methods were used to ensure numerica l 

stability for larger time steps. 

 

3.2.1. Radial Model 

Most of the single-well simulations were run using a one-dimensional radial model made 

up of 100 cylindrical grid cells.  The initial models were based on a tight gas case 

presented by Fetkovich et al. (1987), and used by Sarisittitham and Jamiolahmady (2014). 
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These models were set up with logarithmically increasing grid sizes in the radial direction 

away from the wellbore to minimize numerical approximation errors, and to ensure that 

the rapid pressure and saturation changes in the near-wellbore regions of a gas condensate 

well were modelled as accurately as possible. 

A single vertical well, open over the entire producing interval, was located at the centre 

of the reservoir.  The negative skin of a stimulated well was implemented as an effective 

wellbore radius (rwa), as done by Fetkovich et al. (1987); i.e. as a concentric region of 

increased permeability around the wellbore modelled on the basis of Eq. 3-1 (Hawkins, 

1956). 

𝑠 = [
𝑘

𝑘𝑎
− 1] ln

𝑟𝑎

𝑟𝑤
 3-1 

In this equation, ra is the radius of the region of altered permeability concentric around 

the wellbore, rw is the wellbore radius, k is the permeability of reservoir, and ka is the 

permeability of the altered region around the wellbore.  Table 3-1 shows the model 

dimensions and properties, and Figure 3-1a and 3-1b are visual representations of the 

radial model just described.  To model the negative skin of -5.13 indicated in the table 

below, ka was set to 𝑘 × 103 , with ra of approximately 60 ft. 

 
Table 3.1: Summary of radial simulation model input parameters. 

Parameter  Model Input 
External reservoir radius 1200 ft, and 1242 ft  

Well bore radius 0.35 ft  
Interval thickness 70 ft, and 100 ft 
Permeability 0.01, 0.1, and 1 md 

Skin -5.13 
Rock compressibility 3 x 10-6 psi-1 at 4175 psia 

 

 

Figure 3-1a: Visualisation of the radial reservoir simulation model. 
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Figure 3-1b: Plan view of the radial reservoir model with a single vertical well in the centre, with a 

region of altered permeability (rwa) around the wellbore (not drawn to scale).  

 

3.2.2. Cartesian Model 

For cases with explicitly defined planar hydraulic fractures and those with multiwe ll 

considerations, Cartesian grid models were used.  The models with explicitly defined 

fractures were made up of 7605 globally defined grid blocks.  The global grid cell sizes 

were defined with some degree of refinement, with the largest grid sizes on the outer 

edges of the model being 400 ft in the x- and y-directions, and the smallest grid sizes 

towards the centre of the model being 10 ft in the x- and y- directions.  The wells in these 

models were again vertical, fully penetrating the entire producing interval. 

Cartesian models with explicitly defined hydraulic fractures were used for the results 

presented in parts of Chapter 5.  In these models, a single vertical fracture was defined to 

cut through a single vertical well located at the centre of the reservoir.  This single vertical 

fracture was defined to fully penetrate the entire producing interval. 

 

Fracture Modelling: The hydraulic fractures were modelled using local grid refinement 

(LGR).  This approach involves splitting the coarse grid block into smaller cells with 

gradual refinement towards the centre block, to allow for more refined computations in 

areas of greater interest and faster changing properties during the simulations.  The 

fracture is represented by the centrally located most-refined grid cell. 

It has been suggested in literature that, to avoid computational difficulties and cost, the 

fracture aperture in such LGR models should be set to a value larger than the wellbore 

diameter, and the fracture permeability adjusted accordingly to maintain the required 

fracture conductivity.  However in order to obtain a true representation of flow dynamics 

as pertain to non-Darcy effects, this approach is not satisfactory (Carvajal et al., 2005). 

As such, the LGR approach was used in this study. 

Closed outer boundary 
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The fracture lay in the y-z plane.  The global grid cells containing the fracture were refined 

in the same direction as the face segment orientation of the fracture, with the grid sizes 

increasing logarithmically from the smallest size corresponding to the fracture aperture.  

In hydraulically fractured wells, the increase in well productivity is a function of the 

fracture length, 2Xf, the fracture width, wf, and the fracture permeability, kf.  The fracture 

conductivity (Fc), which is a measure of how easily fluid moves through the fracture, is 

the product of the fracture permeability and the fracture width as shown in Eq. 3-2. 

𝐹𝑐 = 𝑘𝑓𝑤𝑓 3-2 

When the fracture conductivity is divided by the product of formation permeability (k) 

and fracture half-length Xf, the dimensionless fracture conductivity (FCD), Eq. 3-3, is 

obtained. 

𝐹𝐶𝐷 =
𝑘𝑓 𝑤𝑓

𝑘𝑋𝑓
 3-3 

Cinco-Ley and Samaniego (1981) pointed out that for an infinite conductivity fracture,  

FCD is greater than 300, and the pressure drop along the fracture is negligible; i.e., the 

flow of fluids into the wellbore is no longer inhibited by the fracture itself. 

In this thesis (when comparing the performance of a radial model, with rwa representing 

a fracture, and that of fractured model with explicit fractures), Eq. 3-4 (Prats et al., 1962), 

was used to determine the corresponding fracture half-length of the infinite conductivity 

fracture, for a given effective wellbore radius (used in the radial model). 

𝑟𝑤𝑎

𝑋𝑓
= 0.5  3-4 

On this basis, a fracture with a width of 0.013 ft (4 mm), and half-wing length of 125.8 ft 

was defined as an analogue to the radial case with rwa of 62.9 ft. 

For infinite conductivity fractures, kf was calculated using Eq. 3-3, assuming FCD > 300.  

Accordingly, kf of 30 Darcy was used for models with matrix permeability of 0.01 md, 

and kf of 200 Darcy for a model with matrix permeability of 0.07 md.  

In Chapter 5, the results of finite conductivity fracture cases are discussed.  For the 

corresponding model, kf was chosen to give a dimensionless fracture conductivity (FcD) 

of 0.1. 

Table 3-2 summarizes the properties of the Cartesian model just described, while Figure 

3-2 shows a plan view of this model (not drawn to scale). 
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Table 3-2: Summary of parameters of the Cartesian model used for single fractured vertical well (SFVW) 

cases. 

Parameter  Simulation input 

Interval thickness 70 ft  
Drainage Area 4.85E6 ft2 
Fracture w idth 0.013 ft (4 mm) 

Fracture half-length 125.6 ft  
Matrix Porosity 6% 
*Fracture Porosity 35.58% 
Fracture permeability (infinite conductivity) 200000 md (for 0.07 md matrix) 

30000 md (for the 0.01 md matrix) 
Fracture permeability (f inite conductivity) 10 md (for a 0.01 md matrix) 
* Predetermined value based on the fracture experimental data from (Jamiolahmady et al., 2010) 

 

 

Figure 3-2: Plan view of the Cartesian reservoir model with a single vertical well intersected by a single 

vertical planar hydraulic fracture, i.e. single fractured vertical well (SFVW) model (not drawn to scale). 

 

3.3. Fluid Models and Rock Properties 

The simulation cases presented employed synthetic fluid models, and measured relative 

permeability curves.  The details of these data are given in Sections 3.3.1 to 3.3.3. 

 

3.3.1. Dry Gas Fluid 

For the dry gas simulation cases, the synthetic dry gas fluid model summarised in Table 

3-3 was used. 

 

Table 3-3: Dry gas fluid composition and properties. 

Fluid Property  Model Input 

Gas Composition (mole %) C1: 92% , C4: 4%, CO2: 2%, N2: 2% 
Reservoir Temperature 250ºF 

Initial Reservoir Pressure 5,500 psia 
Gas Viscosity @ 𝑃𝑖 0.0262 cp 

Gas Compressibility @ 𝑃𝑖 1.3E-4 psi-1 
Gas Density @ Surface 0.0488 lb/ft3 
Gas Specif ic Gravity 0.64 
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3.3.2. Gas Condensate Fluid 

For gas condensate cases, a binary mixture of methane and n-decane was used.  The 

modified three- parameter Peng-Robinson equation of state (EOS) was used in computing 

the fluid thermodynamic properties in a commercial PVT software (PVTi).  This EOS 

was used because it is reported to produce more reliable predictions of dewpoint and 

phase envelope in condensate systems (Haghtalab et al., 2011), and more accurate liquid 

density predictions than the Soave-Redlich-Kwong EOS (Danesh, 1998).  For viscosity 

predictions, the Aasberg-Peterson correlation (Aasberg-Petersen et al., 1991) was used.  

Table 3-4 shows a summary of characteristics of the gas condensate fluid models.  The 

constant composition expansion (CCE) and constant volume depletion (CVD) liquid 

saturation curves for three of the fluids presented in Table 3-4 are shown in Figure 3-3.  

The fluid richness classifications used in Table 3-4 are defined in Table 3-5 (Manning 

and Thompson, 1991). 

 

Table 3-4: Summary of characteristics of the binary gas condensate fluid models. 

Fluid Richness 
Classification  

C1/C10 % 
mole ratios 

Dewpoint Pressure 
(psia) 

MLDO %  
(CCE experiments) 

MLDO Pressure 
(psia) 

Very Lean 1 98/2 2441.2 0.86% 1000 
Very Lean 2 97.5/2.5 2916.1 1.71% 1100 

Lean 95/5 4259.8 7.39% 1600  
Moderately Rich 90.5/9.5 5155.8 20.44% 3200 
Rich 88.5/11.5 5288.5 28.01% 4300 
Very Rich 86.5/13.5 5332.1 41.50% 5200 

The API gravity of the condensate f luid here is 50.38.  

 

 

Figure 3-3: Constant composition expansion (CCE) and constant volume depletion (CVD) liquid 

saturation curves for gas condensate fluids presented in Table 3-4. 



Chapter 3 – Simulation Models and Analysis Methods 

 

38 
 

Table 3-5: Definition of gas condensate fluid richness classifications used in this study. 

Fluid Richness 
Classification 

Hydrocarbon 
Quantity (GPM*) 

Condensate Gas 
Ratio (bbl/MMSCF) 

Equivalent mole % Ratio of 
C1/C10 Binary Mixture 

Lean Gas <2.5 <60 ≥95.0/5.0 
Moderate Gas 2.5 - 5 60-120 95.0/5.0 – 90.5/9.5 

Rich Gas >5 >120 ≤90.5/9.5 

*GPM= Gallons of liquid at 60ºF, if  totally condensed, per 1,000 standard cubic feet. 

 

To avoid the complexity of characterising a real fluid, in this thesis, model fluids that can 

be accurately characterised were used in the data analysis.  The complexities/challenges 

associated with obtaining and modelling representative fluid compositions of real gas  

condensate reservoirs, depending on the fluid richness and other reservoir effects such as 

gas coning, are dealt with by other researchers like Gharesheikhloo and Moayyedi (2014) 

and Parhamvand et al. (2013), among others. 

For the analysis of gas condensate cases, produced hydrocarbon liquid (Np) were 

converted to gas equivalent (GE), and added to the produced gas (Gp) using Eqs. 3-5, 3-

6 and 3-7 (Craft et al., 1991) to obtain the total gas equivalent. 

𝐺𝑡𝑜𝑡𝑎𝑙 = 𝐺𝑝 + 𝐺𝐸 ∙ 𝑁𝑝 3-5 

𝐺𝐸 =
𝑛𝑅𝑇𝑠𝑐

𝑝𝑠𝑐
= 133,000

𝛾𝑜

𝑀𝑤𝑜
 3-6 

In Eq. 3-6, Tsc is the temperature at surface conditions, R is the molar gas constant, γo is 

the condensate specific gravity, and 𝑀𝑤𝑜  is the molecular weight of the condensate which, 

where not available, can be calculated as: 

𝑀𝑤𝑜 =
42 .43𝛾𝑜

1.008 −𝛾𝑜
 3-7 

 

3.3.3. Matrix Permeability (k) and Relative Permeability (kr) 

Table 3-6 shows the original rock properties of two core samples, Texas Cream (TC) and 

RC1b, measured by the Heriot-Watt University Gas Condensate Recovery (HWU-GCR) 

research team.  In this study, properties associated with these two core samples were used.  

However, the matrix absolute permeability values used in the models employed in 

production data analysis in this study only ranged from 0.01 to 1 md.  

 

Table 3-6: Properties of RC1b and TC core and hydraulic fracture used in this study. 

Core  
Sample  

Inertial Coefficient 
βd (m

-1) 
Capillary 
Number 

Permeability (k) 
(md) 

Porosity 
% 

Description 

RC1b 1.06 x 1012 1.49 x 10-6 0.18 17.3 Low  k, sandstone reservoir core 
TC 3.93 x 109 1.29 x10-6 11 21 Moderate k, carbonate outcrop 
*Fracture 3.5 x 105 - 146,000 35.4 Propped fracture 

*Jamiolahmady et al. (2010) 
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For the gas condensate simulation models, base gas condensate kr curves obtained from 

core displacement tests carried out on actual cores by the HWU-GCR Team were used.  

Figure 3-4 shows the kr curves of the RC1b core, and Figure 3-5 shows that of the Texas 

Cream (TC) core, both of which were used in this study.  In these figures, krg represents 

gas relative permeability, and kro represents condensate relative permeability.  These are 

kr curves measured at low flow velocities, and high interfacial tension (IFT) values of 3 

mNm-1 or above (Jamiolahmady et al., 2009), i.e. commonly measured kr data, not 

affected by velocity and IFT due to coupling or inertia effects.  

  

 
Figure 3-4: RC1b gas-condensate relative 

permeability curves. 

 
Figure 3-5: TC gas-condensate relative 

permeability curves. 

 

The RC1b kr curves were obtained from a core sample with a low absolute permeability 

of 0.18 md.  The TC kr curves, on the other hand, were obtained from a core sample with 

a higher absolute permeability of 11 md; however, these were included in this study 

because, as can be seen from Figure 3-4 and Figure 3-5, the two kr curves exhibit trends 

which are distinctly different from each other.  The RC1b kr curves show a fast decline in 

krg, while the TC kr curves show a slower decline in krg as condensate saturation increases 

from zero.  Additionally, it can be observed that RC1b is associated with higher kro (i.e. 

more efficient condensate displacement) compared to TC.  These differences in the shape 

of the kr curves have implications for the results presented in this study, as will be shown 

in Chapters 4 and 5.  

A manually modified version of the RC1b kr curves, with enhanced kro (as shown in 

Figure 3-6), was also employed in some of the simulation models, to highlight certain 

observed trends discussed in Chapters 4 and 5.   
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For models with hydraulic fractures, the fracture kr shown in Figure 3-7, measured in the 

HWU gas condensate research laboratory and discussed in the work on propped fractures 

by Jamiolahmady et al. (2010), was used. 

 

  
Figure 3-6: RC1b-Modified (Enhanced k ro) gas-

condensate relative permeability curves. 

Figure 3-7: Propped fracture gas-condensate relative 

permeability curves. 

 

Non-Darcy velocity-dependent kr effects: In some simulations, the inertial or coupling 

non-Darcy effects were activated using the VELDEP keyword available in ECLIPSE 300.  

The corresponding equations, developed by the HWU-GCR team and incorporated in 

ECLIPSE, interpolates between the experimentally measured base kr curve (commonly 

measured data discussed above) and a miscible fluid kr curve to generate kr data varying 

with velocity (V) and IFT.  The required core exponents for this saturation based kr 

correlation were determined using either the measured kr = f (IFT, V) or the core exponent 

option of NEW-COIN which acts like a numerical lab and gives such data.  The inertia l 

coefficient (βd) used for the matrix and for the fracture are as shown in Table 3-6. 

 

3.4. Reservoir Conditions and Well Operating Conditions 

The initial reservoir pressures considered ranged from severely undersaturated to just 

saturated.  Assumptions of isothermal conditions (250°F), the absence of an aquifer, 

negligible capillary pressure both in the matrix and in the hydraulic fractures (where 

applicable), negligible gravity effects, and zero interstitial water saturation were also 

made.  Interstitial water saturation was assumed to be zero on the basis that in very low 

permeability reservoirs, there is often a wide range of water saturations over which 

interstitial water is essentially immobile.  For cases with explicitly defined hydraulic 
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fractures, the impact of changing reservoir stress conditions on fracture width was 

ignored.  

All the simulations were based on a depletion drive reservoir.  There were no separators 

defined in the simulation models; as such, produced fluids were simply flashed to surface 

conditions to obtain the produced gas and condensate flow rates.  The simulated 

production data presented did not consider the effects of flow within the annulus or 

producing string.  Simulations were generally run until an arbitrarily determined 

minimum gas flow rate of 1Mscf/day, mostly with single production cycles, except in 

Chapter 8 where some cases with multiple production cycles were considered. 

 

3.5. Type Curve Matching (TCM) Procedure 

Prior to the analysis of production data, it is important that quality checks be performed 

to verify the integrity of the dataset under consideration.  The question of quality and 

accuracy of flowrate and pressure data used in production data analysis (PDA) is 

addressed in other literature.  In using simulated data, this study assumes that the well 

flow rate and bottomhole pressure data employed in the PDA are accurate.  

For most of the results presented, type curves were used to determine effective 

permeability (k), external reservoir radius (re), and skin (s), and fracture half-length (Xf).  

The Blasingame type curves (Palacio and Blasingame, 1993) for a vertical well - radial 

flow model, and the Pratikno-Blasingame type curves (Pratikno et al., 2003) for a vertical 

well with a single finite conductivity vertical fracture, were used.  The following is a brief 

description of the type curve matching procedure.  

The pressure-normalized production rate (𝑞 ∆𝑃⁄ ), the pressure-normalized rate integra l 

(𝑞 ∆𝑃⁄ )𝑖, and the pressure-normalized rate integral derivative (𝑞 ∆𝑃⁄ )𝑖𝑑 are first plotted 

together against material balance pseudotime on a log-log scale, to produce what is 

referred to as the data plot.  The data plot and the type curve plot are then superimposed 

on each other and shifted to obtain a match, taking care to ensure that the chart axes 

remain parallel, and the log cycle sizes are the same on both plots.  All three curves on 

the data plot should fit the same corresponding curves on the type curve plot. 

The TCM exercise produces match-point parameters, the coordinates of which are read 

from the data plot and the type curve plot and used in the relevant equations (Eqs. 3-8 to 

3-14) to determine k, re, Xf, and s. 
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𝑘 = [
(

𝑞𝑔

𝑝𝑝𝑖 −𝑝𝑝𝑤𝑓
)

𝑞𝑑𝐷
]

𝑚𝑎𝑡𝑐ℎ

(
141 .2 𝐵𝑔𝑖 𝜇𝑖

ℎ
) 𝑏𝐷𝑝𝑠𝑠  3-8 

𝑟𝑒 = √(
𝑡̅𝑎

𝑡𝑑𝐷
)

𝑚𝑎𝑡𝑐ℎ

2

𝑏𝐷𝑝𝑠𝑠
(

0.00633 𝑘

∅𝜇𝑖 𝑐𝑡𝑖
)  3-9 

𝑋𝑓 =
𝑟𝑒

(𝑟𝑒𝐷 )𝑚𝑎𝑡𝑐ℎ
 3-10 

𝑏𝐷𝑝𝑠𝑠  is the dimensionless post-transient flow constant, which is defined as  

𝑏𝐷𝑝𝑠𝑠 = [ln (
𝑟𝑒

𝑟𝑤𝑎
)

𝑚𝑎𝑡𝑐ℎ

−
1

2
] for the radial model 3-11 

For the finite conductivity fracture model, the flow constant is a correlation given by 

𝑏𝐷𝑝𝑠𝑠 = ln(𝑟𝑒𝐷)𝑚𝑎𝑡𝑐ℎ − 0.049298 + 0.43464(𝑟𝑒𝐷)𝑚𝑎𝑡𝑐ℎ
−2

+
𝑎1+𝑎2𝑢+𝑎3𝑢2+𝑎4𝑢3+𝑎5𝑢4

1+𝑏1𝑢+𝑏2𝑢2+𝑏3𝑢3+𝑏4𝑢4
   3-12 

Where u = ln (FCD), a1=0.936268, a2=-1.00489, a3=0.319733, a4=-0.0423532, 

a5=0.00221799, b1=-0.385539, b2=-0.0698865, b3=-0.0484653, b4=-0.00813558 

𝑠 =  𝑙𝑛
𝑟𝑤

𝑟𝑒

(𝑟𝑒𝐷 )𝑚𝑎𝑡𝑐ℎ, for radial flow around a vertical well 3-13 

For the vertically fractured well, 

𝑠 ≈ 𝑙𝑛
𝑟𝑤

𝑋𝑓
+

1.648546 −0.3002711𝑢+0.1506532𝑢2

1+0.2136604𝑢 +0.09513761𝑢2 +0.008276998𝑢3   3-14 

The data plots, type curve matching and parameter computations were all implemented 

in a spreadsheet software, to allow the flexibility needed to implement the proposed 

pseudovariable modifications.  Figure 3-8 shows a sample TCM using the Blasingame 

type curves.  The axes titles and legends in Figure 3-8 apply to all the TCMs presented in 

the results and discussion sections of this thesis. 

 

3.5.1. Potential Sources of Error/Uncertainty 

The type curve matching operations were all carried out graphically and manually.   

Hence, a potential source of error would be a less-than-ideal match from the type-curve 

matching operation.  Attempts were made to minimize the impact of this kind of error by 

repeating the matching operations and computations to check for consistency and 

repeatability. 
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Figure 3-8: Sample type curve match (TCM) plot in which the data plot and the type curves are 

superimposed on each other and shifted to obtain a match.  reD is the dimensionless external reservoir 

radius, (q⁄∆P) is the pressure-normalized rate, (q⁄∆P) i is the pressure-normalized rate integral, and 
(q⁄∆P) id is the pressure-normalized rate integral derivative.   

 

3.6. Model Validation, Gridding and Time-Step Sensitivity Study  

To ensure that the production data used in this study were unaffected by numerical effects 

such as truncation errors due to the choice of gridding and simulation time steps used in 

the models, a sensitivity study was conducted.  Three single-well cases were used in this 

sensitivity study - a single-phase (dry gas case), and two gas condensate cases.  These 

cases are summarised in Table 3-7.  For each of these models, the following parameters 

were used: k=0.1 md, s=-5.14, re=1,200 ft, Pi=5,500 psia, Pwf=2,500 psia.  For the two-

phase cases, the RC1b kr curves were employed. 

 

Table 3-7: Summary of cases used in simulation model validation, gridding and time-step sensitivity. 

Model Fluid 

1 Single-phase: Dry gas case 

2 Tw o-Phase: Lean Fluid (MLDO = 7.4%) case 
3 Tw o-Phase: Rich Fluid (MLDO = 28 %) case 

 

3.6.1. Gridding Sensitivity 

The following five radial logarithmic gridding options, with grid thickness ratios (rn+1/rn) 

as specified in parentheses, were examined. 
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 50 radial grid cells logarithmic gridding (ratio: 1.177) 

 100 radial grid cells logarithmic gridding (ratio: 1.085) 

 200 radial grid cells logarithmic gridding (ratio: 1.042) 

 500 radial grid cells logarithmic gridding (ratio: 1.016) 

 1000 radial grid cells logarithmic gridding (ratio: 1.008) 

Figures 3-9 to 3-11 show the log-log plots of gas production rates versus time obtained 

from simulations run using the three models in Table 3-7, and the five gridding options. 

From Figure 3-9, it can be seen that the shape of the production profile shows an init ia l 

transient response followed by a depletion response occurring between 1.0E-4 days to 

1.0E-2 days.  This profile occurs because of the high permeability region around the 

wellbore, which is used to model the negative skin of the stimulated wellbore.  The fluid 

in this region is quickly produced at the onset of production.  This results in the radial 

composite response seen in these rate-time curves.  A similar shape is seen in Figures 3-

10 and 3-11 for the same reason.  

 

 

Figure 3-9: Gridding sensitivity for dry gas model (single-phase). 
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Figure 3-10: Gridding sensitivity for lean fluid model (two-phase conditions). 

 

 

Figure 3-11: Gridding sensitivity for rich fluid model (two-phase conditions). 

 

Based on the results obtained from this sensitivity study, it was determined that a gridding 

of 100 cells appeared optimal for both the single-phase and the two-phase cases, because 

a slight difference was observed between the production rates obtained from the 50 grid-

cell model compared to the 100 grid-cell model.  However, hardly any observable 

difference was seen between the production rates of the 100 grid-cell model compared to 
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the 200, 500 and 1000 grid-cell models.  The production rate fluctuations that can be 

observed after 1E+04 days in Figure 3-11 are convergence-related, and are only present 

for the 500 and 1000 grid cell models, and so they are not of concern here.  

To verify that this choice of gridding was adequate, type curve analysis was carried out 

for the dry gas case using conventional Blasingame type curves.  The TCM results, as 

shown in Figure 3-12, matched the model inputs, and thus confirmed that the simulated 

production data was not distorted by numerical effects due to the choice of gridding. 

 

 

Figure 3-12: Blasingame TCM for dry gas case (model inputs: k=0.1 md, s=-5.14, re=1,200 ft). 

 

Having settled on the use of a 100 grid-cell radial model, the impact of this choice on the 

pressure-saturation responses in the near-wellbore region, was also verified.  For this 

stage of the verification, models with 100 and 200 grid cells were considered.  Figure 3-

13 shows the saturation profile (i.e. block saturation at various radial distances from the 

wellbore) at 1 day, 10 days, 30 days, 1 year and 10 years after the start of production for 

the model with the lean fluid, using both the 100 grid cell and 200 grid cell models.  Figure 

3-14 shows the pressure profiles for the same cases.  Similar plots are presented for the 

rich fluid case in Figures 3-15 and 3-16.  These results show that the pressure and 

saturation profiles are hardly changed by using grids refined beyond 100 grid cells, 

suggesting that the 100 grid-cell model is adequate for the 2-phase models in this study. 
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Figure 3-13: Lean fluid (MLDO = 7.4%) simulation model gridding sensitivity: condensate saturation 

versus radial distance – 1 day to 10 years after start of production. 

 

 

 

Figure 3-14: Lean fluid (MLDO = 7.4%) simulation model gridding sensitivity: pressure versus radial 

distance – 1 day to 10 years after start of production. 
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Figure 3-15: Rich fluid (MLDO = 28%) simulation model gridding sensitivity: condensate saturation 

versus radial distance – 1 day to 10 years after start of production. 

 

 

 

Figure 3-16: Rich fluid (MLDO = 28%) simulation model gridding sensitivity: pressure versus radial 

distance – 1 day to 10 years after start of production. 

 

The pressure profiles and the saturation profiles in Figures 3-13 to 3-16 show a flattened 

trend over the first 60ft from the wellbore.  This effect is present because of the high 

permeability region concentric around the wellbore, which was used to model negative 

skin, and is discussed further in Chapter 4. 
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3.6.2. Time-Step Sensitivity 

A sensitivity was also conducted on the degree of refinement in the initial time-steps 

(TSTEP) used in the simulations.  The following TSTEP options, beginning with 1.33E-

6 days, were examined.  TSTEP2 has a higher degree of refinement in the initial time 

steps 

 TSTEP1 for the first 4 days of production, tn+1/tn = 1.024. 

 TSTEP2 for the first 4 days of production, tn+1/tn = 1.008.  

These TSTEP variations were used for the three models presented in Table 3-7, using the 

100 grid cell definition.  The results of the TSTEP sensitivity are shown in Figure 3-17, 

where it can be observed that the refinement in TSTEP did not affect the results.  As such 

TSTEP1, which has a lower degree of refinement, was used in the rest of the study. 

For simulation cases run using Cartesian models, the simulated production rates were 

compared with the outputs of analogous simulations from the radial model of 100 grid 

cells with TSTEP1 to verify that the resulting production rates were comparable. 

 

 

Figure 3-17: Time-step sensitivity: Comparison of TSTEP1 and TSTEP2 for dry gas, lean fluid, and rich 

fluid simulation cases (100 Grid-cell Models). 
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3.7. Sensitivity Study of Non-Darcy Velocity Effects: Radial Models with 

Effective Wellbore Radius 

Strong inertial (coupling) non-Darcy effects are known to cause distortions in the shape 

of the decline curve, and underestimations (overestimations) of reservoir permeability, 

overestimations (underestimations) of skin and misinterpretations of drainage area 

obtained from conventional production data type curve analysis (Camacho-Velazquez et 

al., 1992, Zeng and Zhao, 2006, Johnson and Jamiolahmady, 2015).  For the low matrix 

permeability (0.01 to 1 md) simulation cases considered in this study a sensitivity study 

was conducted to verify if/when such velocity effects would be important, beginning with 

the radial models, for which the stimulated wellbore was modelled as an effective 

wellbore radius. 

 

3.7.1. Data Summary – Reservoir and Fluid Models 

The single well, radial one-dimensional homogeneous and isotropic reservoir model 

presented in Section 3.2.1 was used, with a matrix permeability of 0.1 md, a 1200 ft 

drainage radius, and skin values of -5.17, -2.7 and 0 for various cases.  The lean fluid 

(C1/C10 = 95/5, MLDO = 7.39%, Pdew = 4260 psia) was used for the cases in which 

inertia was enabled, while the rich fluid (C1/C10 = 88.5/11.5, MLDO = 28.01%, Pdew = 

5289 psia) was used for the case in which coupling was enabled.  This was done because, 

as mentioned earlier in Section 2.7 of Chapter 2, coupling effects have been shown to be 

dominant at higher condensate saturations, while negative inertial effects are known to be 

dominant at low condensate saturations. 

The initial reservoir pressure (Pi) was set at 5,500 psia in some cases and 12,000 psia, 

which is the highest Pi considered in this study, in other cases.  The well flowing pressure 

(Pwf) in all cases was maintained at 4,000 psia. 

To model inertial effects under two-phase conditions, Eq. 3-15 (a common correlation 

found in most commercial reservoir simulators) was used.  The measured Forchheimer 

factor was converted to an effective value using Eq. 3-16, and expressed in Forchheimer 

units to obtain 𝛽∗ which was used in the velocity dependent (VELDEP) model in 

ECLIPSE 300. 

𝛽 = 𝛽∗ 𝑆𝑔
𝑐(𝑘.𝑘𝑟𝑔)𝑑 3-15 
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𝛽∗ = 𝛽𝑑(𝑘𝑔 )
−𝑑

 3-16 

In the above equations, 𝛽𝑑 is the measured single-phase Forchheimer factor expressed in 

Forchheimer units, Sg is the gas saturation, krg is the gas relative permeability and kg is 

the absolute permeability of the porous medium to gas.  The 𝑘𝑔  value used here was that 

of the absolute permeability of the matrix (0.1 md). 

To model coupling effects, a correlation developed by the HWU-GCR team was 

employed (Henderson et al., 1996, Henderson et al., 2000a).  This correlation is based on 

a commonly used approach, which involves interpolating the relative permeability 

between the immiscible (base) kr curves and the miscible kr curves using a function which 

depends on capillary number, Nc.  

The keywords and the associated constants (Ncb and 𝛽∗) and exponents (m, n1, n2, c and 

d) used in activating inertia and coupling effects in the simulation models are shown in 

Table 3-8.  These constants and exponents, which are core-specific parameters, were 

experimentally determined by the HWU-GCR team for the core sample used here, i.e. the 

RC1b core sample. 

 

Table 3-8: Keywords and parameters used in velocity-dependent permeability model in ECLIPSE 300. 

VELDEP 
--OCN GCN  OFR  GFR 
     0       0        0       2 / Inertia enabled 
     1       1        0       0 / Coupling enabled 

VDKRG 
-- m      n1       n2        Ncb      a    b     c         d       β* 
-------------------------------------------------------------------- 
   2      3.333    0   1.49e-6      0    0    -0.30  -1.2   668.8/ (RC1b)  

VDKRO 
-- m      n1       n2        Ncb      a    b     c         d       β*

 

-------------------------------------------------------------------- 
  0.0     7.94  -1e-6  1.49e-6  / (RC1b) 

m: parameter which controls the variability of the critical fluid (oil or gas) saturation  
n1, n2: parameters which control the weighting between miscible and immiscible kr curves  
Ncb: Base capillary number of fluid (oil or gas) above which velocity effects are not active 
c, d, β*: Forchheimer parameters  

 

The seven sets of simulation cases examined are shown in Table 3-9.  In each set, case 

“a” assumes Darcy flow, while inertia or coupling effects were enabled for case “b”.  

Forchheimer factor for some cases was increased by one order of magnitude in an attempt 

to exaggerate the inertial responses.  These cases are labelled “c” in Table 3-9. 
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Table 3-9: Summary of radial model simulation cases with and without velocity-dependent permeability 

effects (Pwf = 4,000 psia, k r characteristics: RC1b). 

Simulation case  Fluid Pi (psia) Skin Remarks 

Case 1a Lean 5,500 -5.14 Darcy Case  
Case 1b Lean 5,500 -5.14 Inertia  
Case 1c Lean 5,500 -5.14 Inertia x10  

Case 2a Lean 12,000 -5.14 Darcy Case 
Case 2b Lean 12,000 -5.14 Inertia 
Case 2c Lean 12,000 -5.14 Inertia x10 

Case 3a Rich  5,500 -5.14 Darcy Case 
Case 3b Rich 5,500 -5.14 Coupling  
Case 4a Lean 5,500 -2.7 Darcy Case 
Case 4b Lean 5,500 -2.7 Inertia  
Case 4c Lean 5,500 -2.7 Inertia x10 
Case 5a Lean 12,000 -2.7 Darcy Case 
Case 5b Lean 12,000 -2.7 Inertia  
Case 5c Lean 12,000 -2.7 Inertia x10 
Case 6a Lean 5,500 0 Darcy Case 
Case 6b Lean 5,500 0 Inertia  
Case 6c Lean 5,500 0 Inertia x10 
Case 7a Lean 12,000 0 Darcy Case 
Case 7b Lean 12,000 0 Inertia  
Case 7c Lean 12,000 0 Inertia x10 

 

 

3.7.2. Results and Discussion of Non-Darcy Effects in the Radial Models 

Figure 3-18 shows the plot of gas production rate (FGPR) versus time (days) for Case set 

1.  Strong inertial effects are evident very early in the production period up to 3 hours 

after the start of production.  Within 6 hours after the start of production, there is no 

difference between the Darcy case and the cases with inertia enabled. 

 

 

Figure 3-18: Gas production rates versus time for Case 1a, 1b and 1c: comparison of Darcy with non-

Darcy -inertia cases (lean fluid, Pi = 5,500 psia, Pwf = 4,000 psia, k  = 0.1 md, s =-5.14). 
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Case set 2 is similar to set 1, with the difference being the larger drawdown (12,000 psia 

– 4,000 psia).  This increase in drawdown did not significantly impact the observed trends, 

i.e. once again, the inertial effects were only strong during the first few hours of 

production. 

Cases 3a and 3b, are similar to the cases in set 1 in terms of pressure drawdown.  However, 

for these cases, rich fluid is used, and for Case 3b, inertia is deactivated and coupling 

enabled.  Once again, significant velocity-dependent permeability effects last only for a 

few hours after the start of production (Figure 3-19). 

 

 

Figure 3-19: Gas production rates versus time for Case 3a and 3b: comparison of Darcy with non-Darcy 

-coupling case (rich fluid, Pi = 5,500 psia, Pwf = 4,000 psia, k=0.1 md, s =-5.14). 

 

Some additional cases were considered for which the degree of wellbore stimulation was 

reduced by changing the skin from -5.14 to -2.7, and then to 0.  These correspond to a 

reduction in the region of altered permeability from 60ft to 5ft and then to 0ft.  Figure 3-

20, for Case 4 in which skin is -2.7 and Pi is 5,500 psia, shows no difference between 

Darcy and inertia cases after a few minutes into the production period.  For Case set 5, 

with increased Pi, again there was hardly any noticeable difference between the Darcy 

case and the non-Darcy cases after a few hours of production. 

When the skin zone was completely removed, Case set 6 (shown in Figure 3-21) and Case 

set 7 (shown in Figure 3-22) were obtained.  It can be seen from Figure 3-22, that the 
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longest lasting (approximately 1 year long) observable difference between the Darcy and 

the non-Darcy inertial case occurs for the zero-skin cases with Pi at 12,000 psia (i.e. 8,000 

psi drawdown) and with the Forchheimer factor increased by an order of magnitude. 

For all the cases with a stimulated wellbore (i.e. the negative skin cases), velocity effects 

were only important at the start of the production period where very high flow velocit ies 

occurred because the flow rates were largely controlled by the production of fluid from 

the high permeability “stimulated zone”.  Later in the production period (i.e. within a few 

hours after the start of production), when fluid production was controlled more strongly 

by the low permeability matrix, the velocity effects became negligible, even in cases for 

which the beta factor (𝛽) had been increased by an order of magnitude, and with large 

drawdown (8,000 psia). 

 

 

Figure 3-20: Gas production rates versus time for Case 4a, 4b, and 4c: comparison of Darcy with non-

Darcy - inertia cases (lean fluid, Pi=5,500 psia, Pwf=4,000 psia, k=0.1 md, s = -2.7). 
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Figure 3-21: Gas production rates versus time for Case 6a, 6b, and 6c: comparison of Darcy with non-

Darcy - inertia cases (lean fluid Pi = 5,500 psia, Pwf = 4,000 psia, k  = 0.1 md, s = 0). 
 

 

Figure 3-22: Gas production rates versus time for Case 7a, 7b, and 7c: comparison of Darcy with non-

Darcy - inertia cases (lean fluid Pi = 12,000 psia, Pwf = 4,000 psia, k  = 0.1 md, s = 0). 
 

For most of the non-stimulated (zero skin cases), velocity effects were again important 

only for a few minutes after the start of production, with the only exception being Case 

7c (with large drawdown, 8000 psia, and exaggerated 𝛽). 
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A comparison of Case 7c, with Case 2c or 5c showed that higher initial production rates 

associated with the stimulated cases resulted in more significant reductions in the average 

reservoir pressures after a shorter time of production.  In other words, the drawdown (Pave 

- Pwf) for the zero skin case (7c) remained much higher for a longer time, prolonging the 

weaker inertial effects, while for the stimulated cases, strong inertial effects occurred 

early, and then became very negligible within a short time as the drawdown quickly 

reached a level that could not sustain sufficiently high fluid velocities. 

From these results, it can be concluded that for the majority of cases examined in this 

study (i.e. cases with stimulated wells in reservoirs with 0.1 md matrix permeability and 

lower, and with the reservoir dimensions, and ranges of drawdown used here), velocity 

effects might be important in the short-term, where flow rates are strongly controlled by 

production of fluids in the stimulated zone.  If short-term data is to be analysed for 

properties of the stimulated region, then velocity effects could be very significant and 

would need to be accounted for.  However, velocity effects would not be expected to play 

an important role in the long-term production decline response and the subsequent data 

analysis of such cases.  As such, the use of base kr curves for simulations and analysis of 

production data from the low permeability radial models considered in this study, i.e. 

ignoring velocity-dependent effects, can be justified since such effects were found to be 

less significant in the context of long-term PDA. 

 

3.8. Sensitivity Study of Non-Darcy Velocity Effects: Cartesian Models with 

Explicitly Defined Fractures 

Following the study of non-Darcy velocity effects using the radial models, the Cartesian 

models with explicitly defined fractures were also considered, to ascertain whether 

inertial effects in the fractures might produce different conclusions.  These cases are 

presented next. 

 

3.8.1. Data Summary – Reservoir and Fluid Models 

The Cartesian model with a single vertical high conductivity fracture, with Xf = 125.6 ft, 

defined using LGR, as described in Section 3.2.2, was used.  Models with highly 

conductive fractures were used here because if velocity-dependent permeability effects 

are important for the cases examined, highly conductive fractures would be expected to 

be more likely to exhibit this effect. 
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For the Cartesian model simulation cases summarized in Table 3-10, Pwf was mainta ined 

above Pdew, and only inertial effects were considered, both in the matrix and in the 

fracture.  Some simulations were attempted with Pwf below Pdew to allow for the inclus ion 

of coupling effects.  These simulations were however not used because they were found 

to be affected by convergence errors due to the very small grid size (representing the 

fracture), the very high permeability contrast between the fracture grid block and the 

surrounding matrix, and the added complexity of two-phase effects.  This made such 

simulation cases unstable.  For high permeability fractures in GCRs, inertial effects have 

been shown to be of greater importance than coupling (Jamiolahmady et al., 2010), as 

such it was considered adequate for the purpose of this study to examine the impact of 

inertial effects only for the models with explicitly defined fractures.   

As can be observed in Table 3-10, the matrix inertial factors (β) used in most of these 

simulations are one order of magnitude higher than the actual measured values presented 

in Table 3-6.  In other words, an attempt was made to exaggerate the inertial effects in 

the matrix for these simulation cases. 

 

Table 3-10: Summary of Cartesian LGR model simulation cases (with explicitly defined fractures), with 

and without inertia effects (Pi = 5,500 psia, Pwf = 4,500 psia). 

Case Matrix 
Permeability (km) 

Fracture 
Permeability (kf) 

Beta (βd) 
(fracture) 

Beta (βd) 
(matrix) 

1a 0.01 md 30,000 md N/A N/A 
1b 0.01 md 30,000 md 3.5x105 m -1 1.06x1013 m -1 
1c (Pi = 12,000) 0.01 md 30,000 md N/A N/A 
1d (Pi = 12,000) 0.01 md 30,000 md 3.5x105 m -1 1.06x1013 m -1 

2a 0.07 md 200,000 md N/A N/A 
2b 0.07 md 200,000 md 3.5x105 m -1 1.06x1013 m -1 
3a 0.18 md 200,000 md N/A N/A 
3b 0.18 md 200,000 md 3.5x105 m -1 1.06x1013 m -1 
4a 1 md 200,000 md N/A N/A 
4b 1 md 200,000 md 3.5x105 m -1 1.06x1013 m -1 

5a 11 md 200,000 md N/A N/A 
5b 11 md 200,000 md 3.5x105 m -1 3.9x1010 m -1 
5c 11 md 200,000 md 3.5x105 m -1 3.9x109 m -1 
5d 11 md 200,000 md 1.07x105 m -1 3.9x109 m -1 

 

3.8.2. Results and Discussion of Non-Darcy Effects in the Cartesian Models 

For Case set 1 (k = 0.01 md), set 2 (k = 0.07 md) and set 3 (k = 0.18 md) in Table 3-10, 

minimal difference was observed between the decline curve for the Darcy case versus the 

non-Darcy inertial case after 1 day of production.  These results were similar to those 

obtained for the low permeability radial models presented in Section 3.7. 
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Figure 3-23 shows a log-log plot of gas production rate versus time comparing Cases 1a 

and 1b.  Here, it can be observed that strong inertial effects last no longer than the first 

hour of production.  A comparison of Cases 1c and 1d, for which the drawdown was 

increased by changing the initial reservoir pressure from 5,500 psia to 12,000 psia, 

showed a similar trend.  Similar results were also obtained for set 2 and for set 3, i.e. 

strong inertial effects lasted not more than 1 day after the start of production. 

 

 

Figure 3-23: Gas production rate versus time for Case 1a and 1b: comparison of Darcy with non-Darcy 

- inertia cases (LGR model with fracture, k f = 30 Darcy, km = 0.01 md, Pi=5,500 psia, Pwf =4,500 psia). 

 

The comparison of production rates for Cases 4a and 4b, for which k was increased to 1 

md is shown in Figure 3-24.  The fracture permeability (200 Darcy) was maintained in 

order to capture changes in the observable impact of inertial effects with changes in other 

model parameters, in this case the matrix permeability.  From Figure 3-24, it can be seen 

that, with the increase in matrix permeability to 1 md (with all other parameters remaining 

unchanged), inertial effects begin to have a more significant impact on the decline 

response, causing reduced production rates throughout the transient flow period. 

For Case 5a, the matrix permeability was increased further to 11 md.  From Figure 3-25, 

it is clear that the inertial effects are even more pronounced and last longer.  These results 

suggest that the very low matrix permeability is, to a large extent, responsible for the less 

evident inertial effects observed in the low permeability cases. 

As a further verification, for Case 5c, the inertial factor in the matrix was decreased by 

one order of magnitude, and for Case 5d, the inertial factor in the fracture was also 

decreased by a factor of 3.  The results obtained in both cases were very similar to those 
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observed in Figure 3-25, i.e. the inertial effects were still very evident and lasted well into 

the boundary dominated flow period. 

 

 

Figure 3-24: Gas production rate versus time for Case 4a and 4b: comparison of Darcy with non-Darcy 

- inertia cases. (LGR model with fracture, k f = 200 Darcy, km = 1 md, Pi=5,500 psia, Pwf  = 4,500 psia). 

 

 

Figure 3-25: Gas production rate versus time for Cases 5a and 5b: comparison of Darcy with non-Darcy 

- inertia cases (LGR model with fracture, k f = 200 Darcy, km = 11 md, Pi=5,500 psia, Pwf =4,500 psia). 

 

These results suggest that for moderate to high permeability rocks, the non-Darcy velocity 

effects would be important, but not so much for rocks with permeability of the order of 

0.1 md and lower.  On the basis of the results obtained for both the radial models (with 

negative skin modelled as an effective wellbore radius) and the Cartesian models (with 
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explicitly defined hydraulic fractures), velocity dependent permeability effects were not 

enabled for simulation models with permeabilities of 0.01 to 0.1 md (used mainly in 

Chapters 4, 5, 6, 7, and the latter part of Chapter 8).  For some of the simulation models 

with permeability of 1 md (used in part of Chapter 8), velocity-dependent permeability 

effects were included. 

 

3.9. Well Models 

To verifying that the results presented in this study were not impacted by numerica l 

artefacts in the very early time simulation response, the choice of inflow equation used to 

model the flow of gas between the completed grid block and the well completions in the 

finite difference simulator was examined.  The “Standard Well Model” in ECLIPSE (i.e. 

the Peaceman (1978) formula) was used for the cases presented in this study.  For 

Cartesian grid models, ECLIPSE uses Eq. 3-17 to compute the “connection factor” (𝑇𝑤𝑗) 

for vertical wells:  

𝑇𝑤𝑗 =
𝑐2𝜋𝑘ℎ

ln(𝑟𝑜 𝑟𝑤⁄ )+𝑠
 3-17 

In this equation, 𝑐 is a constant (0.001127 in field units), 𝑘ℎ is the effective permeability 

thickness of the connection, 𝑟𝑤 is the well bore radius, 𝑠 is the skin factor, and 𝑟𝑜  is the 

“pressure equivalent radius” of the grid block.  The pressure equivalent radius which is 

defined as the distance from the wellbore at which the local pressure is equal to the 

average pressure of the grid block, is expressed by the formula, 𝑟𝑜 ≈ 0.2 ∆𝑥 (Peaceman, 

1978).  This formula is valid for a well located at the centre of a square (equal dimens ions 

in the x and y direction, i.e. ∆𝑥 = ∆𝑦 ) grid block with isotropic permeability, and with 

the well fully penetrating the full thickness of the block perpendicular to two faces.  For 

radial grids, the connection factor for a well situated in the inner block, is computed as,  

𝑇𝑤𝑗 =
𝑐𝜃𝑘ℎ

𝑟2
2

𝑟2
2−𝑟𝑤

2 ln(𝑟2 𝑟𝑤⁄ )−0.5+𝑠
 3-18 

In Eq. 3-18, 𝜃 is the segment angle of the grid block in radians, and r2 is the outer radius 

of the grid block.  The pressure equivalent radius was derived for steady-state.  However, 

Peaceman (1978) showed that it could also be derived for pseudosteady state conditions, 

and suggested that 𝑟𝑜 ≈ 0.2 ∆𝑥 is also true for transient conditions, since most transient 

situations can be described by pseudosteady state behaviour near the wellbore.  Other 

research have indicated that using the Peaceman approach, particularly for low 
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permeability cases and with coarse grid cells, can result in significant artefacts in pressure 

transients during fully transient flow (Archer and Yildiz, 2001).  

The alternative inflow equation in the ECLIPSE 300 (version 2014.1), which was used in 

this study, is the generalized pseudopressure (GPP) method of Whitson and Fevang 

(1997).  This method uses a pseudopressure approach to account for localized multiphase 

flow behaviour.  Whitson and Fevang (1997) indicated that the method is useful for 

improving the estimation of near wellbore pressure losses in course grid simulators, 

improving estimates of flow rates for a well on pressure constraint.  Although fine grid 

models were employed in this study, the potential impact of the choice of well model on 

the early time response was briefly examined using selected cases.  

For the radial models employed, no significant difference were observed in the log- log 

rate-time plots, apart from some very slight oscillations in the very early part of the curves 

for the rich-fluid cases (when the Peaceman well model was used), which were absent for 

the same case using GPP well model.  

Figure 3-26 shows the log-log rate-time plot for one of the LGR models with FcD = 0.1 

mentioned in Section 3.2.2, used in the latter part of Chapter 5.  Here a slight separation 

is observed at very early time between the Peaceman model and the GPP model, for the 

rich case.  The lean fluid case however, hardly shows any difference.  From the cases 

examined, it was established that any differences in very early time behaviour (lasting 

from 0 to approximately 3E-6 days) resulting from the use of the Peaceman well model 

in this study, was not significant.  

 

 

Figure 3-26: Comparison of simulation results for Cartesian LGR model with hydraulic fracture 

(FcD= 0.1) using the Peaceman well model and the generalized pseudopressure (GPP) well model. 

 



 

CHAPTER 4 – GTR-BASED PRESSURE-SATURATION 
 

4.1. Introduction 

As mentioned in Chapter 2, the incorporation of relative permeability (kr) data into the 

computation of pseudovariables for the analysis of rate transient data from gas condensate 

reservoirs (GCR) requires a priori knowledge of sufficiently representative pressure-

saturation relationships, in addition to reservoir fluid PVT data.  This chapter describes 

the method of pressure-saturation prediction used in this study. 

The method, like those discussed in Section 2.4 of Chapter 2, is based on two-phase 

steady-state assumptions.  It relates component weight fractions (in the condensate phase, 

the gas phase, and the reservoir fluid mixture) and gas fractional flow (GTR) – a concept 

introduced by Jamiolahmady et al. (2006) – to pressure, producing pressure-saturat ion 

predictions comparable to those obtained using similar methods found in literature 

(O'Dell and Miller, 1967, Fetkovich et al., 1986). 

The approach was used to predict pressure-saturation relationships for various reservoir 

fluids and two rock types considered in this study.  These were compared to the pressure-

saturation responses observed in the near-wellbore region of corresponding single-we ll 

one-dimensional radial homogeneous compositional reservoir simulation models 

operated at constant flowing well pressure (Pwf).  Sensitivities were conducted to highlight 

the impact of gas condensate fluid richness, kr characteristics, degree of reservoir 

undersaturation (Pi-Pdew), and Pwf on observed trends in the representativity of the 

predicted pressure-saturation relationships. 

Like other methods based on two-phase steady-state assumptions, the condensate 

saturations predicted by the GTR method generally matched those observed around the 

wellbore in the simulation models when Pi-Pdew was sufficiently high.  An examina tion 

of radial pressure and saturation profiles from the simulation models, showed that the 

trend of higher condensate saturation levels observed around the wellbore with increasing 

degrees of reservoir undersaturation, as reported in some literature, represents one of three 

possible trends (i.e. increasing, decreasing, and almost constant condensate saturation 

levels).  The results also showed that at low Pi-Pdew, trends in two-phase steady-state 

based analysis techniques are affected by the gas condensate fluid richness and the nature 

of the kr characteristics. 
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In the rest of this chapter, a description of the GTR-based approach to pressure-saturat ion 

prediction is presented, together with results which demonstrate how the predicted 

pressure-saturation responses compare to those from corresponding compositiona l 

simulation models under a range of reservoir and well operating conditions. 

 

4.2. The Gas Fractional Flow (GTR)-based Pressure-Saturation Prediction Method 

The GTR (i.e. gas to total gas plus condensate flow rate, also referred to as gas fractiona l 

flow) approach is used in this study to predict pressure-saturation responses in the two-

phase zone of mobile gas and condensate around the wellbore. The approach uses the 

weight fractions of the jth component in the reservoir fluid mixture, zj, expressed in Eq. 4-

1 and GTR expressed in Eq. 4-2 (Jamiolahmady et al., 2006, Jamiolahmady et al., 2007). 

𝑧𝑗 =
𝜌𝑔𝑄𝑔 𝑦𝑗 +𝜌𝑙𝑄𝑙 𝑥𝑗

𝜌𝑔𝑄𝑔 +𝜌𝑙𝑄𝑙
= 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 4-1 

𝐺𝑇𝑅 =
𝑄𝑔

𝑄𝑔 +𝑄𝑙
=

[
𝑘𝑟
𝜇

]
𝑔

[
𝑘𝑟
𝜇

]
𝑙
+[

𝑘𝑟
𝜇

]
𝑔

 4-2 

 

In these equations, 𝑄 is the volumetric flow rate, x j is the weight fraction of component j 

in the liquid (condensate) phase, yj is the weight fraction of component j in the gas phase, 

both of which are obtained from the constant composition expansion (CCE) of the origina l 

reservoir fluid at reservoir temperature.  Subscript l represents liquid and g represents gas. 

At near wellbore conditions and when the two-phase steady-state assumption prevails, zj 

remains constant.  In other words, there is no loss or gain of mass, but there can be mass 

exchange between the gas and condensate phases.  With some mathematical manipula t ion 

of Eqs. 4-1 and 4-2, an expression can be obtained for GTR in terms of the gas and 

condensate densities, and xj, yj, and zj as follows: 

𝐺𝑇𝑅 =
𝜌𝐿𝑥𝑗−𝜌𝐿 𝑧𝑗

𝜌𝑔𝑧𝑗−𝜌𝐿 𝑧𝑗−𝜌𝑔𝑦𝑗 +𝜌𝐿𝑥𝑗
 4-3 

 

Eq. 4-3 allows a unique GTR value to be obtained at each pressure step, because all the 

fluid properties and phase compositions are functions of pressure for a fluid with a given 

total composition.  Equation 4-2 can be used to calculate a table of GTR values using 

input base kr versus saturation curves and PVT data.  This table can then be used to obtain 

kr values associated with the unique GTR value, calculated using Eq. 4-3 at each pressure 

step, and hence the associated fluid saturations.  This method is fundamentally similar to 
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the method of O'Dell and Miller (1967).  However, the use of component weight fractions 

makes the approach more suited for compositional-based modelling studies.   

 

4.3. Implementation of the GTR-based Pressure-Saturation Prediction 

The calculation of the GTR-based pressure-saturation requires the availability of 

 gas condensate kr curves measured at low velocities and high interfacial tension (i.e. 

base kr curves), and  

 fluid PVT properties (density, viscosity, weight fractions of component 𝑗 in the liquid 

phase, gas phase and mixture), obtained from constant composition expansion (CCE) 

of the original fluid at reservoir temperature. 

The pressure-saturation prediction calculation steps are as follows: 

1. Using Eq. 4-2, together with the base kr curves and the fluid viscosities, a look-up 

matrix is constructed which contains a set of GTR values (for each pair of kro, krg) 

at each pressure step. 

2. A unique GTR value is then computed at each pressure step using Eq. 4-3, paying 

attention to consistency in the use of weight fractions and densities, or mole 

fractions and molar densities. 

3. The unique GTR value computed from step 2 is used in the look-up table 

constructed in step 1 to interpolate the unique pair of kro and krg values and the 

corresponding condensate saturations for the given pressure step. 

The use of gas fractional flow (GTR) rather than simple kr ratios (i.e. krg/kro or kro/krg) 

avoids the potential mathematical difficulty of division by zero, which occurs at the end 

points of the interpolation tables where either kro or krg becomes zero. 

 

4.4. Data Summary: Reservoir and Fluid Models 

The one-dimensional single-well radial homogeneous reservoir model (with k = 0.1 md), 

described in Chapter 3 was employed.  Three gas condensate fluid models, the lean fluid 

(C1/10 = 95/5, MLDO = 7.39%, Pdew = 4,260 psia), the rich fluid (C1/10 = 88.5/11.5, 

MLDO = 28.01%, Pdew = 5,289 psia), and the very rich fluid (C1/10 = 86.5/13.5, MLDO 

= 41.50%, Pdew = 5,332 psia), presented in Table 3-4 (Chapter 3) were employed in this 

phase of the study.  The RC1b and TC kr curves, also presented in Chapter 3, were used 

in the GTR-based pressure-saturation computations and the simulation models. 
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Figures 4-1, 4-2, and 4-3 show the predicted pressure versus condensate saturation 

response obtained using the GTR approach for the lean fluid, rich fluid and very rich 

fluid, respectively, using both the RC1b and TC kr curves.  The predicted pressure-

saturation curves have been plotted together with the CCE and CVD liquid saturation 

curves for the sake of comparison.  It is noted that CCE is consistent with the constant 

composition assumption of the two-phase steady-state theory. However, from Figures 4-

1 to 4-3, it can be observed that the CVD liquid saturation curve closely tracks the CCE 

curves. As such, both CCE and CVD curves are include in the plots and discussions here.  

 

  

Figure 4-1: Pressure-saturation curves for lean fluid 

(C1/C10 = 95/5), MLDO = 7.39%, Pdew = 4260 psia. 

Figure 4-2: Pressure-saturation curves for rich fluid 

(C1/C10 = 88.5/11.5), MDLO = 28.01%, Pdew=5289 psia. 

 

 

Figure 4-3: Pressure-saturation curves for very rich fluid (C1/C10 = 86.5/13.5),  

MLDO = 41.50%, Pdew=5332 psia. 

 

It can be observed from these figures that the condensate saturations predicted at various 

pressures using the GTR approach are largely different from the CCE liquid saturation 



Chapter 4 – GTR-Based Pressure-Saturation 

 

66 
 

curves, even though the approach is based on theory which assumes that the produced 

wellstream has a constant composition (same as the original single-phase reservoir fluid).  

This is explained by the fact that with the CCE experiment, liquid is allowed to drop out 

of the gas condensate fluid mixture as pressure is reduced (at reservoir temperature) by 

increasing the volume of the PVT cell. Here, dynamic flow effects are not accounted for.   

Two-phase steady-state theory on the other hand, assumes that as the original single-

phase reservoir fluid flows from the outer regions of the reservoir where pressure is above 

Pdew into the region around the wellbore where pressure is below Pdew, it segregates into 

liquid and vapour phases which flow towards the wellbore at a rate proportional to their 

relative permeabilities (O'Dell and Miller, 1967).  The liquid condensate, because of its 

lower kr compared to that of the vapour, begins to accumulate around the wellbore, 

producing a condensate ring.  The saturations in the condensate ring reach equilibr ium 

levels which depend on the pressure, kro, as well as the quantity of gas passing through 

the condensate ring (McCain and Alexander, 1992), which is affected by krg. 

The GTR pressure-saturation predictions computed in this study were compared to those 

obtained using Eq. 2-20 (O'Dell and Miller, 1967) and Eq. 2-21 (Fetkovich et al., 1986), 

and found to produce the same results. 

It is useful to observe that for the lean fluid (MLDO = 7.39%), Figure 4-1, the GTR-based 

condensate saturation predictions for both the TC and RC1b kr curves are higher than the 

CCE and CVD liquid saturations at all pressures less than Pdew.  This observation is also 

true for all the pressure-saturation predictions obtained using the TC kr curves with all the 

fluid richness levels considered.  However, a slightly different trend was observed for the 

RC1b kr curves when richer fluids were considered. 

From Figure 4-2, it can be seen that for the rich fluid (MLDO = 28.01%), the CCE and 

CVD liquid saturation curves and the GTR-based condensate saturation predictions 

obtained using the RC1b kr curves are not significantly different from each other (i.e. the 

curves almost overlie each other), for most pressures. 

For the very rich fluid (MLDO = 41.50%), i.e. Figure 4-3, the CCE and CVD curves show 

saturations that are higher than the GTR predicted saturations obtained using the RC1b kr 

curves for a range of pressures from Pdew (5,332 psia) to approximately 3,200 psia.  The 

significance of these observations become apparent when the condensate saturations that 

occur near the wellbore in the compositional simulation models at different degrees of 
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undersaturation are compared to the two-phase steady-state pressure-saturation (i.e. GTR 

based) predictions. 

 

4.5. Summary of Simulated Cases 

Several simulations were run using the ECLIPSE 300 compositional reservoir simula tor.  

Table 4-1 presents a summary of the simulation cases examined.  For these cases, there 

was a region of enhanced permeability around the wellbore to simulate the negative skin 

of a stimulated wellbore, similar to the work of Fetkovich et al. (1987), as mentioned in 

Chapter 3.  Some cases with variations in skin (zero skin and positive skin) were also 

examined, and found to have no significant impact on the results presented in this study. 

 

Table 4-1: Description of simulation cases employed in the investigation of near-wellbore pressure-

saturation responses. 

Simulation Case  Fluid P i (psia) Pwf (psia) k r Characteristics 

Case 1a Rich 5,289 (Pdew) 2,500 RC1b 
Case 1b Rich 5,500 2,500 RC1b 
Case 1c Rich  10,000 2,500 RC1b 

Case 2a Rich  5,289 4,000 RC1b 
Case 2b Rich 5,500 4,000 RC1b 
Case 2c Rich 10,000 4,000 RC1b 

Case 3a Rich 5,289 5,000 RC1b 
Case 3b Rich 5,500 5,000 RC1b 
Case 3c Rich 10,000 5,000 RC1b 

Case 4a Lean 4,260 (Pdew) 2,500 RC1b 
Case 4b Lean 5,500 2,500 RC1b 

Case 4c Lean 10,000 2,500 RC1b 
Case 5a Lean 4,260 4,000 RC1b 
Case 5b Lean 5,500 4,000 RC1b 
Case 5c Lean 10,000 4,000 RC1b 

Case 6a Very Lean 1 5,500 2,000 RC1b 

Case 6b Very Lean 1 5,500 2,000 TC 
Case 7a Rich 5,289 2,500 TC 

Case 7b Rich 5,500 2,500 TC 
Case 7c Rich  6,000 2,500 TC 
Case 8a Rich 5,289 4,000 TC 

Case 8b Rich 5,500 4,000 TC 
Case 8c Rich  6,000 4,000 TC 
Case 9a Rich 5,289 5,000 TC 
Case 9b Rich 5,500 5,000 TC 

Case 9c Rich 10,000 5,000 TC 

Case 10a Lean 4,260 2,500 TC 
Case 10b Lean 5,500 2,500 TC 
Case 10c Lean 10,000 2,500 TC 
Case 11a Lean 4,260 4,000 TC 

Case 11b Lean 5,500 4,000 TC 
Case 11c Lean 10,000 4,000 TC 

Case 12a Very Rich 5,332 (Pdew) 4,000 RC1b 
Case 12b Very Rich 5,500 4,000 RC1b 
Case 12c Very Rich 6,000 4,000 RC1b 

Case 13a Very Rich  5,332 4,500 RC1b 
Case 13b Very Rich  6,000 4,500 RC1b 

 

It should be mentioned that the absolute permeability of 0.1 md used in the simula t ion 

models matches closely with that of the RC1b core.  To capture the impact of changing 
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the kr curves, this absolute permeability was maintained for all the simulation cases, 

including cases for which the kr curves were changed from RC1b to TC. 

Condensate saturation profiles (i.e. condensate saturation versus radial distance from the 

wellbore) and pressure profiles (i.e. pressure versus radial distance from the wellbore) 

were generated and examined at one year after the start of production, for each of the 

simulated cases.  The fixed time of one year was used to give a common basis for 

comparison across all cases.  For these plots, the discussion focuses on the condensate 

saturation trends observed within the near wellbore region. Pressure and saturation 

profiles for selected cases, which demonstrate significant observations, are presented 

next.  

 

4.6. Results and Observations 

a. Case 1: Rich fluid, Pwf = 2,500 psia, RC1b kr characteristics 

The first set of cases (1a with Pi = 5,289 psia, 1b with Pi = 5,500 psia, and 1c with Pi = 

10,000 psia), with constant Pwf of 2,500 psia, were run using the rich fluid (MLDO = 

28%, Pdew = 5,289 psia) and the RC1b kr curves.  Case 1a is a saturated reservoir case, 

while 1b and 1c are undersaturated.  The pressure and saturation profiles, at one year after 

the start of production, for this set of cases are shown in Figure 4-4a.  

Case 1c, with the highest degree of undersaturation, shows a far less advanced condensate 

bank with a sharper front compared to Cases 1a and 1b.  Also, the condensate saturation 

levels around the wellbore, which are the maximum values observed, are the same (i.e. 

approximately 29%) across all three cases, despite the differences in degree of 

undersaturation.  This observation deviates from those mentioned in literature 

(Behmanesh et al., 2014, Becker et al., 2016), which reported an increase condensate 

saturation levels around the wellbore with increase in degree of reservoir undersaturat ion, 

i.e. based on their findings Case 1c should have shown higher near-wellbore condensate 

saturations.  The maximum condensate saturation level of 29% seen in the simula t ion 

models, also agrees well with the value predicted by the GTR approach at 2,500 psia, as 

can be seen from Figure 4-2.  

It can be observed that the pressure profile and the saturation profile shown in Figure 4-

4a, and subsequent pressure and saturation radial profile plots, are flat over the first 60ft 

from the wellbore.  This effect is present because of the high permeability of the region 
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concentric around the wellbore, which was used to model negative skin.  This high 

permeability allows the fluid in this region to be quickly produced at the onset of 

production, causing the pressures in this region to quickly decline to the flowing well 

pressure.  The radial pressure profiles, and the corresponding saturation profiles, therefore 

reflect this modelling approach.  However, the two-phase steady-state pressure-saturat ion 

relationship is still honoured as long as the underlying assumptions are still valid. 

 

 

Figure 4-4a: Comparison of radial pressure and saturation profiles for Cases 1a, 1b, and 1c. 

 

Figure 4-4b and 4-4c show the pressure versus saturation curves at (i.e. 1 ft, 100 ft and 

1000 ft) from the wellbore for Case 1a (saturated case) and Case 1c (highly undersaturated 

case), respectively. The radial distances indicated here, are approximate. These curves are 

presented together with the GTR pressure-saturation, and the CVD and CCE curves for 

comparison.  

For this case in which the GTR pressure-saturation curves are almost the same as the CCE 

and CVD curves, pressure-saturation responses nearer to the wellbore follow the GTR 

pressure-saturation predictions most closely. However, it can also be observed that the 

pressure saturation response at various distances from the wellbore are not very different 

and are almost unaffected by the degree of undersaturation (i.e. the responses seen in 

Figure 4-4b and 4-4c are essentially the same). Very similar observations were made for 

Case sets 2 and 3.  For Case 4 (discussed next), a different trend, in line with the literature, 

was observed. 
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Figure 4-4b: Comparison of pressure versus saturation curves at 1 ft, 100 ft and 1000 ft from the 

wellbore for Case 1a. 

 

 

Figure 4-4c: Comparison of pressure versus saturation curves at 1 ft, 100 ft and 1000 ft from the 

wellbore for Case 1c. 

 

 

b. Case 4: Lean fluid, Pwf = 2,500 psia, RC1b kr characteristics 

For this set of simulations (i.e. 4a with Pi = 4,260 psia, 4b with Pi = 5,500 psia, and 4c 

with Pi = 10,000 psia), lean fluid (MLDO = 7.39%) and the RC1b kr curves were used.  
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Pwf was held constant at 2,500 psia for each case.  The pressure and saturation profiles 

are shown in Figure 4-5a. 

It can be seen from this figure that for the saturated case (i.e. Case 4a), the condensate 

saturations around the wellbore are lower (around 16%) compared to those observed for 

Cases 4b and 4c, which have the same condensate saturation as the value of 21% predicted 

at 2,500 psia using the GTR approach (see Figure 4-1).  For this set of cases, the 

condensate saturation levels observed around the wellbore show a clear increasing trend 

with increasing degree of undersaturation, a response which agrees with literature 

(Behmanesh et al., 2014, Becker et al., 2016). 

 

 

Figure 4-5a: Comparison of radial pressure and saturation profiles for Cases 4a, 4b, and 4c. 
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Figure 4-5b: Comparison of pressure versus saturation curves at 1 ft, 100 ft and 1000 ft from the 

wellbore for Case 4a. 

 

 

Figure 4-5c: Comparison of pressure versus saturation curves at 1 ft, 100 ft and 1000 ft from the 

wellbore for Case 4c. 

 

Figures 4-5b and 4-5c show the pressure versus saturation curves at various distance from 

the wellbore for Case 4a (saturated case) and Case 4c (highly undersaturated case), 

respectively. From these figures, it can be observed that, as expected, the pressure 

saturation responses further from the wellbore follow the CVD curves.  
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For the saturated case, the pressure-saturation response near the wellbore does not reach 

the levels predicted by the GTR approach, while for the highly undersaturated case, the 

near wellbore pressure-saturation response follows the GTR prediction for a significant 

part. The deviation from the GTR prediction occurs as the average pressure of the 

drainage volume approaches the saturation pressure, i.e. when the condition for steady-

state constant composition is violated.  

Similar observations were made for Case set 5 as seen in Case set 4.  These observations 

are clearly different from what was seen for Case sets 1, 2, and 3, in which increasing Pi 

had no observable impact on the condensate saturation levels seen around the wellbore. 

This suggests that the observation of increased levels of condensate saturations with 

increasing Pi is affected by fluid richness, since the key difference between Case sets 1, 

2, 3 and Case sets 4, and 5, is the change in fluid richness.  Cases 6a and 6b (in Table 4-

1), which were run with a very lean fluid (MLDO = 0.9%), are not discussed here as they 

were found to have very low condensate saturations that had almost no impact on 

subsequent data analysis. 

As mentioned earlier in Section 3.6.1, with the use of the high permeability region around 

the wellbore to model negative skin, a radial composite response can be observed in the 

production profile. Accordingly, although not included in the figures here, pressure-

saturation responses at radial distances on the outer edges of the altered region showed 

trends approaching the CVD curves. 

 

c. Case 7: Rich fluid, Pwf = 2,500 psia, TC kr characteristics 

Figure 4-6 shows the pressure and saturation profiles for Case 7a with Pi = 5,289 psia (i.e. 

Pdew), 7b with Pi = 5,500 psia, and 7c with Pi = 6,000 psia.  The rich fluid (MLDO = 28%) 

and the TC kr characteristics were used for these cases, and Pwf was maintained at 2,500 

psia, i.e. below Pdew. 

From this figure, it can be observed that as Pi is increased from Pdew to 6,000 psia across 

the three cases, the condensate saturation levels observed around the wellbore show a 

slightly observable increasing trend from 60% to 62%.  The GTR-based saturation 

predicted at 2,500 psia, using the rich fluid and TC kr characteristics, is 69% as can be 

seen from Figure 4-2.  The results presented earlier for Case sets 4 and 5, suggest that if 
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Pi were to be increased further for Case set 7, the saturations around the wellbore would 

approach the GTR predicted value of 69%. 

Case sets 8 and 9, differ from Case set 7 as Pwf changed from 2,500 psia to 4,000 psia and 

then to 5,000 psia.  The saturation profiles for these cases (not shown here), exhibited 

similar, even more pronounced, trends to Case set 7 (i.e. increasing condensate saturation 

levels with increasing degree of undersaturation). 

These results suggest that the observation of increased levels of condensate saturations 

with increasing Pi is also affected by the rock type (i.e. the shape of both the kro and krg 

curves), since the key difference between Case sets 1, 2, 3, and sets 7, 8, 9 is the change 

in the kr curves from RC1b to TC. 

Case sets 10 and 11 (with the lean fluid, MLDO=7.39%, and the TC kr curves), also 

showed increasing condensate saturation levels with increasing degree of undersaturat ion.  

 

 

Figure 4-6: Comparison of radial pressure and saturation profiles for Cases 7a, 7b, and 7c. 

 

d. Case 13: Very rich fluid, Pwf = 4,500 psia, RC1b kr characteristics 

This set of cases (13a with Pi = 5,332 psia, 13b with Pi = 6,000 psia) used the richest fluid 

considered in this study, with the RC1b kr curves.  It is important to note that the 

CVD/CCE liquid saturations at 4,500 psia, which is the well operating pressure for this 

set of cases, are approximately 37%.  This value is higher than the GTR-based condensate 

saturation prediction, which is 29% at 4,500 psia, as can be seen from Figure 4-3.  In 
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Figure 4-7a, i.e. the pressure and saturation profiles for this set of cases, the 

undersaturated case (13b) with Pi of 6,000 psia shows condensate saturations of 

approximately 30% (i.e. closer to the GTR-predicted saturation of 29%) around the 

wellbore, compared to 33% for the saturated case. 

Figures 4-7b and 4-7c show the pressure versus saturation curves at various distance from 

the wellbore for Case 13a (saturated case) and Case 13b (undersaturated case) 

respectively, together with the GTR pressure-saturation, and the CVD and CCE curves.  

In Figure 4-7b, it can be seen that for the saturated case, the near-wellbore pressure-

saturation response is less in agreement with and lies above the GTR prediction.  The 

output for Case 13b however shows a near-wellbore pressure-saturation response that 

matches the GTR response, which lies below the CCE/CVD curves.  

Similar trends were observed for Case set 12.  In other words, for these cases, lower 

condensate saturation levels were observed at higher degrees of undersaturation, which 

is opposite to some of the trends reported in literature, as cited in the cases presented 

earlier. 

 

 

Figure 4-7a: Comparison of radial pressure and saturation profiles for Cases 13a and 13b. 
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Figure 4-7b: Comparison of pressure versus saturation curves at 1 ft, 100 ft and 1000 ft from the 

wellbore for Case 13a. 

 

 

Figure 4-7c: Comparison of pressure versus saturation curves at 1 ft, 100 ft and 1000 ft from the 

wellbore for Case 13b. 
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4.7. Discussion of Observed Trends in Pressure-Saturation Responses 

In a well producing at Pwf lower than Pdew from an undersaturated GCR, given suffic ient 

time, a steady-state two-phase region develops in the vicinity of the wellbore.  In this 

discussion, the near-wellbore region is defined as the two-phase region within 

approximately 10% of the drainage radius, where both gas and condensate are present 

and mobile, while there is still a significant amount of single-phase gas still present in the 

outer regions of the reservoir. 

This demarcation of the near-wellbore region was determined by examining pressure-

saturation responses at various distances from the wellbore in the simulation models.  The 

radial extent of the two-phase region at the point in time when the observed pressure-

saturation responses began to deviate from those predicted using the two-phase steady-

state methods (i.e. the point in time corresponding to the establishment of conditions 

violating the two-phase steady-state assumption) was noted.  The demarcation was 

arrived at using simulations with variations in fluid richness, reservoir radius, absolute 

permeability, operating bottomhole pressure, and skin values. 

For all the cases investigated and presented in Table 4-1, the general observation was that 

saturation levels seen in the near-wellbore region fell between those obtained from 

CCE/CVD tests, at one limit, and those predicted by the GTR-based methods (at the other 

limit).  Three scenarios were identified as follows: 

Scenario 1: variations in the degree of undersaturation (i.e. Pi - Pdew) did not impact the 

condensate saturation levels observed around the wellbore.  For cases which exhibited 

this kind of trend, it was observed that there was not much of a difference between the 

GTR-based pressure versus condensate saturation curve (which depends on the fluid 

thermodynamic properties and the kr characteristics) and the CCE/CVD liquid saturation 

curves (which depend on the fluid thermodynamic properties only) for the range of 

operating Pwf.  Cases 1, 2 and 3 showed this behaviour. 

Scenario 2: as Pi was increased, the condensate saturations observed around the wellbore 

showed an increasing trend.  In these cases, it was observed that the CCE/CVD liquid 

saturations were lower than the GTR-based condensate saturation predictions for the 

range of operating Pwf. Cases 4 to 11 showed this behaviour. 
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Scenario 3: as Pi was increased, the condensate saturations observed around the wellbore 

showed a decreasing trend.  Here, it was observed that the CCE/CVD liquid saturations 

were higher than the GTR-based condensate saturation predictions for the range of 

operating Pwf. Cases 12 and 13 showed this kind of response. 

Scenario 2 agrees with the observations of Behmanesh et al. (2014), as well as Becker et 

al. (2016) who investigated the influence of degree of undersaturation on saturation-

pressure paths.  Becker et al. (2016) noted during infinite-acting conditions, that an 

increase in the level of reservoir undersaturation was associated with an increase in the 

height of the saturation-pressure curve for identical bottomhole conditions.  They 

suggested that this trend was the result of increased gas flux towards the wellbore, due to 

increased pressure gradients between the outer and inner reservoir regions, causing an 

increased volume of the liquid that drops out.  They added that this behaviour was 

observed regardless of the condensate and gas kr data.  While such an explanation seems 

plausible for scenario 2, it does not necessarily explain the trends observed in this study 

for scenarios 1 and 3. 

The results obtained in this study suggest that the trend in near-wellbore condensate 

saturations with increasing degree of undersaturation is impacted not only by the rate of 

condensate dropout, which is affected by the gas flux into the two-phase region, but also 

by the rate of condensate evacuation, which is impacted by the nature of the kr 

characteristics. 

A key difference between the two kr characteristics used in this study, is that RC1b kr, 

because of its relatively more favourable kro and less favourable krg, is associated with 

condensate saturations that are lower (under two-phase steady-state conditions) than those 

associated with the TC kr curves.  For Case sets 1, 2, and 3, which use the RC1b kr curves, 

the particular fluid richness (i.e. MLDO = 28%) was such that the two-phase steady-state 

GTR-based condensate saturation predictions were approximately the same as the 

CCE/CVD liquid saturation curves (See Figure 4-2).  It is for this reason that Case sets 1, 

2, and 3 did not exhibit any significant change in the saturation levels observed around 

the wellbore with increasing degrees of undersaturation.  For these cases, a decrease in 

fluid richness, and a decrease in kro and/or increase in krg would produce trends consistent 

with scenario 2, while an increase in fluid richness and an increase in kro and/or decrease 

in krg would produce trends consistent with scenario 3. 
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The trend described in scenario 3 (which is exemplified in Case sets 12 and 13) could be 

expected particularly for a combination of rich fluids and kr characteristics which result 

in low condensate saturations under two-phase steady-state conditions.  As such, for a 

combination of rocks with favourable kro and rich gas condensate reservoirs, increasing 

Pi can result in decreased condensate saturations in the two-phase region around the 

wellbore.  To verify this assertion, a modification was introduced into the RC1b kr curves 

used in Case sets 1, 2, and 3, which originally showed no observable sensitivity to changes 

in degree of undersaturation.  The kro values of these kr curves were enhanced to produce 

the kr curves which were shown in Figure 3-6 of Chapter 3. 

It is useful to note that under two-phase steady-state flow conditions, only the portion of 

the kro curve with condensate saturations below the value for which krg = 0 is of 

importance.  This is because under such flow conditions, the condensate saturations 

around the wellbore cannot exceed the levels for which krg = 0, since both phases must be 

mobile.  The GTR computed pressure-saturation curve using these modified RC1b curves 

and the rich fluid is shown in Figure 4-8 (together with the CVD, CCE, and GTR 

computed pressure-saturation curve and the original RC1b and TC kr curves).  When 

Figure 4-8 is compared to Figure 4-2, the impact of the enhanced kro is very evident as 

the GTR-based condensate saturation predictions using the modified RC1b kr curves are 

significantly lower than the CCE/CVD curves at all pressures lower than Pdew. 

 

Figure 4-8: Pressure-saturation curves for RC1b-Modified (enhanced k ro). 

 

Figure 4-9a shows the pressure and saturation profiles obtained when the 1a, 1b, and 1c 

simulation cases were re-run using the modified RC1b kr curves.  In Figure 4-9, it can be 
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seen that the condensate saturations around the wellbore for the highly undersaturated 

case (1c) are lower than those seen in the remaining two cases (i.e. 1a, and 1b), which are 

saturated/almost saturated. 

Figures 4-9b and 4-9c show the pressure versus saturation curve at various distance from 

the wellbore for Case 1a (saturated case) and Case 1b (undersaturated case), respectively, 

using the modified RC1b kr curves, together with the GTR pressure-saturation, and the 

CVD and CCE curves.  Much like Cases 13a and 13b, the pressure versus saturation 

curves in these figures support the observations in Figure 4-9a.  In other words, the case 

with a higher degree of undersaturation is associated with a near wellbore pressure-

saturation response which is lower than that associated the saturated case.  

 

 

 

Figure 4-9a: Comparison of radial saturation and pressure profiles for Cases 1a, 1b, and 1c, using 

modified RC1b k r. 
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Figure 4-9b: Comparison of pressure versus saturation curves at 1 ft, 100 ft and 1000 ft from the 

wellbore for Case 1a (with Modified RC1b k r curves). 

 

 

Figure 4-9c: Comparison of pressure versus saturation curves at 1 ft, 100 ft and 1000 ft from the 

wellbore for Case 1c (with Modified RC1b kr curves). 
 

A similar trend is observed in Figure 4-10, which shows the pressure and saturation 

profiles obtained when Cases 3a, 3b, and 3c were re-run with the modified RC1b kr 

curves.  These results demonstrate that scenario 3 could result from enhanced kro. 
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Figure 4-10: Comparison of radial pressure and saturation profiles for Cases 3a, 3b, and 3c, using the 

RC1b-modified k r. 

 

A further alteration to the modified RC1b kr curves, reducing the krg values (see Figure 

4-11), resulted in a further slight decrease in the GTR-based condensate saturation 

predictions. When these kr curves were used in the simulations with the rich fluid, again 

trends consistent with scenario 3 were observed. 

 

 

Figure 4-11: RC1b-Modified (enhanced k ro and reduced k rg) gas-condensate relative permeability curves.  

This plot shows the original (measured) RC1b k r curves together with a set of k r curves obtained by 

manual modifications to k ro and k rg designed to reduce the two-phase steady-state condensate saturations 
associated with these k r curves. 
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It is noted that typically, condensate mobility at low saturations would tend to be low, and 

so scenario 2 (i.e. higher condensate saturations with increasing Pi) is likely to be more 

often observed.  However, this demonstration highlights the fact that kr has an important 

role to play in these observed trends. 

 

4.7.1. Examining Fractional Recovery and Average Reservoir Pressure 

As Pi varies across the different simulation cases (with fixed Pwf), so does the initial fluid 

in place, the drawdown and the fractional recovery at a given time.  It was therefore 

considered useful to examine the fractional recovery and average reservoir pressures (�̅�) 

for selected case sets to determine whether these factors might have had any influence on 

the observed trends discussed so far. 

Case set 2 (which exhibits a scenario 1 response) and Case set 5 (which exhibits a scenario 

2 response) were selected because they showed two different trends (minimal variation 

and increasing trends) in condensate saturation levels around the wellbore with increasing 

Pi.  The model set-ups for these two case sets differ only in terms of the gas condensate 

fluid richness; both cases employ the RC1b kr curves. 

The fractional recovery data for the different scenarios of Case set 2 (i.e. rich fluid and 

Pwf = 4,000 psia, with Pi = Pdew for Case 2a, Pi = 5,500 psia for Case 2b, and Pi = 10,000 

psia for Case 2c) are compared to each other in Figure 4-12.  Those for Case set 5 (i.e. 

lean fluid and Pwf = 4,000 psia, with Pi = Pdew for Case 5a, Pi = 5,500 psia for Case 5b and 

Pi =10,000 psia for Case 5c) are shown in Figure 4-13. 

In Figure 4-12, the difference between the fractional recoveries of the saturated Case 2a 

(the bottommost curve) compared to the severely undersaturated Case 2c (the topmost 

curve) after 1 year of production can be examined.  Similarly in Figure 4-13, the fractiona l 

recoveries for Case 5a (the bottommost curve) and Case 5c (the topmost curve) can be 

examined.  A similar significant difference is observed between the fractional recoveries 

for Cases 5a and 5c, and Cases 2a and 2c, respectively.  This observation removes the 

possibility that differences in fractional recovery might account for the differences in 

observed trends in condensate saturation levels. 

Additionally, it can be observed that the average reservoir pressure of 6,437 psia for Case 

5c (Pi = 10,000 psia) after 1 year of production is greater than that of Case 5a (Pi = Pdew) 

which is 4175 psia.  This observation also suggests that the higher condensate saturations 



Chapter 4 – GTR-Based Pressure-Saturation 

 

84 
 

seen in the vicinity of the wellbore in Case 5c, compared to Case 5a, could not be 

attributed to lower average reservoir pressure stemming from the higher fractiona l 

recovery in Case 5c. 

 

Figure 4-12: Fractional Recovery comparison for Case 

2a, 2b, and 2c. 

 

Figure 4-13: Fractional Recovery comparison for 

Case 5a, 5b, and 5c. 

 Initial Pressure  𝑷 ̅ at 365 days  

Case 2c Pi = 10,000 psia 6,997 psia 
Case 2b Pi = 5,500 psia 5,261 psia 
Case 2a Pi = 5,284 psia 5,151 psia 

 

 Initial Pressure  𝑷 ̅  at 365 days  

Case 5c Pi = 10,000 6,437 psia 
Case 5b Pi = 5,500 4,878 psia 
Case 5a Pi = 4,259 4,175 psia 

 

 

4.7.2. Impact of Pressure Differentials (Pi - Pdew, Pdew - Pwf) 

For the range of cases examined, it was noted that at high degrees of undersaturation, the 

condensate saturation levels observed in the near-wellbore region of the simula t ion 

models were similar to the GTR predicted condensate saturation values.  This agrees with 

literature on similar two-phase steady-state methods. 

It was however also observed, in this study, that the magnitude of pressure differentia ls 

required to produce simulated responses which matched the GTR-predicted ones, differed 

from case to case depending on the combination of fluid richness and the nature of the kr 

curves.  To highlight this trend, the following parameters were defined:  

• 𝑆𝑐,𝑝𝑤𝑓
(𝐺𝑇𝑅): Condensate saturation at the chosen Pwf from the GTR pressure-

saturation prediction. 

• 𝑆𝑐,𝑝𝑤𝑓
(𝑆𝐼𝑀): Condensate saturation at the chosen Pwf from the simulation model 

(in the near the wellbore region during the transient flow period). 

• 𝑆𝑐,𝑝𝑤𝑓
% =

𝑆𝑐,𝑝𝑤𝑓
(𝐺𝑇𝑅)−𝑆𝑐 ,𝑝𝑤𝑓

(𝑆𝐼𝑀 )

𝑆𝑐,𝑝𝑤𝑓
(𝑆𝐼𝑀)

∗ 100: used as an indicator of how closely the 

simulated pressure saturation response matched the GTR predicted values.  These 



Chapter 4 – GTR-Based Pressure-Saturation 

 

85 
 

parameters were examined for selected cases from Table 4-1, which are presented 

in Table 4-2. 

 

Table 4-2: Comparison of Sc,Pwf % across selected simulation case. 

Rich Fluid, Pdew = 5,288.5 psia, P i-Pdew = 211.5 psia 

 k r P i (psia) Pwf (psia) Error Sc,Pwf (%) 

Case 1b RC1b 5,500 2,500 0.45% 
Case 2b RC1b 5,500 4,000 2.26% 
Case 7b TC 5,500 2,500 14.33% 
Case 8b TC 5,500 4,000 47.40% 

Lean Fluid, Pdew = 4259 psia, P i-Pdew = 1240.2 psia 

 k r P i (psia) Pwf (psia) Error Sc,Pwf (%) 

Case 4b RC1b 5,500 2,500 0.33% 
Case 5b RC1b 5,500 4,000 1.96% 

Case 10b TC 5,500 2,500 59.94% 
Case 11b TC 5,500 4,000 114.42% 

 

From Table 4-2 it can be seen that for some of the cases employing the RC1b kr curves, 

Pi-Pdew in the order of a few 100 psia was enough to bring the simulated pressure-

saturation response within 3% of the two-phase steady-state predicted value.  However, 

for cases with the TC kr characteristics, this level of undersaturation was inadequate, 

particularly for the lean fluid cases.  For these cases, much higher Pi-Pdew (in the order of 

a few 1000s of psia) were necessary to bring the simulated pressure saturation response 

in the near-wellbore region close to those predicted using the two-phase steady-state 

theory. 

From all the cases studied, the separation between the CCE/CVD liquid saturation curves 

and the GTR predicted condensate saturations (as can be seen from Figures 4-1, 4-2 and 

4-3) was found to bear a direct relation to these observations.  It was identified that if for 

a given fluid richness and kr characteristics, the difference between the two-phase steady-

state GTR based pressure-saturation predictions and the CCE/CVD liquid saturation 

curves was widened, then larger pressure differentials became necessary in order to 

produce pressure-saturation responses around the wellbore (in the simulations) which 

matched the predicted values. 

Also, from the cases presented in Table 4-1, it was noted that with Pi nearly equal to Pdew 

(i.e. Pi ≈ Pdew), and Pwf close to Pdew, the saturations seen in the vicinity of the wellbore 

were more in line with the CCE/CVD liquid saturation curves.  With Pi ≈ Pdew, and Pwf 

far lower than Pdew, the pressure-saturation response observed deviated from the PVT 

liquid saturation curves.  These results agree with Becker et al. (2016) who, using semi-

analytical prediction methods based on black oil formulations and black oil reservoir 



Chapter 4 – GTR-Based Pressure-Saturation 

 

86 
 

simulations, found that for cases with Pi at Pdew of the original fluid, the CCE 

experimental results provided a good prediction of the saturation profile in regions of the 

reservoir with pressure close to Pdew.  In this study, it was noted that when Pi ≈ Pdew and 

Pwf was far from Pdew, the pressure saturation responses observed near the wellbore did 

not only deviate from the PVT liquid saturations, but also they did not match the GTR 

predicted condensate saturations.  It is worth restating that in cases like 1a, 2a, and 3a, for 

which CVD/CCE liquid saturation and GTR condensate saturation curves almost overlap, 

these distinct trends in simulated pressure-saturation response with changes in Pi and Pwf 

were absent. 

 

4.7.3. Pressure – Saturation Behaviour in Saturated/Nearly Saturated GCRs  

The pressure-saturation relationship in the near wellbore region for an initia l ly 

undersaturated reservoir is different from that of an initially saturated reservoir.  For 

initially saturated or nearly saturated cases, the condition for two-phase steady-state flow 

is violated.  In other words, as �̅� is/falls below Pdew soon after at the start of production, 

and the entire reservoir is/becomes two-phase as are result of retrograde condensation; 

the insitu gas composition is no longer the same as that of the original single-phase gas.  

Here, the presence of an outer region (above Pdew) with original reservoir gas which flows 

into the inner two-phase region (below Pdew), as required for two-phase steady-state 

methods like the GTR approach, is no longer met.  The gas (with its higher mobility 

compared to the condensate), which flows towards the wellbore would typically be leaner 

than the original single-phase fluid.  Hence two-phase steady-state methods would 

generally produce unrepresentative predictions of pressure-saturation response in the 

near-wellbore region for saturated reservoirs, often predicting higher condensate 

saturation than actual (Fussell, 1973, Saleh and Stewart, 1992, Raghavan et al., 1999), 

and sometimes giving lower condensate saturation predictions than actual, as shown in 

this study.  

Recent work by Tabatabaie and Pooladi-Darvish (2017) examining multiphase linear 

flow in tight oil reservoirs, developed Eq. 4-4 (based on a similarity solution using the 

Boltzmann variable), for approximating the saturation-pressure relationship for constant 

pressure transient linear flow systems. They showed results obtained using this equation 

for an initially saturated oil reservoir.  Equation 4-4, which has the advantage of not 
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requiring prior knowledge of kr data, and which explicitly accounts for the initial reservoir 

pressure, was developed for solution gas drive systems.  Its extension to GCRs could be 

valuable for overcoming some of the limitations of the two-phase steady-state methods 

mentioned above. 

𝑆𝑜 = 1 + 𝜇𝑜𝑖 𝐵𝑔𝑖 (
𝑑𝑅𝑠

𝑑𝑝
)

𝑖
∫

1

𝜇𝑜 𝐵𝑜

𝑝

𝑝𝑖
𝑑𝑝  4-4 

 

4.7.4. Consideration of Skin Effects 

As mentioned earlier in Section 4.5, for all the simulation cases presented in Table 4-1, 

there was a region around the wellbore with enhanced permeability to simulate negative 

skin of -5.14.  Cases with zero skin and positive skin of +5.14, also considered in this 

study, showed that the presence of this region of higher permeability affected the radial 

pressure profiles and saturation distributions, but did not alter the pressure-saturat ion 

relationship around the wellbore in the period for which the two-phase steady-state 

assumption was still valid. 

Figure 4-14 shows the simulated pressure-saturation response for Case 4b, but with the 

skin changed from -5.13 to 0 (i.e. the region of altered permeability was removed).  Figure 

4-15 shows the same case with skin of +5.14.  The GTR predicted pressure-saturat ion 

response is also included in these plots.  

 

 

Figure 4-14: Pressure versus saturation response from near wellbore region of simulation Case 4b (lean 

fluid (MLDO = 7.39%), RC1b k r, Pi = 5,500 psia, Pwf = 2,500 psia, s = 0), looking within 30 ft around the 

wellbore, with data truncated at 8.3 years when the entire reservoir becomes two phase. 
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Figure 4-15: Pressure versus saturation response from near wellbore region of simulation Case 4b (lean 

fluid (MLDO = 7.39%), RC1b k r, Pi = 5,500 psia, Pwf = 2,500 psia, s = +5.14), looking within 30 ft 

around the wellbore, with data truncated at 14 years when the entire reservoir becomes two phase. 

 

From these figures, it is observed that the pressure-saturation response in the two-phase 

region within 10% of the reservoir radius, in the period when the two-phase steady-state 

assumptions are valid, are still very much in line with the GTR predicted response. 

 

4.7.5. Implications of Pressure-Saturation Results for Two-Phase Analysis 

The observations of how the two-phase steady-state based pressure-saturation predictions 

match with those seen in the simulations under different operating conditions have 

implications for parameter estimates obtained using two-phase pressure transient or rate 

transient data analysis techniques which rely on such sources of pressure-saturation data. 

Firstly, the observations indicate that with insufficient degrees of undersaturation, two-

phase steady-state methods may indeed overestimate the kro/krg ratio, as suggested by 

Raghavan et al. (1999).  Such a situation would lead to the use of interpolations of kro 

values that are too high, krg values that are too low, and condensate saturations that are 

too high (as read from the base kr versus saturation tables) in subsequent analysis (e.g. in 

the computation of pseudopressures).  Under such conditions, the condensate saturations 

predicted using two-phase steady-state assumptions are, in most instances, higher than 

the condensate saturation levels that are observed in the simulations and considered here 

as true values.  
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For rich gas condensate reservoirs with favourable kro and unfavorable krg, however, the 

results obtained show that with insufficient degrees of undersaturation, the opposite could 

occur.  Here, the two-phase steady-state based saturation predictions tend to be lower than 

the condensate saturation levels that are observed in the simulations.  In other words, for 

such cases, two-phase steady-state pressure-saturation predictions can underestimate the 

kro/krg ratio and associated condensate saturations. In all these cases, when Pi >> Pdew the 

predicted condensate saturation values are similar to those observed in the simulations. 

The poor agreement between the two-phase steady-state condensate saturation 

predictions and those in the simulation, when Pi ≈ Pdew can be attributed to variations in 

the composition of the fluid entering the steady-state region when Pave falls below Pdew, 

as mentioned by Fussell (1973), i.e. a violation of the two-phase steady-state assumption.  

The direction of the resulting discrepancy, i.e. overprediction or underprediction of kro/krg 

and condensate saturations, as shown by this study, is a strong function of both the fluid 

richness and the nature of the kr characteristics. 

Part of the results presented in this chapter also suggest that for nearly-saturated reservoirs 

operating with constant Pwf close to Pdew (as might be the case for a high productivity well 

that may not require large drawdown pressures) liquid saturation curves from PVT 

analysis would be sufficient to describe the pressure-saturation response around the 

wellbore. 

Another approach for computing pressure-saturation relationships is the tank model 

method, which expresses average oil and gas (and water) saturations as a function of three 

phase production/injection (Walsh and Lake, 2003).  This approach, which links the 

average reservoir pressure to the average reservoir saturation during depletion flow, was 

used by Shahamat and Clarkson (2017) to establish pressure-saturation relationships for 

two phase pseudopressures computations used in their multiwell multiphase flowing 

material balance analysis of production data. 

This approach to pressure-saturation computations was not investigated in this study.  

However, an attempt to compute average condensate saturation as pore-volume weighted 

quantities (corresponding to average reservoir pressures) using the simulation block 

saturation outputs, produced pressure-saturation relationships which tracked the CVD 

curves.  This was so because the computed average saturations were heavily weighted by 

the outermost grid blocks which are the largest, because of the logarithmic gridding 
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employed, and which exhibit pressure-saturation responses mostly in line with CVD 

curves. 

 

4.8. Conclusions 

This chapter presented the implementation of a two-phase steady-state based pressure-

saturation prediction method (usually employed in two-phase data analysis of GCRs) 

using component weight fractions and gas fractional flow (GTR).  The impact of reservoir 

conditions and well operating conditions on the representativity of the pressure-saturat ion 

predictions was examined in detail.  Pressure-saturation relationships predicted for a 

range of gas condensate fluids and rock types were compared to the condensate saturation 

levels observed in the near-wellbore region (i.e. within 10% of the well drainage radius) 

of corresponding single-well compositional reservoir simulation models, operating at 

constant Pwf less than Pdew, under various initial reservoir pressure conditions.  The 

following conclusions were drawn. 

 Like other methods based on two-phase steady-state assumptions, the condensate 

saturations predicted by the GTR method matched those observed around the 

wellbore in the simulation model when Pi was sufficiently high (i.e. undersaturated 

reservoir conditions).  However, the degree of undersaturation required was found to 

be a function of the fluid richness and the nature of the kr curves. 

 The observation of increasing condensate saturation levels around the wellbore with 

increasing Pi (as reported in literature), when Pi is not already sufficiently high, was 

found to represent one of three possible scenarios (i.e. increasing, decreasing, and 

almost constant condensate saturation levels).  The occurrence of a given scenario 

was shown to be dependent on the fluid thermodynamic properties, the rock type, 

and the operating bottomhole pressure (Pwf). 

 For cases in which the predicted GTR-based pressure-saturation curve showed higher 

condensate saturations than the CCE/CVD liquid saturation curves for the range of 

operating Pwf, it was noted that increasing degrees of undersaturation (i.e. Pi - Pdew) 

resulted in increasing condensate saturation levels observed around the wellbore.   

This trend was typical for a combination of lean fluids and rock types associated with 

high condensate saturations under two-phase steady-state conditions (i.e. kr curves 

with low kro and high krg). 

 Although literature mentions that when the conditions for two-phase steady-state 

flow are not satisfied, the two-phase steady-state methods would overpredict the 
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condensate saturation levels, results obtained in this study showed that for a 

combination of rich gas condensate fluids and rock types with favourable kro and 

unfavourable krg, such methods can potentially underpredict the condensate 

saturation levels.  For such cases, the GTR-based predicted pressure-saturation curve 

was found to be lower than the CCE/CVD liquid saturation curves for the range of 

operating Pwf examined here.  For these cases, increasing degrees of undersaturat ion 

resulted in decreasing condensate saturation levels observed around the wellbore.   

This trend was typical for a combination of rich fluids and rock types associated with 

low condensate saturations under two-phase steady-state conditions (i.e. kr curves 

with high kro and low krg). 

 For cases in which there was not much of a difference between the GTR-based 

pressure-saturation curve and the CCE/CVD liquid saturation curves for the range of 

operating Pwf, it was observed that variations in the degree of undersaturation did not 

impact the condensate saturation levels observed around the wellbore. 

 For cases in which Pi ≈ Pdew and Pwf (less than Pdew) was close to Pdew, the condensate 

saturations observed around the wellbore approached the CCE/CVD liquid saturation 

values.  This suggests that for nearly saturated reservoirs operating with Pwf close to 

Pdew, liquid saturation curves obtained from PVT analysis would be sufficient to 

describe the pressure-saturation response around the wellbore for two-phase analys is.  

However, as Pwf was decreased further from Pdew, the pressure-saturation behaviour 

seen around the wellbore did not match closely enough with the CCE/CVD liquid 

saturation values. 

These conclusions have direct implications for the analysis of data from GCRs using 

methods which rely on two-phase steady-state theory to determine the appropriate kr to 

be used in the computation of two-phase pseudovariables.  These implications are 

examined in Chapter 5. 

 

 

 



 

CHAPTER 5 – EQUIVALENT PHASE PRODUCTION DATA 

ANALYSIS 
 

5.1. Introduction 

As mentioned in Chapter 2 (Literature), most modern production data type curve 

techniques, were originally developed with the assumption of pure Darcy flow of single -

phase fluid.  Two-phase conditions, e.g. in a gas condensate reservoir (GCR) operating 

below dewpoint pressure (Pdew), introduce nonlinearities into the governing partial 

differential equation.  Such conditions make the use of single-phase analysis techniques 

generally inadequate, typically producing permeability estimates that are lower than the 

absolute value, and in severe cases, underestimations of drainage area as well. 

A common approach to linearizing the system is by the use of pseudovariables, which 

account for the multiphase effects in addition to the pressure-dependence of fluid 

properties.  Recent research have examined this problem using various production data 

analysis (PDA) techniques – straight- line analysis (Sureshjani and Gerami, 2011, 

Sureshjani et al., 2014, Behmanesh et al., 2015), and type curve analysis (Sarisittitham 

and Jamiolahmady, 2014, Sarvestani et al., 2016).  Such works have focused on 

modifications of the pseudovariables employed in the data analysis to account for 

multiphase effects. 

In this study, a pseudovariable modification based on an equivalent single phase concept 

was used for the first time with modern production data type curves (Palacio and 

Blasingame, 1993, Doublet et al., 1994, Pratikno et al., 2003) to handle two-phase effects 

in the analysis of production data from GCRs.  The applicability of the same definit ions 

of equivalent single phase pseudovariables for the analysis of GCR data from the 

boundary dominated flow (BDF) regime using straight- line techniques (Blasingame and 

Lee, 1986, Blasingame and Lee, 1988) was also briefly examined. 

The pressure-saturation/relative permeability (kr) relationships required for the 

computation of the equivalent phase pseudovariables were established mainly using the 

approach presented in Chapter 4 (i.e. the component weight fraction/GTR approach).  The 

use of alternative sources of pressure-saturation data, namely PVT liquid-satura t ion 

curves (i.e. from constant composition expansion experiments) and numerical simula t ion 

outputs, in the computation of equivalent phase pseudovariables for production data type 

curve analysis was also investigated. 
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Simulated GCR production data (all with flowing well pressure, Pwf, below Pdew) were 

used.  Sensitivities were conducted on reservoir fluid richness (maximum liquid dropout 

from 1% to 42%), rock type, degree of reservoir undersaturation and well operating 

pressures, to examine their impact on the production decline response and subsequent 

conventional type curve analysis, and on the effectiveness of the equivalent single phase 

based approach. 

The results of this study show that in the analysis of production data from GCRs where 

the impact of two-phase effects are important, significant improvements can be obtained  

(both in the quality of the type curve match and subsequent parameter estimates) through 

the use of pseudovariables computed using the equivalent single phase concept.  The 

results suggest that the equivalent phase concept can also be applied to straight- line 

analysis of BDF data to improve drainage area estimates under two-phase conditions. 

The results also identify conditions under which, depending on the fluid richness and/or 

the degree of reservoir undersaturation, two-phase effects, although present, may not 

significantly impact the quality of interpretation of long-term production data from GCRs, 

using conventional single-phase type curve techniques. 

In addition, the results presented in this chapter highlight reservoir and well operating 

conditions under which various sources of pressure-saturation/kr are likely to be most 

suitable for use in the equivalent-phase based analysis. 

This chapter begins with the description of the equivalent single phase approach.  Type 

curve analysis to determine permeability (k), external reservoir radius (re) and skin (s) for 

twenty cases selected from fifty simulated scenarios are then presented, first using the 

conventional single-phase techniques, and then using the equivalent single phase 

approach proposed here.  These are followed by discussions of the results and the ir 

potential implications for field applications. 

 

5.2. The Equivalent Single Phase Concept 

Two important fluid properties that are very pressure dependent in gas/gas condensate 

reservoirs and which have a significant impact on the decline behaviour and subsequent 

production analysis are the fluid viscosity and the fluid compressibility.  Therefore, in 

outlining and implementing an equivalent phase based approach, these two properties 

come into principal focus. 
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5.2.1. Equivalent Phase Viscosity 

To obtain the equivalent phase viscosity used in this study, the mass flow rate of the 

equivalent single phase was assumed to be equal to the sum of the mass flow rates (based 

on Darcy’s equation) of the individual phases present, i.e. Eq. 5-1.  This equation is based 

on momentum balance, and assumes the presence of only gas and condensate, isothermal 

conditions, as well as negligible capillary pressure and gravity effects.  

𝑘.𝑘𝑟𝑡𝑝𝐴𝜌𝑡𝑝

𝜇𝑡𝑝

𝑑𝑃

𝑑𝐿
=

𝑘 .𝑘𝑟𝑔𝐴𝜌𝑔

𝜇𝑔

𝑑𝑃

𝑑𝐿
+ 

𝑘.𝑘𝑙𝜌𝑙𝐴

𝜇𝑙

𝑑𝑃

𝑑𝐿
 5-1 

If the relative permeability of the equivalent single phase (𝑘𝑟𝑡𝑝) is assumed to be 1, a 

rearrangement of Eq. 5-1 produces an expression for the equivalent single phase viscosity 

term.  Saleh and Stewart (1992), using similar concepts for pressure transient analysis 

(PTA) in GCRs, noted that the use of two-phase pseudopressures incorporates the effects 

of two-phase flow, such that PTA should yield the absolute permeability and the 

equivalent single phase skin factor.  As such, this study considers that where two-phase 

pseudopressures are employed, it is justifiable to assume 𝑘𝑟𝑡𝑝 = 1 in the definition of 

properties for the corresponding equivalent single phase fluid.  Additionally as will be 

discussed below and demonstrated in the results section, the definition of equivalent 

phase viscosity based on 𝑘𝑟𝑡𝑝 = 1 offers significant improvement in the analysis of gas-

condensate production data.  

The equivalent single phase concept is one that has also been employed by Jamiolahmady 

et al. (2006), albeit for a different application, namely in the development of a correlation 

for predicting near-wellbore gas condensate relative permeability.  In later work by 

Jamiolahmady et al. (2010), a definition of average density for an equivalent flowing 

phase based on gas fractional flow (GTR) was presented.  

As mentioned in Chapter 2, recent parallel and independent research by Behmanesh et al. 

(2017) demonstrated the use of the equivalent phase concept for straight-line analysis of  

data from the BDF regime in GCRs. In that work, the equivalent phase viscosity defined 

by Saleh and Stewart (1992) was employed.  

In this thesis, the viscosity of the equivalent single phase has been defined on the basis of 

mass flow rates, as done by Saleh and Stewart (1992), and combined with equivalent 

phase density as defined by Jamiolahmady et al. (2010). In other words, the equivalent 

phase density term (𝜌𝑡𝑝) in Eq. 5-1 was defined as the GTR weighting of the gas and 
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condensate densities (Jamiolahmady et al., 2010), yielding the final form of the 

equivalent phase viscosity as shown in Eq. 5-2.  The basis of this definition of the 

equivalent single phase fluid density as employed here can be found in Appendix A. 

𝜇𝑒𝑞.𝑝ℎ =
𝐺𝑇𝑅 .𝜌𝑔+(1−𝐺𝑇𝑅 )𝜌𝑙

𝑘𝑟𝑔

𝜇𝑔
𝜌𝑔+

𝑘𝑟𝑙
𝜇𝑙

𝜌𝑙

 5-2 

𝜌𝑙 and 𝜌𝑔  in Eq. 5-2 are molar oil and gas densities in units of lb-mol/ft3, krl and krg are 

base relative permeabilities of the liquid (condensate) and gas phases, respectively.  

It can be easily shown that this equivalent phase viscosity can also be defined simply as 

the inverse of the total mobility of the system. i.e. Eq. 5-3.  This is demonstrated in 

Appendix B, where the derivation of the equivalent phase viscosity is shown in greater 

detail. 

𝜇𝑒𝑞.𝑝ℎ =
1

𝑘𝑟𝑔

𝜇𝑔
+

𝑘𝑟𝑙
𝜇𝑙

 5-3 

A number of definitions of two-phase viscosity exist in literature.  There is the gas 

fractional flow weighted viscosity proposed for miscible conditions as part of an 

algorithm for the calculation of gas condensate relative permeability that varies with 

pressure and velocity (Jamiolahmady et al., 2006).  There is also the saturation weighted 

viscosity used by Bozorgzadeh and Gringarten (2006) in well test analysis (WTA) of gas 

condensate reservoirs.  Such viscosity definitions were examined as part of this study, 

and were found to produce limited improvement particularly in the accuracy of the 

external reservoir radius estimates obtained using modern production data type curves 

under two-phase conditions. 

Although the equivalent phase viscosity defined in Eq. 5-2 is not expected to have a 

physical meaning, its use in the material balance pseudotime (MBPT) integral is shown 

to produce consistent improvements in production data type curve analysis under two-

phase conditions.  

 

5.2.2. Total Compressibility 

The next pertinent property is compressibility.  In this study, a saturation weighted total 

fluid compressibility was used.  Since connate water saturation was assumed to be zero, 

Eq. 5-4, which includes the rock compressibility (𝑐𝑓), was employed. 

𝑐𝑡 = 𝑆𝑔𝑐𝑔 + 𝑆𝑜𝑐𝑜 + 𝑐𝑓 5-4 
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] 5-6 

Eqsuations 5-5 and 5-6 (Schlumberger., 2008) which were used to calculate the 

condensate compressibility (𝑐𝑜) and the gas compressibility (𝑐𝑔), require so-called 

modified/extended black oil parameters.  These were obtained using the approach of 

Whitson and Torp (1981). 

The equivalent phase viscosity and the two-phase compressibility terms just described 

were used in the computation of the equivalent phase pseudovariables used in the analysis 

of GCR production data in this study. 

 

5.2.3. Equivalent Phase Pseudovariables 

As was indicated in Chapter 2 (Literature), the pseudopressure drop expressed by Eq. 5-

7 was employed in the two-phase analysis presented in this study.  This pseudopressure 

drop was normalized using fluid properties at initial reservoir conditions (Meunier et al., 

1987) prior to their use in the type curve analysis.  

The first term of the integral, which captures the two-phase component is the definit ion 

of the sandface integral as given by Jones and Raghavan (1988).  It can be demonstrated 

that this definition of two-phase pseudopressure is entirely compatible with the definit ion 

of the equivalent phase fluid properties described above.  This demonstration can be 

found Appendix B.  The second term in Eq. 5-7 is the real gas pseudopressure integral of 

Al-Hussainy et al. (1966), which contributes to the pseudopressure drop if the reservoir 

is initially undersaturated. 
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] 5-7  

The equivalent phase material balance pseudotime (MBPT), introduced in this study, and 

which was also mentioned in the literature chapter, is defined as shown in Eq. 5-8.  The 

integral employs the equivalent single phase fluid properties discussed in Sections 5.2.1 

and 5.2.2. 

𝑡̅𝑎,𝑒𝑞.𝑝ℎ =
𝜇𝑔𝑖 𝐶𝑔𝑖

𝑞𝑔
∫

𝑞𝑔
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𝑡

0
𝑑𝑡 5-8 
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As can be observed from this equation, much like the single-phase MBPT integral, the 

fluid properties in the integral are evaluated at average reservoir pressure (�̅�).  This means 

that when �̅� is above Pdew, single-phase gas properties are used in evaluating the integra l.  

Therefore, the equivalent single phase fluid properties are only evoked when �̅� falls below 

Pdew.  The condensate saturations at �̅� (used in the computation) of 𝑐𝑡, and the 

corresponding kr (used in the computation of 𝜇𝑒𝑞.𝑝ℎ) were obtained from the GTR 

pressure-saturation prediction for most of the results presented in this study.  The use of 

other sources of pressure-saturation data is briefly examined in Section 5.10.3. 

By defining an equivalent phase to represent the two flowing phases, the equivalent single 

phase approach should allow the use of techniques originally developed for single-phase 

conditions (e.g. conventional production data type curves, and their associated single-

phase based parameter estimation equations) for the analysis of production data obtained 

under two-phase reservoir conditions. 

To compute these equivalent phase fluid properties (Eqs. 5-2 and 5-4) and 

pseudovariables (Eqs. 5-7 and 5-8), the GTR-based pressure-saturation prediction 

approach presented in Chapter 4 was used.  As might be recalled, this approach is based 

on two-phase steady-state assumptions. 

 

5.3. Two-Phase Steady-state Assumption in Long-Term Production Data Analysis 

Two-phase steady-state pressure-saturation prediction methods are most reliable when 

most of the reservoir is still undersaturated, i.e. �̅� is above the saturation pressure, and the 

original reservoir fluid is still present in the reservoir (Fussell, 1973). 

For pressure transient analysis in GCRs operating with Pwf below Pdew, Raghavan et al. 

(1999) pointed out that the two-phase steady-state based kr ratio (O'Dell and Miller, 1967, 

Jones and Raghavan, 1988), calculated using fluid properties at any given pressure, works 

best when the pressure differentials (𝑃𝑖 − 𝑃𝑑𝑒𝑤) or (�̅� − 𝑃𝑑𝑒𝑤) and (𝑃𝑑𝑒𝑤 − 𝑃𝑤𝑓) are large 

(i.e. �̅� is maintained above Pdew).  They indicated that when this condition is violated, the 

predicted kro are higher and the predicted krg are lower than the actual values in the two-

phase region around the wellbore, resulting in lower skin factor estimates obtained from 

two-phase analysis. 



Chapter 5 – Equivalent Phase Production Data Analysis 

 

98 
 

Estrada and Settari (2006) also noted that for �̅� ≤ 𝑃𝑑𝑒𝑤, WTA using Fussell's two-phase 

pseudopressure (Eq. 2-3, in Chapter 2) failed to accurately predict permeability thickness 

and skin – an observation which they attributed to changes in the composition of the 

flowing fluid.  They highlighted the point that Fussell's pseudopressure is applicable to 

WTA when little depletion has occurred, making it unreliable for long-term deliverability 

estimation. 

These observations all suggest that two-phase steady-state based pseudovariables would 

potentially be inadequate for analysing depletion scenarios for long-term production data 

from GCRs, where �̅� falls below Pdew.  While there have been extensive works (Jones and 

Raghavan, 1988, Jones et al., 1989, Raghavan et al., 1999, Gringarten et al., 2000, Estrada 

and Settari, 2006) on the impact of reservoir and well operating conditions on WTA of 

short-term data in GCRs using two-phase steady-state assumptions, similar in-depth 

studies on long-term PDA using type curves is relatively limited.  The next sections 

therefore present the use of the equivalent phase concept together with two-phase steady-

state based pressures-saturation in long-term PDA using modern type curves. 

 

5.4. Data Summary: Reservoir and Fluid Models 

For the twenty cases presented in Table 5-1, the one-dimensional radial reservoir 

simulation model presented in Table 3-1 of Chapter 3, was run using the ECLIPSE 300 

compositional reservoir simulator.  These twenty cases are presented in this chapter 

because they highlight the key findings of the study.  The entire range of fifty cases 

examined can however be found in Appendix C. 

Initial reservoir conditions ranging from just saturated to severely undersaturated were 

considered.  All the simulations were run from initial conditions until an arbitrarily 

determined minimum gas production rate (1 MSCF/day) was attained.  The flowing well 

pressure (Pwf) was constant and below Pdew.  The average reservoir pressure (�̅�) by the 

end of the simulated production period for all cases was well below Pdew.  The gas 

condensate fluid models, shown in Table 3-4 of Chapter 3, and the RC1b and TC kr 

curves, as well as the manually modified version of the RC1b kr curves (all presented in 

Chapter 3), were used. 

For the single fractured vertical well (SFVW) cases presented in Section 5.14 of this 

chapter, the Cartesian model described in Chapter 3 was employed, with matrix 



Chapter 5 – Equivalent Phase Production Data Analysis 

 

99 
 

permeability set at 0.01 md, and dimensionless fracture conductivity set at 0.1 (i.e. the 

finite conductivity fracture model defined in Table 3-2 of Chapter 3).  For these cases, 

the RC1b kr curves were used as matrix kr, while the propped fracture kr curves, also 

presented in Chapter 3, were used for the fracture.  Although the Pratikno-Blasingame 

type curves, which were used in analysing the SFVW cases, are based on a reservoir with 

a circular drainage area, this study made use of a Cartesian reservoir model on the basis 

that the Dietz shape factor for a well located in the centre of a square drainage area is not 

very different from that of a circular drainage area (Dietz, 1965). 

Velocity-dependent permeability effects (Danesh et al., 1994, Henderson et al., 1997, 

Jamiolahmady et al., 2000), which cause reductions in effective permeability (i.e. inertia) 

with increasing flow velocity or enhancement in effective permeability under two-phase 

conditions with increasing velocity and/or decreasing IFT (i.e. coupling), were ignored 

both in the matrix, as well as in the fracture for the SFVW cases.  These effects, although 

known to be important in GCRs, were not included here because, as shown in Chapter 3, 

for matrix permeabilities of the order of 0.1 md and lower, such effects were not 

particularly important. 

 

5.5. The Equivalent Single Phase Viscosity – Sample Computations 

The equivalent phase viscosities computed using Eq. 5-2 are shown in Figure 5-1 and 

Figure 5-2 for the RC1b kr curves, using a lean fluid (MLDO = 7.39%) and a rich fluid 

(MLDO = 28.01%), respectively.  Those computed using the TC kr curves with the lean 

fluid and the rich fluid are shown in Figure 5-3 and Figure 5-4, respectively. 

 

 
Figure 5-1: Viscosity computations – lean fluid, RC1b kr 

curves. 

 
Figure 5-2: Viscosity computations – rich fluid, RC1b k r 

curves. 
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Figure 5-3: Viscosity computations – lean fluid, TC k r 

curves. 

 
Figure 5-4: Viscosity computations – rich fluid, TC k r 

curves. 

 

It is noted that, for the lean fluid (Figure 5-1 and Figure 5-3), the equivalent phase 

viscosities lie between the oil and gas viscosities; however, for the rich fluid (Figure 5-2 

and Figure 5-4), the equivalent phase viscosities generally exceed the oil viscosities.  As 

mentioned earlier, the equivalent phase viscosity is the inverse of the total system 

mobility, and represents an equivalent single phase fluid property for which krtp = 1.  

Hence, a significant decrease in the gas and condensate mobility and thereby that of the 

total system, must necessarily translate into a higher equivalent phase viscosity.  As the 

total mobility improves, the computed viscosities also decrease.  In other words, because 

the relative permeability of the equivalent phase is unity, at very low total mobilities, it is 

possible for the computed equivalent phase viscosity to exceed that of the most viscous 

phase present (in this case, that of the condensate).  This is what is observed for the cases 

with rich fluid, which are associated with more significant reductions in total mobility. 

 

5.6. Data Analysis Techniques 

The production data generated were analysed using the Blasingame type curves as 

outlined in Section 3.5 of Chapter 3.  The production data was analysed first using 

conventional type curve techniques, i.e. relying on single-phase pseudopressure (Al-

Hussainy et al., 1966) and single-phase MBPT (denoted 1PSP-1MBPT), and then using 

two-phase pseudovariables (2PSP-2MBPT), i.e. Eqs. 5-7 and 5-8, based on the equivalent 

phase approach.  

The computation of the MBPT integral requires knowledge of the average reservoir 

pressures at each time step, which, in this study, were taken from the simulation output.   
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It has been suggested in literature that in computing pseudotime integrals for constant rate 

applications, it is important to use the average reservoir pressure of the contacted volume  

(Anderson and Mattar, 2007), rather than the average pressure of the entire reservoir 

volume as originally implied in the definition of the pseudotime function by (Fraim and 

Wattenbarger, 1987).  Such a distinction is important during transient flow.  

It has also been suggested that the average pressure within the distance of investiga t ion 

tends to be constant for constant flowing pressure cases (Nobakht and Clarkson, 2012).  

However, in this study a few cases were examined, for which the average pressure used 

in the data analysis during the transient flow regime was that of the contacted volume 

only, rather than the entire reservoir volume.  This was done to determine how much of a 

difference it would make to the overall type curve match (TCM) and the subsequent 

parameter estimates for the cases included in this study.  No perceptible difference was 

seen. 

 

5.7. Results and Discussion of Cases from the Radial Models 

Table 5-1 is a summary of TCM results obtained using the conventional single-phase 

technique and the equivalent phase technique.  The GTR-based pressure-saturation/k r 

approach was used for the all the two-phase analysis presented in this table.  In this table 

 𝑆𝑐,𝑝𝑤𝑓
% =

𝑆𝑐 ,𝑝𝑤𝑓
(𝐺𝑇𝑅) −𝑆𝑐 ,𝑝𝑤𝑓

(𝑆𝐼𝑀)

𝑆𝑐 ,𝑝𝑤𝑓
(𝑆𝐼𝑀 )

∗ 100 is used as an indicator of how closely the 

GTR predicted condensate saturations match the simulated values during the 

transient flow period.  𝑆𝑐,𝑝𝑤𝑓
(𝐺𝑇𝑅) is the condensate saturation at the given Pwf 

obtained from the GTR pressure-saturation prediction, and 𝑆𝑐,𝑝𝑤𝑓
(𝑆𝐼𝑀) is the 

condensate saturation observed in simulation blocks nearest to the wellbore, during 

transient flow, with block pressure at Pwf. 

 t2phase (days) is the time at which the entire reservoir becomes two-phase. 

 tBDF (days) is the time at which stable BDF is established, which is explained in 

Section 5.8. 
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Table 5-1: Summary of cases analysed using Blasingame type curves. 

 
Fluid k r  P i 

(psia) 
Pwf 
(psia) 

Error 

𝑺𝒄,𝒑𝒘𝒇

% 

t2phase 
(days) 

tBDF 
(days) 

MP 
1-Phase 
qdD=tdD=0.1 

1PSP, 
1MPBT 

MP 
2-Phase 
qdD=tdD=0.1 

2PSP, 
2MBPT 

1 V. 
Lean 
98/2 

RC1b 5,500 
 

2,000 - 2621 2120 reD=20 
q/Δp=0.11 
𝑡�̅�=60 

k=0.105  
re=1,236 
s=-5.17 

- - 

2 V. 
Lean  
98-2 

TC 5,500 2,000 - 2333 1861  reD=20 
q/Δp=0.11 
𝑡�̅�=60 

k=0.105 
re=1,236 
s=-5.17 

- - 

3 Lean 

(95/5) 

RC1b 5,500 2,500 0.3 873 4947 reD=19 

q/Δp=0.05 
𝑡�̅�=114 

k=0.056 

re=1,204 
s=-5.20 

reD=17 

q/Δp=0.1 
𝑡�̅�=60 

k=0.108 

re=1,241 
s=-5.34 

4 Lean 
(95/5) 

RC1b 4,260 4,000 173.0 31 2105 reD=20 
q/Δp=0.09 

𝑡�̅�=80 

k=0.105 
re=1,205 

s=-5.15 

reD=18 
q/Δp=0.28 

𝑡�̅�=29 

k=0.313 
re=1,235 

s= -5.28 

5 Lean 
(95/5) 

RC1b 5,500 4,000 2.0 1633 1740 reD=20 
q/Δp=0.09 
𝑡�̅�=64 

k=0.104 
re=1,210 
s=-5.15 

reD=20 
q/Δp=0.09 
𝑡�̅�=64 

k=0.104 
re=1,216 
s=-5.16 

6 Lean 

(95/5) 

TC 4,260 2,500 80.0 0.05 2348 reD=20 

q/Δp=0.09 
𝑡�̅�=80 

k=0.105 

re=1,205 
s=-5.15 

reD=15 

q/Δp=0.37 
𝑡�̅�=23 

k=0.382 

re=1,266 
s=-5.49 

7 Rich 
(88.5/

11.5) 

RC1b 5,289 2,500 1.6 41 11377 reD=18 
q/Δp=0.01 

𝑡�̅�=440 

k=0.016 
re=1,171 

s=-5.22 

reD=9 
q/Δp=0.08 

𝑡�̅�=70 

k=0.090 
re=1,243 

s=-5.98 

8 Rich 
(88.5/
11.5) 

RC1b 5,500 2,500 0.5 337 11346 reD=18 
q/Δp=0.01 
𝑡�̅�=410 

k=0.017 
re=1,174 
s=-5.23 

reD=10 
q/Δp=0.09 
𝑡�̅�=52 

k=0.108 
re=1,227 
s=-5.86 

9 Rich 
(88.5/
11.5) 

RC1b 5,289 4,000 2.7 44 10191 reD=20 
q/Δp=0.11 
𝑡�̅�=400 

k=0.019 
re=1,201 
s=-5.14 

reD=10 
q/Δp=0.08 
𝑡�̅�=72 

k=0.101 
re=1,283 
s=-5.90 

10 Rich 

(88.5/
11.5) 

RC1b 5,500 4,000 2.3 469 10039 reD=18 

q/Δp=0.01 
𝑡�̅�=350 

k=0.022 

re=1,237 
s=-5.28 

reD=10 

q/Δp=0.08 
𝑡�̅�=60 

k=0.100 

re=1,272 
s=-5.90 

11 Rich 
(88.5/
11.5) 

RC1b 7,000 4,000 0.0 1253 1223, 
8261 

reD=20 
q/Δp=0.04 
𝑡�̅�=50 

k=0.072 
re=945 
s=-4.90 

reD=20 
q/Δp=0.06 
𝑡�̅�=53 

k=0.110 
re=1,201 
s=-5.15 

12 Rich 
(88.5/
11.5) 

RC1b 10,000 4,000 0.0 1633 1132,   
4932 

reD=20 
q/Δp=0.05 
𝑡�̅�=35 

k=0.093 
re=1,069 
s=-5.03 

reD=20 
q/Δp=0.06 
𝑡�̅�=38 

k=0.107 
re=1,193 
s=-5.14 

13 Rich 

(88.5/
11.5) 

RC1b 12,000 4,000 0.0 1740 980, 

3579 

reD=20 

q/Δp=0.05 
𝑡�̅�=30 

k=0.102 

re=1,108 
s=-5.06 

reD=20 

q/Δp=0.06 
𝑡�̅�=30 

k=0.112 

re=1,162 
s=-5.11 

14 Rich 
(88.5/

11.5) 

RC1b 10,000 5,000 3.0 2439 1071 reD=20 
q/Δp=0.06 

𝑡�̅�=38 

k=0.107 
re=1,193 

s=-5.14 

reD=20 
q/Δp=0.06 

𝑡�̅�=39 

k=0.107 
re=1,208 

s=-5.15 

15 Rich 
(88.5/
11.5) 

TC  5,289 2,500 16.3 
 

24 3366 reD=15 
q/Δp=0.03 
𝑡�̅�=130 

k=0.049 
re=1,169 
s=-5.41 

reD=10 
q/Δp=0.5 
𝑡�̅�=12 

k=0.623 
re=1,270 
s=-5.89 

16 Rich 

(88.5/
11.5) 

TC  5,289 5,000 50.6 

 

36 2226 reD=20 

q/Δp=0.05 
𝑡�̅�=90 

k=0.090 

re=1,238 
s=-5.18 

reD=18 

q/Δp=0.22 
𝑡�̅�=48 

k=0.363 

re=1,680 
s=-5.59 

17 Rich 
(88.5/

11.5) 

TC 10,000 5,000 -6.1 2059 1101 reD=20 
q/Δp=0.06 

𝑡�̅�=38 

k=0.107 
re=1,193 

s=-5.14 

reD=20 
q/Δp=0.06 

𝑡�̅�=40 

k=0.107 
re=1,224 

s=-5.16 

18 Very 
Rich 
(86.5/

13.5) 

RC1b 6,000 4,000 -7.1 935 601, 
10486 

reD=20 
q/Δp=0.03 
𝑡�̅�=68 

k=0.045 
re=774 
s=-4.71 

reD=20 
q/Δp=0.08 
𝑡�̅�65 

k=0.111 
re=1,222 
s=-5.16 

19 Rich 
(88.5/
11.5) 

RC1b 
Mod 

5,284 2,500 -20.7 35 7561 reD=20 
q/Δp=0.02 
𝑡�̅�=240 

k=0.031 
re=1,190 
s=-5.14 

reD=10 
q/Δp=0.06 
𝑡�̅�=90 

k=0.075 
re=1,205 
s=-5.84 

20 Rich 

(88.5/
11.5) 

RC1b 

Mod 

10,000 2,500 -7.2 934 4886 reD=20 

q/Δp=0.04 
𝑡�̅�=42 

k=0.078 

re=1,069 
s=-5.02 

reD=20 

q/Δp=0.06 
𝑡�̅�=37 

k=0.111 

re=1,224 
s=-5.16 
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5.8. Approach to Determining Infinite Acting and BDF Time 

To improve understanding of observed trends in this study, it was important to determine 

the time of infinite acting (IA) flow (tIA) and the time of establishment of stable BDF for 

each case that was examined.  For this purpose, the derivative of the log of the pressure-

normalized rate (q/∆p), with respect to the log of MBPT, as shown in Eq. 5-9, was used.  

Figure 5-5 shows this derivative for one case.  The minimum point on this derivative is 

considered as the time at which transient flow ends (tIA), and transition to BDF begins. 

(
𝑞

∆𝑝
)

𝑑
= −

𝑑(log
𝑞

∆𝑝⁄ )

𝑑 log 𝑡̅𝑎
 5-9 

Eq. 5-9 should approach a value of unity because of the harmonic decline achieved during 

stable BDF through the use of the MBPT function.  In this study, the beginning of stable 

BDF was chosen as the point at which (
𝑞

∆𝑝
)

𝑑
first exceeds 0.85, as can be read from the 

y-axis on the right hand side of Figure 5-5. 

Ilk et al. (2007) suggested the use of a similar derivative, the “𝛽-integral derivative 

function”, based on the pressure-normalized rate integral, (q/∆p)i, for flow regime 

identification.  This derivative is also presented in Figure 5-5.  As can be seen from this 

plot, although the use of the integral reduces the impact of noise, it also produces a slower 

response in the derivative.  In other words, the response of the curve is “sluggish”, both 

in time and in range.  As such, in this study, Eq. 5-9 was considered more suitable for the 

intended use. 

The radius of investigation (Lee, 1982), originally defined for conventional radial 

homogeneous single layer single-phase slightly compressible liquid flow, is a well-

established concept often applied in rate transient analysis to determine the distance to 

boundary.  Literature indicates that in order for the influence of a boundary to be observed 

in pressure- or rate-time response measured at the well, the radius of investigation needs 

to be larger than the distance to the boundary (Lee, 1982, Fraim and Wattenbarger, 1988). 

Most recently, Tabatabaie et al. (2017a) highlighted the importance of distinguishing 

between the “time of arrival” of a pressure pulse at a boundary, and the “time of detection” 

of boundary effects at the flowing well.  They showed that for radial systems, time of 

arrival is approximately equal to time of detection (under both constant rate and constant 

pressure production constraints), with a corresponding maximum depletion at the 

boundary, computed as (𝑃𝑖 − 𝑃|𝑟𝑒
)/𝑃𝑖, between 2 - 4%.  However, this was not the case 
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for linear systems where the time of detection could be as much as 3 times the time of 

arrival, with a maximum depletion at the boundary of 30 – 40% at the time of detection.  

In the study presented in this thesis, tIA, as determined above, corresponds to the “time of 

detection”, since it represents the onset of the influence of the external boundary as 

observed in the rate-time response at the producing wellbore.  In each of the cases in 

Table 5-1 for which tIA could be reliably determined, the depletion at the boundary at tIA 

was found to be less than 4%, i.e. in line with the observations of Tabatabaie et al. (2017a) 

for radial systems. The time of stable BDF, tBDF, used in this study, was defined to 

correspond to the time at which (
𝑞

∆𝑝
)

𝑑
first exceeds 0.85, based on a visual observation 

that this gave sufficient BDF data to allow for reliable/confident type curve matching.   

The tBDF is therefore a time well beyond the “time of arrival” of the pressure pulse at the 

external boundary (e.g. in Figure 5-5, tBDF is ~1.5 log cycles from tIA). 

 

 

Figure 5-5: Demarcation of flow regimes using derivatives of (q/∆p) and (q/∆p) i. 

 

5.9.  Impact of Two-phase Conditions on the Shape of the Decline Curve 

Fraim and Wattenbarger (1988), in their work which focused on solution-gas drive 

reservoirs, noted a "small step" in the decline curve at the beginning of BDF, which was 
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attributed to the decreasing ratio of total mobility to total compressibility as the pressures 

in the reservoir approached the bubble point pressure, 𝑃𝑏. 

They suggested that the magnitude of this step (which disappears when the init ia l 

reservoir pressure, 𝑃𝑖, is equal to 𝑃𝑏), is directly proportional to the difference between 

the 𝑃𝑖 and 𝑃𝑏 (i.e. the degree of undersaturation).  The work presented in this thesis found 

similar observations, with regard to the presence of a "small step" in the decline curve, to 

be true for gas condensate reservoirs (GCR).  These are discussed next. 

The production profiles for each of the cases simulated were first examined on rate-time 

log-log plots.  Figure 5-6 shows a rate-time log-log plot, comparing the gas production 

rates for four cases from Table 5-1 (Cases 10, 11, 12 and 13), all of which employ the 

rich fluid (MLDO = 28.01%).  For these cases, Pwf is constant at 4,000 psia, while Pi 

ranges from 5,500 psia to 12,000 psia from Case 10 to 13. 

 

 

Figure 5-6: Log-log plot of gas production rates for simulation Cases 10, 11, 12 and 13.  The arrows in 

this plot indicate the point in time at which the entire reservoir becomes two phase, this corresponds 

approximately to the point at which average reservoir pressure falls below dewpoint pressure.  

 

For Case 10, i.e. the least undersaturated case, the entire reservoir becomes two phase at 

a point, indicated by an arrow in Figure 5-6, which is before stabilized BDF is established.  
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For this case, there is almost no visible discontinuity on the curve.  However, for Cases 

11, 12, and 13 there is a clear “kink” in the production profile at the time when two-phase 

conditions are established in the entire reservoir.  This kink occurs later in time and 

becomes more prominent as the degree of undersaturation increases and the establishment 

of two-phase conditions in the entire drainage volume occurs much later after stable BDF 

has been achieved.  Similar plots for the very lean fluid cases (Cases 1 and 2) and lean 

fluid cases (Cases 3 and 5) did not show such noticeable kinks. 

It was also noted that while these kinks were observed for cases with the RC1b kr curves, 

they were less evident for analogous cases using the TC kr curves.  A significant 

difference between these two kr curves is seen in the behaviour of krg.  As condensate 

saturation increases beyond zero, the RC1b kr curves show a sharply declining krg, while 

the TC kr curves show a less drastic decrease in krg.  The trend in krg is of particular 

importance here, because initial kro values are typically low.  These observations show 

that the kink is most prominent for cases involving rich fluids, at high degrees of 

undersaturation, and for cases with kr curves which exhibit sharply decreasing krg at the 

onset of two-phase conditions.  The effect that the “kink” described above has on the 

quality of subsequent type curve analysis is examined in the next section (Section 5.10). 

Another important impact of two-phase effects on the shape of the decline curve, which 

was seen for some cases, e.g. Case 15, was an observed steepening of the transient flow 

regime stem of the decline curve data plot, as noted by Sarisittitham and Jamiolahmady 

(2014).  This is attributed to an increasing trend in total skin with the growth of the 

condensate bank.  This effect also has the potential to impact the quality of type curve 

analysis, to which we now turn our attention.  

 

5.10. Results of Production Data Type Curve Analysis of Simulated Radial Cases 

The results of the conventional type curve analysis (shown in columns 9 and 10 of Table 

5-1) and the equivalent phase based type curve analysis (shown in columns 11 and 12) of 

the cases presented are now discussed below. 

a. Very Lean Gas Condensate Systems – Single-phase Analysis 

The Blasingame TCM results for Case 1 (with MLDO of 0.86%, Pdew = 2,441 psia), 

shown in Figure 5-7, indicates that the parameter estimates obtained using single-phase 

pseudovariables agree well with the model input parameters. 
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Figure 5-7: Blasingame TCM for Case 1- single-phase analysis.  Simulation model inputs: k=0.1 md,  

s=-5.17, re=1242 ft. 

 

For this case, two-phase effects were not significant enough to impact the results obtained 

using the single-phase techniques.  It is also worth noting that for this case t2phase was 

found to be greater than tBDF, but there was no prominent kink.  Similar results were 

obtained for Case 2.  The results of this study showed that for very lean systems, single -

phase methods would produce good parameter estimates. 

For subsequent cases employing progressively richer fluids (MLDO of 7% to 42%), the 

impact of two-phase effects on the parameter estimates obtained using single-phase 

analysis became more evident, producing lower permeability estimates.  Such trends are 

consistent with the fact that the use of single-phase techniques assumes that the primary 

phase (which in this case is gas) is the only mobile phase.  If the objective is to determine 

the absolute permeability of the reservoir, then the use of single-phase techniques alone 

would produce unsatisfactory results.  Analysis of cases with increasing fluid richness is 

now examined, beginning with undersaturated cases. 

b. Case 3: Lean Fluid, Pi = 5,500 psia, Pwf = 2,500 psia, Pdew = 4,260 psia 

This case employs the lean fluid (MLDO = 7.39%).  The single-phase analysis of this 

case showed a 44% reduction in the k estimate.  The use of two-phase pseudopressures 

and the equivalent phase MBPT produced parameter estimates which were consistent 

with the model inputs, as can be seen in Table 5-1. 
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c. Case 5: Lean Fluid, Pi = 5,500 psia, Pwf = 4,000 psia, Pdew = 4,260 psia 

For this case, which differs from Case 3 only in the change of Pwf from 2,500 psia to 4,000 

psia, the impact of two-phase effects was far less significant compared to Case 3.  The 

single-phase analysis of this case produced reliable estimates of k, re and s.  This can be 

attributed to the higher Pwf, and the associated lower condensate saturations around the 

wellbore as well as the more delayed onset of two-phase effects in the entire drainage 

volume.  The two-phase analysis of this case again gave very accurate parameter 

estimates. 

d. Case 8: Rich Fluid, Pi = 5,500 psia, Pwf = 2,500 psia, Pdew = 5,289 psia 

The only difference between this case and Case 3 is the change of the fluid richness.  Here, 

single-phase analysis resulted in a permeability estimate that was 83% less than the 

absolute permeability simulation input.  

Two-phase analysis produced a k estimate consistent with the simulation input, re estimate 

within 2% of the input, and s estimate within 0.7 units of the true skin (i.e. skin due to the 

region of altered permeability around the wellbore).  Case 10 (rich fluid MLDO = 28.01%, 

Pi = 5,500 psia, Pwf = 4,000 psia), produced very similar results.  For these two cases, the 

entire reservoir became two-phase long before BDF was established as can be seen by 

comparing t2phase with tBDF for each case. 

It should be mentioned that some cases with severe two-phase effects were found to not 

only produce underestimated permeability but also underestimated drainage radius.  Such 

a response agrees with work like that of Sureshjani et al. (2016) who noted that two-phase 

effects in GCRs resulted in underestimation of gas-in-place obtained using conventiona l 

PDA techniques. 

e. Case 11: Rich Fluid, Pi = 7,000 psia, Pwf = 4,000 psia, Pdew = 5,289 psia 

The single-phase analysis for Case 11, which has a higher degree of undersaturat ion 

compared to Case 10, is shown in Figure 5-8.  Here a deviation in the harmonic decline 

stem during BDF, corresponding to the kink discussed in Section 5.9, is evident on the 

data plot.  For this case, this event occurs right at the onset of stabilized BDF (i.e. just 

after the transition). 
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Figure 5-8: Blasingame TCM for Case 11, rich fluid (MLDO = 28 %), single-phase analysis.  Simulation 

model inputs: k=0.1 md, s=-5.14, re=1200 ft. 

 

This deviation in the harmonic decline stem creates some uncertainty in the TCM, which 

is found to be most significant when the deviation occurs closer to the beginning of stable 

BDF, than when it occurs much later.  It is also worth noting that the decline stem after 

the deviation, still preserves the harmonic trend (i.e. a negative unit slope), and that such 

deviations in the harmonic decline stem are not unique to two-phase effects, as similar 

deviations have been observed for multiwell interference effects (Marhaendrajana and 

Blasingame, 2001).  

The single-phase MBPT function employs the viscosity-compressibility product, 𝜇𝑔. 𝑐𝑡, 

of the gas phase only.  When �̅� falls below Pdew after stable BDF has been established 

(like in Case 11), the gas 𝜇𝑔. 𝑐𝑡, alone is low and unrepresentative of the system.  In other 

words, the single-phase MBPT does not account for the two-phase condition which now 

exists in the entire reservoir.  This results in single-phase MBPT values which are larger 

compared to those obtained using the equivalent phase MBPT, which employs a viscosity 

compressibility product (𝜇𝑒𝑞.𝑝ℎ𝑎𝑠𝑒 . 𝑐𝑡) that is larger and more representative of the entire 

system.  Figure 5-9 shows plots of the single-phase MBPT and the equivalent phase 

MBPT versus time for Case 11, which illustrates the effect just described. 
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The deviation in the BDF stem of the data plot (Figure 5-8) is therefore not resolved if 

single-phase MBPT is employed.  For single phase analysis where the use of single phase 

pseudopressures results in lower effective k estimates, an attempt to match the type curves 

to the initial stabilization (i.e. prior to the deviation) results in an underestimation of re.  

This observation is particularly important for cases in which the BDF period is not long 

enough to reveal the second stabilization. 

 

 

Figure 5-9: Time versus single-phase and equivalent phase material balance pseudotime for Case 11. 

 

Examining the parameter estimates obtained using single-phase techniques for Case 11, 

it is observed that the type curve match produces permeability estimates that are 

significantly less underestimated (i.e. error of -27%) compared to Cases 10.  The two-

phase analysis of the same Case 11 is shown in Figure 5-10.  Here, with the use of the 

equivalent-phase material balance pseudotime, the deviation in the harmonic stem is 

resolved, resulting in a much more confident TCM, and improved parameter estimates. 
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Figure 5-10: Blasingame TCM for Case 11, rich fluid (MLDO = 28 %), two-phase analysis.  Simulation 

model inputs: k=0.1 md, s=-5.14, re=1200 ft. 

 

Cases 12 and 13, as well as Case 20 which employed the very rich fluid (MLDO 42%), 

showed similar trends to those seen for Case 11, i.e. for the same Pwf, with increasing 

degree of undersaturation, single-phase analysis produced permeability estimates that 

were progressively closer to the absolute permeability.  This observation is significant, as 

it demonstrates a similar trend reported for pressure transient analysis by Jones et al. 

(1989), who noted that for a well operating at Pwf less than the Pdew, reasonable estimates 

of permeability thickness (kh) could be determined using single-phase pseudopressures, 

as long as the reservoir pressure remained above Pdew of the original fluid. 

It has to be highlighted, however, that for type curve analysis of long-term production 

data, the use of the equivalent phase MBPT was necessary for resolving the deviation in 

the harmonic decline stem, as shown above, to remove uncertainty in the TCM and so 

ensure more reliable parameter estimates.  For severely undersaturated cases where this 

deviation in the harmonic decline stem was either absent or less prominent e.g. for Cases 

14 and 17 (for the reasons discussed in Section 5.9), the use of the equivalent phase MBPT 

was not so critical, although its use still gave accurate results.  It is worth mentioning that 

for these severely undersaturated cases, the steepening of the transient stem due to 

increasing total skin, as pointed out in Section 5.9, was found to be less significant.  
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As already mentioned, for cases where the entire reservoir becomes two-phase during 

transient flow, the discontinuity/kink is not very evident on the log-log rate-time plot.  

However, for such cases, the rate integral derivative curve, which is most sensitive to 

changes, exhibits a disturbance which can negatively impact the quality of the TCM (e.g. 

Cases 8 and 10). 

The saturated reservoir scenarios presented in Table 5-1 are Cases 4, 6, 7, 9, 15, 16, and 

19.  Single-phase analysis of some of these cases, namely Cases 4, 6, and 16, produced 

good k estimates.  The two-phase analysis of these cases is examined in detail in Sections 

5.10.2 and 5.10.3. 

In general, results obtained indicate that for a gas condensate reservoir, operating with 

Pwf < Pdew the extent to which permeability estimates from single-phase analysis are 

impacted by two-phase effects is dependent not only on the condensate saturation levels 

that occur around the wellbore during the transient flow regime, but also on the timing of 

the point at which the entire drainage volume becomes two-phase. 

For cases like 1, 2, 4, 5, 6, and 16, single-phase analysis produced k estimates consistent 

with the simulation model input because the average condensate saturations in the two-

phase region during transient flow did not exceed levels for which krg dropped below 0.7-

0.8.  Generally, for cases in which the average condensate saturation exceeded such 

levels, the k estimate began to reduce significantly (i.e. more than 10% underestimation).  

However if, for such cases, the onset of two-phase conditions in the entire reservoir was 

delayed (due to higher degrees of undersaturation), then once again single-phase analysis 

began to produce reasonably good estimates of k, e.g. Cases 12, 13, 14, and 17. 

It is also worth mentioning that for cases in which two-phase effects were significant, 

causing underestimations in k, and in some cases in re, the application of two-phase 

corrections in the spatial domain, i.e. by using two-phase pseudopressures, produced 

improvements in the permeability estimates (i.e. bringing the k estimate closer to the 

absolute value).  However, failure to simultaneously apply corrections in the temporal 

domain (i.e. using the equivalent phase MBPT) resulted in overoptimistic drainage area 

estimates, accompanied by low skin estimates.  This kind of scenario is most relevant for 

methods like the classical Fetkovich type curves which employ raw time, rather than a 

superposition time function, and for which the tendency would be to employ two-phase 

pseudopressures and raw time in the data analysis.  
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5.10.1. Undersaturated Cases: Use of Two-Phase Steady-State Pressure-Saturation 

For Cases 3, 5, 8, 10, 11, 12, 13, 14, 17, 18, and 20, two-phase analysis using the GTR 

based pressure-saturation relations produced accurate parameter estimates.  As can be 

seen from Table 5-1, these were cases for which the Sc,pwf% was within ±10%.  As 

mentioned earlier, Sc,pwf% is a computed measure of the closeness of the GTR predicted 

saturations to those observed in the simulation models.  These cases, for which the use of 

two-phase steady-state pressure-saturation prediction produced good results, were 

generally those for which Pi-Pdew was sufficiently high, which agrees with trends 

suggested in literature (Fussell, 1973, Raghavan et al., 1999).  In other words, for higher 

degrees of undersaturation, the predicted pressure-saturation response matched more 

closely with those in the simulation, because such conditions honoured the two-phase 

steady-state assumptions.  Figures 5-11 and 5-12 are graphical representations of the k 

and re estimates obtained using the conventional single-phase analysis and the equivalent 

phase analysis for the undersaturated cases mentioned above. 

For a gas condensate reservoir with closed outer boundaries, with Pi above Pdew, and 

producing at constant Pwf below Pdew, the condensate saturation profile observed around 

the wellbore during transient flow can be accurately predicted using two-phase steady-

state based theory (Jones and Raghavan, 1988) since the total original composition within 

the reservoir is the same as that flowing out of the wellbore. Here, the growth of the 

condensate region is not significant.  However, with the establishment of two-phase 

conditions in the entire reservoir, the underlying assumption of the two-phase steady-state 

theory is violated.  It is therefore interesting to note that for initially undersaturated 

reservoirs, two-phase steady-state based pseudovariables produce reliable type curve 

matches and parameter estimates, even though the two-phase steady-state assumption is 

violated at some point in the production period when �̅� falls below Pdew. 

The results obtained suggest that even though two-phase steady-state theory does not 

adequately capture the pressure-saturation response during BDF (when �̅� < 𝑃𝑑𝑒𝑤), it is 

adequate for the purpose of estimating kh and re and s from long-term production data 

affected by two-phase flow, as long as it adequately captures the pressure-saturat ion 

response around the wellbore during transient flow for constant pressure production.  This 

is a useful observation, given that two-phase steady-state pressure-saturation responses 

like the one employed in this study are particularly attractive because they are simple to 

compute if kr data and fluid PVT data are available. 
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Figure 5-11: Graphical representation of permeability (k) estimates for undersaturated cases from Table 

5-1, using single-phase production data type curve analysis, and the equivalent phase modifications (with 
GTR pressure-saturation data). 

 

 

Figure 5-12: Graphical representation of drainage radius (re) estimates for undersaturated cases from 

Table 5-1, using single-phase production data type curve analysis, and the equivalent phase 

modifications (with GTR pressure-saturation data). 
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5.10.2. Saturated Cases: Use of Two-Phase Steady-State Pressure-Saturation 

For saturated cases like Case 4, Case 6, Case 15, Case 16 and Case 19, the use of two-

phase steady-state pressure-saturation/kr in the two-phase analysis generally did not 

produce reliable parameter estimates.  From Table 5-1, it can be seen that for these cases, 

the predicted pressure-saturation responses were not sufficiently representative of the 

actual responses, as evidenced by the Sc,pwf %.  For Cases 4, 6, 15, and 16, two-phase 

analysis produced overestimated k.  This occurs because for these cases, the two-phase 

steady-state based approach overestimates the condensate saturations around the 

wellbore.  Under such conditions, the two-phase pseudopressure drop integral tends to be 

lower than it should be, with the result that the absolute k estimate from two-phase 

analysis is overestimated. 

Similarly, under such conditions, the equivalent phase MBPT integral is much lower than 

it ought to be, impacting the TCM on the time axis, and making the re estimate less 

reliable.  In such cases, re could be overestimated to varying degrees, and in some cases 

might be less affected, because the TCM parameter estimation equation for re includes 

the k estimate (Palacio and Blasingame, 1993).   

For Case 19, which employed the kr curves with enhanced kro (shown in Figure 3-6, in 

Chapter 3), the use of the two-phase steady-state methods gave condensate saturations 

which were lower than the actual values occurring around the wellbore, as evidenced by 

the very negative Sc,pwf %.  For this case, the two-phase analysis produced underestimated 

k.  This scenario would be associated rich gas condensate cases, with rock types 

associated with low condensate saturations under two-phase steady-state conditions, as 

discussed in Chapter 4. 

Cases 7 and 9, which are both saturated reservoir cases, are exceptions to the observed 

trends for saturated cases as the parameter estimates obtained for these cases, using two-

phase steady-state pressure-saturation data, were good.  These cases, owing to the 

particular combination of fluid richness and kr curves, fit the description of “scenario 1” 

(presented in Chapter 4) where the condensate saturation levels around the wellbore were 

found to be relatively insensitive to the degree of reservoir undersaturation. 

Figures 5-13 and 5-14 are graphical representations of the k and re estimates obtained 

using the conventional single-phase analysis and the equivalent phase analysis for the 

saturated cases discussed above. 
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Figure 5-13: Graphical representation of permeability (k) estimates for saturated cases from Table 5-1, 

using single-phase production data type curve analysis, and the equivalent phase modifications (with 

GTR pressure-saturation data). 

 

 

Figure 5-14: Graphical representation of drainage radius (re) estimates for saturated cases from Table 

5-1, using single-phase production data type curve analysis, and the equivalent phase modifications (with 

GTR pressure-saturation data). 

 

It is useful to note from the two-phase analysis results of these saturated cases, that the 

extent of overestimation or underestimation in the absolute k is not necessarily directly 

proportional to the Sc,pwf %, as the overall impact is dependent on the kr characterist ics 

too. 
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Clearly, for saturated cases, the use of the two-phase steady-state pressure-saturat ion 

response in the data analysis generally produces less satisfactory results, which is in line 

with fact that conditions in the saturated cases deviate from the two-phase steady-state 

assumptions.  For such cases, not only is the absolute k misinterpreted, but the estimates 

of re and s also become less reliable.  As such for these cases, the use of alternative sources 

of pressure-saturation/kr data, such as CCE curves, together with the equivalent phase 

concept was investigated. 

 

5.10.3. Saturated Cases: Using Alternative Sources of Pressure-Saturation Data 

An examination of the pressure-saturation responses in the near wellbore region (within 

10% of the drainage radius) during the transient flow regime, suggested that for saturated 

cases such as Case 4 and Case 16, where Pwf was also close to Pdew, the PVT liquid 

saturation curves (i.e. constant composition expansion (CCE) experiments) were 

sufficiently representative of the pressure-saturation response in the near wellbore region.  

Similar observations were pointed out in Chapter 4.  For these cases, two-phase analysis 

using CCE liquid saturation curves was attempted, with satisfactory results. 

For saturated cases like Case 15, where the Pwf was far lower than Pdew, neither the PVT 

liquid saturation curves nor the two-phase steady-state based pressure-saturat ion 

predictions were sufficiently representative.  For such a case, two-phase analysis using 

these two sources of pressure-saturation data was not satisfactory, and it was considered 

that saturations obtained using semi-analytical or numerical methods would be necessary.  

Table 5-2 shows the results of two-phase analysis for Cases 4, 15 and 16 using CCE liquid 

saturations, and for Case 15 using pore volume weighted average pressure-saturat ion 

curves, obtained from a region within 3 ft of the wellbore during transient flow in the 

numerical simulation model. 

The results show that indeed for Cases 4 and 16, two-phase analysis using the equivalent 

phase approach, in combination with CCE liquid saturations (rather than the GTR two-

phase steady-state based pressure-saturations) produced results which were consistent 

with the simulation inputs. 

For Case 15, the use of the equivalent phase approach with pressure-saturation responses 

from the numerical simulation produced accurate results, whereas the use of CCE liquid 

saturations produced an underestimated k.  These results confirm the reliability of the 
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equivalent phase based approach for two-phase production data type curve analysis in 

GCR, as long as the pressure-saturation relations employed are sufficiently representative 

of those occurring in the vicinity of the wellbore during the transient flow regime. 

 

Table 5-2: Saturated cases analysed using alternative sources of pressure-saturation responses. 

 
Fluid k r P i 

(psia) 
Pwf 

(psia) 
Match-point 

1-Phase 

(qdD=tdD=0.1) 

1PSP, 
1MPBT 

Match-point 
2-Phase 

(qdD=tdD=0.1) 

2PSP, 
2MBPT 

Pressure-Saturation from CCE Liquid Saturation Curves 

4a Lean (95/5) RC1B 4,260 4,000 reD=20 

q/Δp=0.09 
𝑡�̅�=80 

k=0.105 

re=1,205 
s=-5.15 

reD=20 

q/Δp=0.092 
𝑡�̅�=85 

k=0.108 

re=1,212 
s= -5.15 

15a Rich 
(88.5/11.5) 

TC 5,289 2,500 reD=15 
q/Δp=0.032 

𝑡�̅�=130 

k=0.049 
re=1,169 

s=-5.41 

reD=12 
q/Δp=0.04 

𝑡�̅�=135 

k=0.055 
re=1,203 

s=-5.66 

16a Rich 
(88.5/11.5) 

TC 5,289 5,000 reD=20 
q/Δp=0.052 

𝑡�̅�=90 

k=0.090 
re=1,238 
s=-5.18 

reD=20 
q/Δp=0.06 

𝑡�̅�=95 

k=0.103 
re=1,234 
s=-5.17 

Pressure-Saturation from simulation (average near wellbore) 

15a Rich 

(88.5/11.5) 

TC 5,289 2,500 reD=15 

q/Δp=0.032 
𝑡�̅�=130 

k=0.049 

re=1,169 
s=-5.41 

reD=12 

q/Δp=0.08 
𝑡�̅�=70 

k=0.110 

re=1,225 
s=-5.67 

 

It may be argued that the use of simulation-based pressure-saturation data requires more 

input data (i.e. reservoir characteristics) which might not be readily available.  For this 

reason, sensitivities were carried by altering the true skin, absolute permeability, and 

drainage radius of Case 15, while maintaining the original constant Pwf of 2,500 psia.  The 

results obtained from this investigation suggested that even with uncertainty in the actual 

s, k and re values, the pressure-saturation response from a numerical simulation model 

could still be useful.  The results obtained also suggested that in using pressure-saturat ion 

responses obtained from simulations, it is particularly important to employ responses 

from the near wellbore region, and to use models which honour the applicable wellbore 

operating constraints.  

These results, in effect, confirm that a pressure-saturation relation that is sufficient ly 

representative of the response in the near wellbore region during transient flow is 

adequate for the two-phase analysis of long-term production data using type curves. 

 

5.11. Trends in Skin Estimates  

From the cases examined, it was observed that the best estimate of true skin from two-

phase analysis was obtained when a good reD match and re estimate was obtained from 

the TCM.  It should be kept in mind that conventional techniques are based on single-



Chapter 5 – Equivalent Phase Production Data Analysis 

 

119 
 

phase models; this study attempts to handle the two-phase case by representing it as an 

equivalent single phase case.   

As mentioned towards the end of Section 5.9, the growth of the condensate bank (in radius 

and condensate saturation levels) can translate into gradual increases in the total skin.  If 

this happens during the transient flow regime, it can produce a progressive steepening in 

the transient stem of the decline curve, such that it no longer matches a unique reD from 

the type curves, which assume invariable skin and single-phase conditions.  For cases 

which exhibit this kind of steepening in the transient stem of the decline curve, a forced 

type curve match produces reD values which are lower than they would otherwise be 

(Sarisittitham and Jamiolahmady, 2014).  

Such distortions in the reD values affect the parameter estimates to varying degrees.  The 

drainage radius estimate is the least sensitive to such distortions in the reD stem.  This can 

be easily verified by examining the parameter estimation equations presented in Section 

3.5 of Chapter 3.  However, such reductions in the reD were found to affect the skin 

estimate, producing slight underestimations of skin even with single-phase analysis.  This 

is quite opposite to the expectation for skin estimates from single-phase analysis if total 

skin is increasing due to the growth of the condensate bank.  However, because long- term 

production decline data captures changes (if present) in skin during the entire transient 

period, distortions in the shape of the transient stem due to such skin changes over time 

can mask the expected larger skin when single-phase TCM is carried out.  It should be 

mentioned that even with such effects, two-phase analysis using the equivalent phase 

approach still produced skin estimates within 1 unit of the actual true skin value. 

For the severely undersaturated cases (Pi >>Pdew), e.g. Cases 1, 2, 11, 12, 13, 14, 17 and 

20, where the entire reservoir becomes two phase well after the establishment of stable 

BDF, reD was generally good.  In the single-phase analysis of such cases, where a 

deviation in the harmonic decline stem due to the onset of two-phase effects in the entire 

reservoir was present and prominent, the resultant uncertainty in the TCM (e.g. for Cases 

11, 12 and 20) translated into uncertainty in the re estimate and hence in the true skin 

estimate.  This scenario can be observed for Case 11 in Figure 5-8, presented in Section 

5.10.  The removal of this ambiguity in the BDF part of the TCM by the use of the 

equivalent-phase MBPT, improved the true skin estimate as shown in Figure 5-10, also 

presented earlier in Section 5.10. 
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For the saturated cases, e.g. Case 4, 6, 7, 9, 15, 16, and 19 it was observed that reD from 

single-phase analysis was generally good, because for these cases, changes in total skin 

during the transient flow period were not so significant.  For saturated cases 7, 9, 15 and 

19, where two-phase effects were significant, necessitating the use of two-phase methods, 

it was observed that the two-phase analysis TCM produced significantly lower reD.  For 

these saturated cases with significant two-phase effects, Figure 5-15 shows a schematic 

of the pressure-normalized rate (q/∆p) versus single-phase MBPT.  The dotted curve 

assumes the use of single-phase pseudopressure while the solid curve assumes the use of 

two-phase pseudopressure.  This figure illustrates the impact of accounting for multiphase 

effects only in the pseudopressure drop.  

In the schematic diagram shown in Figure 5-16, the dotted line employs two-phase 

pseudopressure and single-phase MBPT, while the solid line employs two-phase 

pseudopressure and the equivalent phase MBPT.  Figure 5-16 illustrates how the 

adjustment achieved by the use of the equivalent-phase MBPT during BDF is consistent; 

but during transient flow, less and less of a correction is obtained.  The consequent effect 

is that when the harmonic BDF stem of the data plot is force matched with the harmonic 

stem of the type curve, the transient stem appears steeper and matches a much lower reD 

value than that obtained from single-phase analysis.  As a result, although k is improved, 

and an accurate re is obtained from the two-phase analysis, reD is lower, giving skin 

estimates that are slightly on the lower side (i.e. more negative).  Figures 5-17 and 5-18 

illustrate the effect just described using Case 7. 

 

 
 

Figure 5-15: Schematic data plot showing the 

impact of using single-phase and two-phase 

pseudopressure. 

 
 

Figure 5-16: Schematic data plot showing the 

impact of using single-phase MBPT and equivalent 

phase MBPT. 
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Figure 5-17: Blasingame TCM for Case 7, rich fluid (MLDO = 28 %), single-phase analysis.  Simulation 

model inputs: k=0.1 md, s=-5.14, re=1200 ft. 

 

 

Figure 5-18: Blasingame TCM for Case 7, rich fluid (MLDO = 28 %), two-phase analysis.  Simulation 

model inputs: k=0.1 md, s=-5.14, re=1200 ft. 

 

This artificial steepening of the transient stem for two-phase analysis is most evident for 

cases where two-phase effects are particularly strong (i.e. cases associated with high 
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condensate saturations, due to rich fluids and/or rock types that have kr characterist ics 

which result in low total mobilities, and where the entire reservoir becomes two phase 

prior to the onset of stable BDF).  A new time adjustment, which was used in this study 

to counter this artificial steepening effect, is now discussed in Section 5.12. 

 

5.12. New Time Adjustment 

As pointed out in Section 2.3.2 of Chapter 2 (and further expanded in Appendix D) the 

MBPT function is defined for BDF.  For transient flow, it is an approximation.  In the 

analysis of single-phase cases, this creates no discrepancies in the type curve match 

because the data plots are constructed using the same MBPT function as the type curves, 

developed for single-phase flow.  The situation is however slightly different when the 

equivalent-phase MBPT is employed. 

The equivalent phase MBPT is a modification of the single-phase MBPT function.  As 

mentioned above, the single-phase MBPT function is adequate for BDF.  For this reason, 

the two-phase “correction” obtained by the use of the equivalent single phase fluid 

properties in the computation of the MBPT integral, is considered adequate for BDF 

conditions.  An examination of the severely undersaturated cases (t2phase > tBDF), e.g. Case 

11, showed that the equivalent phase MBPT function did indeed adequately adjust the 

BDF part of the data.  

It is postulated here that, because the single-phase MBPT function is an approximation 

for transient conditions, the “correction” achieved through the use of the equivalent phase 

concept is not adequate during transient flow.  This is evidenced by the steepening trend 

in the transient stem of the data plots computed using the equivalent phase MBPT, for 

cases where �̅� falls below Pdew during the transient flow regime. 

To alleviate this effect, Eq. 5-10, developed on an empirical basis using the simulated 

cases and supported by the MBPT theory, is proposed.  This equation successfully 

achieves the two-phase correction during BDF, while preventing the artificial steepening 

of the transient stem.  The new function is the single-phase MBPT function with a two-

phase scaling based on 𝜑𝑀𝐵𝑃𝑇  applied to it.  The term 𝜑𝑀𝐵𝑃𝑇 , expressed by Eq. 5-11, is 

the ratio of the single-phase MBPT integral and the equivalent-phase MBPT integral at a 

time beyond stable BDF, and is a reflection of the ratio of the viscosity compressibility 
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products for the single-phase gas and that of the equivalent single phase fluid.  In Figure 

5-19, it can be observed that 𝜑𝑀𝐵𝑃𝑇  for Case 7 approaches a constant value after BDF. 

𝑡𝑎,𝑛𝑒𝑤 = 𝜑𝑀𝐵𝑃𝑇
−1 .

𝜇𝑔𝑖𝑐𝑔𝑖

𝑞𝑔
∫

𝑞𝑔

𝜇𝑔(𝑃)𝑐𝑡(𝑃)
𝑑𝑡

𝑡 

0
  5-10 

Where 𝜑𝑀𝐵𝑃𝑇 =  
∫

𝑞𝑔

𝜇𝑔(�̅�)𝑐𝑡(�̅�)
𝑑𝑡

𝑡′

0

∫
𝑞𝑔

𝜇𝑒𝑞.𝑝ℎ
(�̅�)𝑐𝑡𝑜𝑡(�̅�)

𝑑𝑡
𝑡′

0

,      𝑤ℎ𝑒𝑟𝑒 𝑡′ > 𝑡𝐵𝐷𝐹  5-11 

This new time function was used in combination with the two-phase pseudopressures in 

the analysis of Cases 7, 9 and 10. 

 

 

Figure 5-19: Plot of the two-phase scaling,𝜑𝑀𝐵𝑃𝑇  (i.e. defined in Eq. 5-11), versus time for Case 7. 

 

Figure 5-20 shows a comparison of the pressure-normalized rate (q/∆p) versus single-

phase MBPT (dashed line), versus equivalent-phase MBPT (cross markers), and versus 

the new time function (solid line), for Case 7.  From the curve represented by the solid 

line in Figure 5-20, it is clear that the use of the new time function ensures that all points 

on the log-log plot based on the single-phase MBPT are effectively translated by the same 

log distance on the time axis.  As a result, there is no distortion in the transient stem, thus 

ensuring a better reD estimate and consequently a skin estimate that is closer to the true 

skin value.  The alleviation of the steepening trend in the transient stem for Case 7 is clear 

when Figure 5-21 is compared to Figure 5-18. 
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Figure 5-20: Pressure-normalized rate (q/∆P) for Case 7, using the three different MBPT functions. 

 

 

Figure 5-21: Blasingame TCM for Case 7 using two-phase pseudopressure and the new time function.  

Simulation model inputs: k=0.1 md, s=-5.14, re=1200 ft. 

 

Similar results were obtained for Cases 9 and 10.  Cases 7, 9 and 10 are all cases with 

fixed Pwf.  Therefore, a case with Pwf decreasing over time at 0.1psi/day was also 

attempted.  The time steps and bottomhole pressure decrements were carefully optimized 

to avoid setting up significant transients which would interfere with the boundary 
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dominated behaviour of the reservoir.  For this case as well, the use of the new time 

function removed the artificial steepening in the transient stem, giving better true skin 

estimates. 

This proposed time function is intended for use in combination with the two-phase 

pseudopressure drop, and is strictly for use only in cases where the entire reservoir 

becomes two-phase before stable BDF is attained.  Jones and Raghavan (1988) indicated 

that the use of their two-phase pseudopressure integral (based on steady-state theory) in 

the analysis of constant rate data produced reliable kh estimates, but less reliable skin 

estimates, typically lower by as much as 2 - 3 units compared to the actual true skin, and 

a 10% error in skin estimates for constant pressure cases.  It is therefore worth mentioning 

that for all the cases in this study, the equivalent phase based analysis of long- term 

production data, even with the artificial steepening effect described above, produced skin 

estimates that were well within 1 unit of the true skin model input. 

All the cases presented above included a negative skin (-5.14) to represent a stimulated 

well in a low permeability reservoir.  Some sensitivities were conducted with skin values 

changed from -5.14 to -4.23, and -2.84.  Cases with slightly positive skin (i.e. representing 

cases with near-wellbore damage) were also attempted.  The analysis of all these cases 

produced results consistent with those presented here. 

 

5.13. Equivalent Phase MBPT and Variable Rate Reservoir Limit Tests in GCR 

The successful application of the equivalent phase concept to two-phase production data 

type curve analysis (which includes the BDF regime), suggested that a similar approach 

could be used with straight- line analysis techniques such as the variable rate reservoir 

limit testing method of Blasingame and Lee (1988), which was originally developed for 

dry gas (single-phase) applications.  As described in Section 2.3.2 of Chapter 2, the 

technique involves plotting the rate-normalized pressure against material balance 

pseudotime, using data from the BDF regime.  This produces a straight line, the slope of 

which is used to estimate the drainage area (A).  

In employing this straight- line technique in this study, a dry gas simulation case was 

initially attempted, for which the reservoir drainage radius estimate was 1214 ft, 

compared to the simulation input of 1200 ft.  To verify the applicability of the equivalent 

phase approach to this technique, data from the BDF regime for selected cases from Table 



Chapter 5 – Equivalent Phase Production Data Analysis 

 

126 
 

5-1 were analysed, first using the original (single-phase based) technique, and then using 

the two-phase pseudopressure and the equivalent phase MBPT.  Three of these cases are 

presented in Table 5-3. 

 

Table 5-3: Results of reservoir limit testing (straight-line) analysis of selected cases. 

Case Fluid and k r curves P i 
(psia) 

Pwf 
(psia) 

Estimated re (ft) 
(1MBPT-1PSP) 

Estimated re (ft) 
(2MBPT-2PSP) 

Case 3 Lean (MLDO=7.3%) – RC1b 5,500 2,500 1,226 1,210 
Case 8 Rich (MLDO=28%) – RC1b 5,500 2,500 1,173 1,243 
Case 11 Rich (MLDO=28%) – RC1b 7,000 4,000 984 1,207 

 

It can be observed from these results that the use of the conventional single-phase straight-

line analysis technique produces underestimations in the drainage radius as two-phase 

effects become more significant.  These re estimates obtained from the single-phase 

straight- line analysis of the BDF data are similar to those obtained from the single-phase 

type curve analysis of the same cases presented in column 10 of Table 5-1. 

The improvement in re estimate particularly for the rich fluid case (Case11) is evident 

when the single-phase analysis, presented in Figure 5-22, is compared to the two-phase 

analysis, presented in Figure 5-23.  The data plotted here is from the initial stable BDF 

prior to the point at which the entire reservoir becomes two phase, as presented for the 

type curve analysis of Case 11 (see Figure 5-8).  Again, the drainage area estimates 

obtained from the two-phase straight- line analysis were consistent with the model inputs 

and those obtained from the two-phase type curve analysis of these cases.  

 

Figure 5-22: Variable rate reservoir limit test analysis for Case 11 (single-phase analysis). 
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Figure 5-23: Variable rate reservoir limit test analysis for Case 11 (two-phase analysis). 

 

These results demonstrate the value of the equivalent phase approach.  In other words, 

the combination of the two-phase pseudopressure drop, and the equivalent phase MBPT 

integral can be employed with the Blasingame and Lee (1988) straight- line technique for 

analysis of GCR under two-phase conditions.  The use of this combination of 

pseudovariables improves the quality of analysis in cases for which the use of single-

phase pseudovariables would otherwise produce underestimations of the drainage area.  

 

5.14. Results and Discussion: Single Fractured Vertical Well (SFVW) Models 

Following the examination of simulation cases using radial models with negative skin 

modelled using the effective wellbore radius approach, attention is now turned to the 

examination of cases with explicitly defined finite conductivity vertical fractures.  These 

cases were analysed using the conventional (single-phase) production data type curves 

presented by Pratikno et al. (2003) for finite conductivity vertical fractured wells, and  

then subsequently, using the equivalent phase-based modifications. 

All 16 SFVW cases considered are shown in Table 5-4 (single-phase analysis) and Table 

5-5 (two-phase analysis).  Cases 1, 2 and 3 were operated with Pwf above Pdew, i.e. single-

phase, while the remaining 13 cases were operated with constant Pwf less than Pdew.  A 

few of these cases, which highlight key observations, are discussed below.  

For purposes of comparison across cases (with different fluid richness levels) on the basis 

of similar Pi - Pdew and Pdew - Pwf, Case 4 can be compared to Case 14, Case 5 to Case 15, 
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and Case 7 to Case 16.  The TCM for Case 1 (shown in Figure 5-24), Case 2 and Case 3, 

all produced results consistent with the model inputs, thus validating the simula t ion 

models and the TCM analysis. 

From the results of the analysis of the two-phase cases presented in Table 5-4, it is evident 

that for the lean fluid cases, the single-phase analysis produces parameter estimates which 

are mostly accurate.  For example, Case 4, with a lean fluid, produced a k estimate within 

10% of the absolute k model input, and re estimate within 1% of the input re.  Cases 5 to 

8 show similar results.  

For the rich fluid cases, however, there are more significant reductions in the effective k 

estimates as two-phase effects become more significant.  This is most evident for Case 

14, with a comparable Pi - Pdew and Pdew - Pwf as Case 4, but for which the k estimate is 

40% lower than the absolute k input, while Xf and re are approximately 25% lower than 

the actual values.  

With increasing degrees of undersaturation, the matrix k estimates showed improvements, 

as can be seen when the effective k estimates (i.e. single-phase based analysis, Table 5-

4) of Cases 14, 15 and 16 are compared to each other. 

 

 

Figure 5-24: Type curve match for Case 1 (in Table 5-4), single-phase analysis.  Simulation model 

inputs: k=0.01 md, re=1242 ft, Xf=125.6 ft. (Type Curve Plot from Pratikno et al. (2003)). 
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Table 5-4: Single-phase analysis of SFVW cases – Simulation inputs: km = 0.01md, Xf = 125 ft, re=1242 ft. 

Case Fluid Type P i 
(psia) 

Pwf 
(psia) 

Output 

k  (md) 

Output 

Xf (ft) 

Output 

re (ft) 

Output 

s 

Comments 

Case 1 Lean, Pdew = 4,259 psia 5,500 4,500 0.010 125 1,247 -2.43 Single-Phase 

Case 2 Lean 7,500 4,500 0.010 125 1,245 -2.43 Single-Phase 
Case 3 Lean 10,000 4,500 0.010 125 1,245 -2.43 Single-Phase 

Case 4 Lean 4,500 4,000 0.009 129 1,227 -2.47 Tw o-Phase 
Case 5 Lean 5,000 4,000 0.009 123 1,227 -2.43 Tw o-Phase 
Case 6 Lean 5,500 4,000 0.010 123 1,233 -2.42 Tw o-Phase 

Case 7 Lean 7,000 4,000 0.010 123 1,226 -2.41 Tw o-Phase 
Case 8 Lean 10,000 4,000 0.010 125 1,246 -2.43 Tw o-Phase 

Case 9 Lean 5,500 3,000 0.007 113 1,130 -2.33 Tw o-Phase 
Case 10 Lean 7,000 3,000 0.008 114 1,136 -2.34 Tw o-Phase 
Case 11 Lean 10,000 3,000 0.010 123 1,230 -2.42 Tw o-Phase 

Case 12 Rich, Pdew,= 5,288 psia 7,000 4,000 0.007 96 964 -2.17 Tw o-Phase 

Case 13 Rich 10,000 4,000 0.009 109 1,093 -2.30 Tw o-Phase 

Case 14 Rich 5,500 5,000 0.006 98 930 -2.19 Tw o-Phase 
Case 15 Rich 6,000 5,000 0.008 109 1,087 -2.29 Tw o-Phase 
Case 16 Rich 8,000 5,000 0.010 119 1,195 -2.39 Tw o-Phase 

 

Table 5-5: Two-phase analysis of SFVW cases – Simulation inputs: k m = 0.01 md, Xf = 125 ft, re = 1242 ft. 

Case Fluid Type P i 

(psia) 
Pwf 

(psia) 
Output 
k  (md) 

Output  
Xf (ft) 

Output 
re (ft) 

Output 

s 

Comments 

Case 1 Lean, Pdew = 4,259 psia 5,500 4,500 - - - - Single-Phase 
Case 2 Lean 7,500 4,500 - - - - Single-Phase 

Case 3 Lean 10,000 4,500 - - - - Single-Phase 
Case 4 Lean 4,500 4,000 0.013 136 1296 -2.52 Tw o-Phase 

Case 5 Lean 5,000 4,000 0.011 126 1265 -2.45 Tw o-Phase 
Case 6 Lean 5,500 4,000 0.010 125 1253 -2.44 Tw o-Phase 
Case 7 Lean 7,000 4,000 0.010 124 1240 -2.43 Tw o-Phase 

Case 8 Lean 10,000 4,000 0.010 125 1246 -2.43 Tw o-Phase 
Case 9 Lean 5,500 3,000 0.010 127 1270 -2.45 Tw o-Phase 

Case 10 Lean 7,000 3,000 0.010 124 1236 -2.42 Tw o-Phase 
Case 11 Lean 10,000 3,000 0.011 127 1269 -2.45 Tw o-Phase 

Case 12 Rich, Pdew = 5,288 psia 7,000 4,000 0.011 127 1266 -2.45 Tw o-Phase 
Case 13 Rich 10,000 4,000 0.011 123 1233 -2.42 Tw o-Phase 

Case 14 Rich 5,500 5,000 0.011 131 1241 -2.48 Tw o-Phase 
Case 15 Rich 6,000 5,000 0.011 126 1261 -2.44 Tw o-Phase 

Case 16 Rich 8,000 5,000 0.011 126 1264 -2.45 Tw o-Phase 

 

Table 5-6: Comparison of single-phase analysis of SFVW cases with the analogous cases from Table 5-1. 

Case Fluid Type P i 
(psia) 

Pwf 
(psia) 

k 
error 

X f 
error 

re error s error Comment 

Case 5 – Table 5-4 Lean, Pdew = 4,259 psia 5,500 4,000 -9% -2% -1% -1% SFVW 

Case 5 – Table 5-1 Lean “ “ 4% - 1% 0% EWBR 
Case 12 – Table 5-4 Rich, Pdew = 5,288 psia 7,000 4,000 -29% -23% -22% -10% SFVW 

Case 11 – Table 5-1 Rich “ “ -28% - -21% -5% EWBR 

Case 13 – Table 5-4 Rich 10,000 4,000 -11% -13% -12% -5% SFVW 
Case 12 – Table 5-1 Rich “ “ -7% - -11% -2% EWBR 

 

Table 5-7: Comparison of two-phase analysis of SFVW cases with the analogous cases from Table 5-1. 

Case Fluid Type P i 
(psia) 

Pwf 
(psia) 

k 
error 

Xf 
error 

re error s error Comment 

Case 5 – Table 5-5 Lean, Pdew = 4,259 psia 5,500 4,000 3% 1% 2% 1% SFVW 
Case 5 – Table 5-1 Lean “ “ 4% - 1% 0% EWBR 

Case 12 – Table 5-5 Rich, Pdew = 5,288 psia 7,000 4,000 13% 1% 2% 1% SFVW 
Case 11 – Table 5-1 Rich “ “ 10% - 0% 0% EWBR 

Case 13 – Table 5-5 Rich 10,000 4,000 13% -2% -1% 0% SFVW 
Case 12 – Table 5-1 Rich “ “ 7% - -1% 0% EWBR 
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The results presented in Table 5-5 show that two-phase analysis using the combination of 

two-phase pseudopressure and the equivalent phase MBPT produce parameter estimates 

which are more consistent with the simulation inputs.  This requires that the pressure-

saturation/kr relationship employed are adequate, as discussed earlier in Section 5.10.  

Figures 5-25 and 5-26 show pressure versus saturation curves at distances of 1ft, 100ft 

and 1000 ft from the wellbore, in a direction perpendicular to the fracture plane,  for Case 

8 (a highly undersaturated lean fluid case) and Case 13 (a highly undersaturated rich fluid 

case), respectively.  

 

Figure 5-25: Comparison of pressure versus saturation curves at 1 ft, 100 ft and 1000 ft from the 

wellbore, and perpendicular to the hydraulic fracture plane, for Case 8. 

 

 

Figure 5-26: Comparison of pressure versus saturation curves at 1 ft, 100 ft and 1000 ft from the 

wellbore, and perpendicular to the hydraulic fracture plane, for Case 12. 
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These figures indicate that the pressure-saturation response in the near wellbore region is 

adequately captured by the GTR method which is used in the equivalent phase analysis 

of these cases.  This again demonstrates the importance of the near wellbore region when 

it comes to the two-phase production data type curve analysis of long-term production 

data as considered here.   

These SFVW results therefore revealed very similar trends to those observed for the cases 

presented in Table 5-1, where wellbore skin was modelled using an effective wellbore 

radius (EWBR).  To show this observation of similar trends in terms of parameter 

estimates, Table 5-6 and Table 5-7 present the parameter estimate percentage errors for 

some SFVW cases compared with those of analogous cases from Table 5-1.  The errors 

in k, re and s estimates can be seen to be mostly of the same order of magnitude. 

Observations in recent work by Tabatabaie et al. (2017a) which showed distinct ly 

different trends in the reservoir response (in terms of “time of arrival”, “time of detection” 

and reservoir depletion) in radial flow models compared to linear flow models under 

constant rate and constant pressure production constraints, suggest that the extension of 

observations in radial systems to linear systems must be approached with caution.  

It is therefore worth mentioning that the aim of examining the hydraulically fractured 

vertical well cases presented here was to verify whether the kinds of improvements 

obtained from the equivalent phase based type curve analysis of the radial models (with 

negative skin implemented as EWBR) could be observed in the type curve analysis of 

models with explicitly defined hydraulic fractures.  The results of the limited cases 

considered here suggest that there is value in the use of the equivalent phase approach for 

type curve analysis of hydraulically fractured cases of the kind considered here. 

In unconventional reservoirs with permeabilities which are well below those considered 

in this study, multifractured horizontal wells (MFHW) are a typical choice of well 

completion.  Nobakht et al. (2013) developed dimensionless type curves for a conceptual 

MFHW model.  Most recently, there have been attempts (Wei et al., 2016, Wei et al., 

2017) to extend Blasingame type curve analysis to MFHW, but did not present the type 

curves in dimensionless format with associated parameter estimation equations.  To 

extend the equivalent-phase approach to such complex completions, an initial step of 

developing dimensionless type curves and associated parameter estimation relations is 

needed.  This falls outside the immediate scope of this study. 
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5.15. Proposed Guidelines for Two-Phase Production Data Type Curve Analysis  

It can be found in some literature (Marhaendrajana and Blasingame, 2001) that 

conventional decline type curves (i.e. assuming single-phase flow) have been employed 

in the analysis of production data from GCRs.  The example cited here was for a giant 

condensate field with very lean fluid (MLDO of 1.5 %).  It is not uncommon to find that 

in industry, available software implementations of production data type curve analysis 

assume single-phase flow, and as such most analysts employ the conventional techniques 

even for GCRs where two-phase effects are present. 

The results presented in this chapter show that under certain conditions, the conventiona l 

techniques would work well, however there are also conditions where the resulting 

interpretations would be significantly impacted by two-phase effects.  As such, an attempt 

was made to identify some general practical “rules of thumb” to guide two-phase analysis 

using modern production data type curves. 

To achieve this, the results already presented were examined.  Also, an index of the 

condensate saturations observed in the two-phase regions around the wellbore in the 

simulation models, during the transient flow period, was defined.  The condensate 

saturation index employed was calculated, for each simulation case, as an arithmetic 

average of non-zero saturation values averaged for each grid cell within the defined region 

over the defined time (tIA), and then averaged radially.  This index was used as an indicator 

to set limiting condensate saturation levels above which two-phase analysis methods 

would be deemed necessary to improve the quality of data interpretation.  Using this 

index, it was found that single-phase analysis produced k estimates consistent with the 

model inputs when the average condensate saturations in the two-phase region during the 

transient flow regime remained below levels for which krg dropped below 0.7-0.8. 

The guidelines outlined in the next paragraphs, and laid out in the flow chart shown in 

Figure 5-27, are based on results from simulation models examined in this chapter, which 

did not include non-Darcy velocity effects or pressure-dependent permeability effects. 

Level 1: Initial Single-Phase Analysis 

Data needed: Gas PVT data, production data (flowrates and Pwf), and �̅� versus time. 

It is recommend to always begin with single-phase analysis to obtain preliminary 

estimates of k, re and s, which can be compared to other sources of reservoir and well 
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parameter estimates, if available.  The next step would be to determine the severity of the 

two-phase conditions.  For this purpose, the following guidelines would be applicable. 

1. On the data plot obtained using single-phase analysis, locate the point in time 

where stable boundary-dominated flow (BDF) occurs. 

2. Determine the average reservoir pressure (�̅�) at tBDF.  If �̅� at tBDF is above Pdew, 

then single-phase methods could potentially give good estimates of k, re and s, if 

a confident TCM can be obtained. 

3. If �̅� goes below Pdew during transient flow, as would be the case for a saturated or 

nearly-saturated reservoir, two-phase methods may be necessary to improve the k 

estimates.  Whether or not two-phase methods are required depends on the 

condensate saturation levels that occur around the wellbore during the transient 

flow regime. 

Level 2: Assessing Need for 2-Phase Analysis 

Data needed: In addition to data required at level 1, base kr curves 

4. Examine the kr versus saturation curves applicable to the particular well under 

analysis.  Identify condensate saturation associated with krg ≅ 0.8.  Based on the 

results of this study, when the condensate saturation levels occurring around the 

wellbore during transient flow exceed this value, the quality of single-phase 

analysis of the long-term production data begins to be negatively impacted, 

thereby necessitating the use of two-phase analysis methods. 

5. Determine the most likely representative source of pressure-saturation data (i.e. 

PVT liquid saturations, GTR-based pressure-saturation, semi-analytically- or 

numerically-generated pressure-saturation) for use in the two-phase analysis, 

depending on the pressure differentials (i.e. Pi-Pdew and Pdew-Pwf) under 

consideration.  

6. From the selected source of pressure-saturation data, examine the condensate 

saturations associated with the operating pressure ranges (Pi - Pwf), and compare 

these to the condensate saturation levels determined earlier (point 4).  If the 

condensate saturation levels associated with the operating pressure ranges are 

higher than that determined from step 4, then two-phase analysis should be 

considered necessary.  
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Figure 5-27: Flow chart of proposed approach for handling two-phase production data type curve 
analysis in gas condensate reservoirs. 
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5.16. Conclusions  

This chapter presented the analysis of production data from gas condensate reservoirs 

(GCR), operating at constant flowing well pressure (Pwf) below dewpoint pressure (Pdew), 

using an equivalent phase based approach.  Type curve and straight- line methods were 

employed.  Varying degrees of undersaturation, fluid richness and rock types were 

considered, highlighting their impact on conventional analysis techniques, the equivalent 

phase approach, as well as on the choice of pressure-saturation data used in two-phase 

analysis.  Using production data from simulation models, the results demonstrated that: 

 The severity of the impact of two-phase effects on the quality of type curve match 

(TCM) and parameter estimates was dependent on condensate saturation levels 

occurring in the two-phase region around the wellbore during the transient flow 

period, as well as the point at which the entire reservoir became two-phase (which 

depended on the degree of undersaturation). 

 Two-phase analysis using a combination of two-phase pseudopressures and a 

material balance pseudotime (MBPT) integral computed using equivalent phase fluid 

properties produced reliable TCMs and accurate parameter estimates, as long as 

sufficiently representative pressure-saturation data were employed.  

 In this study, where two-phase steady-state based pressure saturation predictions 

were employed, good results were obtained when Sc,pwf% (i.e. a computed measure 

of the closeness of predicted saturations to actual saturations in the near wellbore 

regions of the simulation models during the transient flow period) was within 10%.  

 The use of equivalent single phase based pseudovariables allowed production data 

from GCRs under two-phase conditions to be analysed using type curves and 

corresponding parameter estimation equations based on single-phase interpretat ion 

models. 

 For initially undersaturated reservoirs, even though two-phase steady-state theory 

does not adequately capture the pressure-saturation response in the reservoir during 

boundary dominated flow (BDF), with �̅� < 𝑃𝑑𝑒𝑤, it proved adequate for the 

computation of two-phase pseudovariables used in estimating kh, re and s, from long-

term production data.  This is true, as long as such pressure-saturation data are 

sufficiently representative of the actual pressure-saturation response around the 

wellbore during the transient flow regime. 
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At high degrees of undersaturation (i.e. Pi >> Pdew): 

 Two-phase steady-state pressure-saturation predictions became more representative, 

and therefore produced more reliable two-phase analysis results. 

 If sufficient stabilized boundary dominated flow was attained before the entire 

reservoir became two phase (with a resultant discontinuity/kink in the decline curve), 

then a reasonable TCM might still be obtained with relatively reliable parameters 

estimates using single-phase analysis.  However, deviations in the harmonic decline 

stem resulting from the presence of the kink could make the TCMs less certain, 

thereby impacting the quality of re and s estimates.  The use of the equivalent phase 

MBPT resolved such deviations, producing more confident TCM and parameter 

estimates. 

 For highly undersaturated cases, where the entire reservoir became two phase well 

after stable BDF, the two-phase “correction” achieved using the equivalent phase 

MBPT was adequate.  

At low degrees of undersaturation (i.e. Pi ≈Pdew): 

 Two-phase conditions were established in the entire reservoir before stable BDF, 

and the impact of two-phase effects on the decline curve appeared to be most 

significant, particularly for cases with rich fluids, producing lower k estimates from 

single-phase analysis. 

 The use of two-phase steady-state pressure-saturation/kr in the analysis of such 

cases could overpredict or underpredict the saturations that actually occur around 

the wellbore, causing overestimated or underestimated absolute k, and less reliable 

re and s estimates. 

 For saturated reservoirs (Pi ≈ Pdew) with Pwf close to Pdew the use of CCE liquid 

saturations in the equivalent phase based analysis produced reliable results. 

 For saturated reservoirs (Pi ≈ Pdew) with Pwf considerably lower than Pdew, neither 

the CCE liquid saturation curves nor two-phase steady-state pressure-saturation/k r 

predictions were sufficiently representative.  For such cases, a semi-analytical or 

numerical approach to determining applicable pressure-saturation responses was 

deemed necessary. 

 For saturated and nearly saturated cases, in which the entire drainage volume 

became two phase before stable BDF, it was noted that when two-phase effects 

were significant, an “artificial” steepening of the transient stem of the decline curve 

data plot occurred with the use of the equivalent phase MBPT.  This effect, which 
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resulted in slightly lower skin estimates from two-phase analysis, was attributed to 

the definition of the material balance time/pseudotime function being approximate 

for the transient flow regime.  This steepening effect was corrected using a new 

time function, introduced in this work, which is only applicable for use in cases 

where the entire drainage volume becomes two phase prior to stable BDF. 

This study further demonstrated the applicability of the equivalent single phase concept 

to straight- line analysis of BDF GCR data, using the variable rate reservoir limit testing 

technique (Blasingame and Lee, 1988).  For cases with significant two-phase effects, the 

use of the equivalent phase pseudovariables was shown to result in improvements in 

reservoir drainage radius estimates, which would otherwise be underestimated. 

The equivalent single phase concept was also extended to production data type curve 

analysis of vertical wells with finite conductivity fractures (Pratikno et al., 2003) in low 

permeability GCRs.  Very similar improvements in reservoir and well productivity 

parameter estimates as those obtained using the Blasingame type curves (Palacio and 

Blasingame, 1993), based on a radial flow vertical well interpretation model, were 

demonstrated. 

 

 



 

CHAPTER 6 – PRESSURE-DEPENDENT MATRIX EFFECTS 
 

6.1. Introduction 

Conventional production data type curve techniques, like those which have so far been 

employed in this study (Palacio and Blasingame, 1993, Pratikno et al., 2003), are 

generally based on interpretation models which assume pressure-independent matrix 

permeability and porosity.  In low permeability gas/gas condensate reservoirs (GCR), the 

presence of pressure-dependent permeability (p-k) and porosity (p-ϕ) effects can impact 

the quality of interpretation obtained using conventional techniques, which assume 

constant matrix properties. 

Experimental work on stress/pressure dependence of permeability and porosity have 

demonstrated such effects to be particularly important in low permeability reservoirs (Fatt 

and Davis, 1952, Fatt, 1953, McLatchie et al., 1958, Vairogs et al., 1971, Thomas and 

Ward, 1972, McKee et al., 1988, Kikani and Pedrosa, 1991, Rushing et al., 2007, Dong 

et al., 2010), with porosity being generally less severely affected. 

A significant amount of literature examines the impact of such effects on pressure 

transient analysis, and often under single-phase conditions.  There are some studies on 

the impact of such effects on production data analysis, PDA, (Thompson et al., 2010, 

Okouma Mangha et al., 2011, Clarkson et al., 2013).  However, very few consider the 

impact of such effects on type curve analysis of long-term production data and under 

multiphase conditions. 

This chapter therefore examines long-term production data type curve analysis in low 

permeability gas and gas condensate reservoirs in the presence of p-k and p-ϕ effects.  The 

material presented in this chapter highlights the impact of such effects on the decline 

behaviour and on the quality of reservoir and well productivity parameter estimates 

obtained using conventional production data type curves, under both single-phase and 

multiphase conditions. 

To achieve this purpose, simulated production data with p-k and p-ϕ effects, modelled 

using exponential functions (Nur and Yilmaz, 1985, McKee et al., 1988), were first 

analysed using conventional constant property type curves (Palacio and Blasingame, 

1993).  Pseudovariables modified for p-k effects, as suggested in literature (Raghavan et 

al., 1972, Evers and Soeiinah, 1977, Ostensen, 1986, Thompson et al., 2010, Clarkson, 

2013, Clarkson et al., 2013), and for p-ϕ effects as proposed in this work, were then 



Chapter 6 – Pressure-Dependent Matrix Effects 

 

139 
 

employed in the type curve analysis.  Dry gas (i.e. single-phase) cases were first 

considered, and then the simultaneous impact of multiphase and stress-dependent matrix 

effects was examined using GCR models, the analysis of which relied on the equivalent 

single phase approach (presented in Chapter 5) with p-k and p-ϕ considerations. 

The results show that strong p-k effects cause reductions in the permeability estimates 

and drainage area estimates obtained from conventional production data type curve 

analysis - both observations being consistent with existing literature.  The results also 

reveal that, for the constant flowing well pressure cases examined here, high degrees of 

p-k effects can produce responses during boundary dominated flow (BDF) which, as 

observed from the decline data plot, mimic those associated with pressure support - a 

trend hitherto not reported in literature.  Additionally, the results demonstrate that the use 

of pseudovariables modified to account for p-k and p-ϕ effects, effectively linearize the 

governing flow equations, allowing for accurate type curve matching and parameter 

estimation using conventional modern production data type curves in stress-sensitive gas 

and gas condensate reservoirs. 

 

6.2. Data Summary: Reservoir and Fluid Models 

The one-dimensional radial homogeneous reservoir simulation model described in 

Chapter 3 was used, with permeabilities of 1 md and 0.1 md, and with p-k and p-ϕ effects 

implemented using drawdown-dependent transmissibility and pore volume multipliers. 

Effective stress changes were assumed to be hydrostatic, i.e. no consideration was given 

to directional sensitivity in the p-k and p-ϕ response.  Also, no consideration was given 

to hysteresis effects in p-k and p-ϕ responses.  For GCR cases, the same relative 

permeability (kr) data was used for both stress-sensitive and stress-insensitive cases. P-k 

curves of the "concave-upward" kind were used in most of the simulations, however a 

few cases with p-k curves of the less commonly reported "concave-downward" kind, 

mentioned in Chapter 2, were also examined. 

To begin, a dry gas model very similar to one of those presented by Archer (2008), 

summarized in column 2 of Table 6-1, was set up. Following this case from literature, 

with matrix permeability and porosity of 1 md and 10%, respectively, subsequent models 

were modified to have a lower permeability of 0.1 md, and porosity of 0.06.  In addition 



Chapter 6 – Pressure-Dependent Matrix Effects 

 

140 
 

to p-k effects, p-ϕ effects were incorporated in this study, in contrast with the work Archer 

(2008) in which constant pore volume (PV) was assumed.   

 

Table 6-1: Description of reservoir model reproduced from literature for p-k study. 

 Archer (2008) This Study 

Area 15 acres 15 acres, (re = 456 ft) 
Initial Reservoir Pressure 5,000 psia 5,500 psia 
Well Flowing Pressure 350 psia 500 psia 
Initial Permeability 1 md 1 md 
Fluid, specific gravity dry gas, 0.71 dry gas, 0.65 
Porosity 10% 10% 
Skin 0 0 

 

The dry gas fluid model described in Table 3-3 of Chapter 3 was used.  All the dry gas 

cases were run using the ECLIPSE 100 black oil simulator, at constant flowing well 

pressure (Pwf), with a drawdown of 5,000 psi. 

For multiphase cases, run using the ECLIPSE 300 compositional simulator, the rich gas 

condensate fluid (C1/C10 = 88.5/11.5, MLDO = 28% at 4,300 psia) and the RC1b gas 

condensate kr curves, presented in Chapter 3, were used. 

 

6.3. Incorporating p-k and p-ϕ Effects into the Simulation Models 

To model p-ϕ effects, Eq. 6-1 modified from McKee et al. (1988) was used.  At very low 

initial porosity and with η assumed to be 1, Eq. 6-1 can be reduced to Eq. 6-2. 

𝜙 = 𝜙𝑖
𝑒−�̅�𝑝𝜂 ∆𝑝

1−𝜙𝑖(1−𝑒−�̅�𝑝𝜂 ∆𝑝)
 6-1 

 

𝜙 = 𝜙𝑖𝑒−𝑐̅𝑝∆𝑝 6-2 

 
To account for the more commonly reported concave-upward p-k effect, Eq. 6-3, which 

combines Eq. 6-2 with an assumption that the relationship between k and ϕ is 𝑘 = 𝑎∅𝜔  

(Shabaninejad and Haghighi, 2011), was used.  Here, a is a constant and 𝜔 is the exponent 

for this exponential correlation between porosity and permeability. 

𝑘 = 𝑎 ∅𝑖
𝜔𝑒−𝜔𝑐̅𝑝∆𝑝 = 𝑘𝑖𝑒−𝜔𝑐̅𝑝∆𝑝 6-3 

A comparison of Eq. 6-3 to Eq. 2-22 (in Chapter 2) suggests that the permeability 

modulus, 𝛾, can be expressed as 𝜔𝑐�̅�, i.e. the permeability modulus can be determined 

for a given pore volume compressibility.  Exponential correlations between k and ϕ of the 

kind mentioned by Shabaninejad and Haghighi (2011), have been supported by 
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experimental results from tight reservoirs for which 𝜔 has been suggested to be 

approximately between 6 and 8 (Luffel et al., 1991, Blasingame, 2008).  For this study, γ 

ranging from the order of 1E-5 psi-1 to 1E-3 psi-1, was found to be justifiable based on 

experimental data from literature (Vairogs et al., 1971, Thomas and Ward, 1972, Jones 

and Owens, 1980, McKee et al., 1988, Luffel et al., 1991, Mohiuddin et al., 2000, 

Rushing et al., 2007, Archer, 2008, Blasingame, 2008).  For the case reproduced from 

literature (Archer, 2008), 𝛾 = 1.5E-3 psi-1 was employed. This value of 𝛾, although not 

explicitly stated in the cited literature, was found to produce a p-k curve which matched 

most closely with the most severe exponential p-k curve plot presented by Archer (2008). 

Compressibility (𝑐�̅�) values of the order of 1E-6 psi-1 to 1E-4 psi-1 were considered, on the 

basis of the established relationship, 𝛾 = 𝜔𝑐�̅� , with 𝜔 = 6 to 8.  Figure 6-1 shows the 

transmissibility and PV multipliers for the most stress-sensitive scenario considered. 

 

Figure 6-1: Transmissibility and PV multipliers for 𝛾 = 1E-3 psi-1 and 𝑐̅𝑝 = 1.5E-4 psi-1. 

 

6.3.1. Variable Pore Volume Compressibility Considerations 

Although 𝑐 ̅𝑝 was assumed to be constant for most of the cases simulated, the exponentia l ly 

declining 𝑐�̅� observation reported by McKee et al. (1988), i.e. Eq. 2-26 (Chapter 2), was 

also examined.  From the experimental data presented by McKee et al. (1988) for the case 

with variable 𝑐�̅�, the value of 𝜗 in Eq. 2-26 was found to be approximately 1.5 times the 

initial pore volume compressibility (𝑐𝑜). 
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Figure 6-2 shows the constant and exponentially declining 𝑐�̅� based on Eq. 2-26, with the 

initial pore compressibility, 𝑐𝑜 , equal to 1.5E-4 psi-1.  Based on the relationship given 

above between 𝛾 and 𝑐 ̅𝑝, a value of 𝛾 = 1E-3 psi-1 was employed.  Figure 6-3 shows the 

transmissibility and PV multipliers for the constant and variable 𝑐�̅� case.  

 

 

Figure 6-2: Constant versus exponentially declining pore volume compressibility, 𝑐̅𝑝. 

 

 

Figure 6-3: A comparison of transmissibility and pore volume (PV) multipliers for constant and variable 

𝑐̅𝑝 and 𝛾.  The variable 𝑐̅𝑝, and consequently variable 𝛾 considered here, produced slightly more 

significant difference in the PV multipliers, than in the transmissibility multipliers. 
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6.3.2. Concave-Downward p-k Cases 

As was mentioned in Chapter 2, although p-k curves of the concave upward kind are the 

most commonly reported in experimental data presented in literature, Mohiuddin et al. 

(2000) presented results which showed concave-downward p-k and p-ϕ responses for 

limestone.  They explained that for rocks which exhibit this kind of response, the pores 

are predominantly incompressible at low effective stress, but at high effective stress, 

sharply decreasing porosity and permeability are observed, indicating possibly collapse 

of some brittle pores due to pressures in excess of the yield point of the rock. 

To model concave-downward p-k curves in this study, the following exponential decline 

function, Eq. 6-4, was used. In this equation, 𝑃 is the pore pressure, ∆𝑃 refers to the 

pressure decrease, i.e. 𝑃𝑚𝑎𝑥 − 𝑃.  The maximum pore pressure, 𝑃𝑚𝑎𝑥 , was taken to be 

equal to the initial reservoir pressure, 𝑃𝑖. 

𝑘

𝑘𝑖
=

1 −𝑒𝛾(∆𝑃−∆𝑃𝑚𝑎𝑥)

1 −𝑒𝛾(∆𝑃𝑚𝑖𝑛−∆𝑃𝑚𝑎𝑥) =
1 −𝑒𝛾(𝑃𝑚𝑖𝑛−𝑃)

1 −𝑒𝛾(𝑃𝑚𝑖𝑛−𝑃𝑚𝑎𝑥) 6-4 

For Eq. 6-4, the ratio, 𝑘/𝑘𝑖, ranges from 0 (at 𝑃 = 𝑃𝑚𝑖𝑛), to 1 (at 𝑃 = 𝑃𝑚𝑎𝑥).  For a 

combination of a large range of pore pressures and a large 𝛾, Eq. 6-4 can be reduced to 

Eq. 6-5.  Figure 6-4 shows transmissibility multipliers based on this equation, with γ = 

1E-3 psi-1. 

𝑘

𝑘𝑖
= 1 − 𝑒𝛾(∆𝑃−∆𝑃𝑚𝑎𝑥 ) = 1 − 𝑒𝛾(𝑃𝑚𝑖𝑛 −𝑃) 6-5 

 

 

Figure 6-4: Transmissibility multipliers for concave-downward p-k curve, 𝛾 = 1E-3 psi-1. 
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6.4. Log-log Rate-Time Plots of Simulated Cases 

Table 6-2 shows a summary of the cases considered, together with the parameter 

estimates obtained as outputs of conventional production data type curve analysis (TCA), 

i.e. using pseudovariables which do not account for multiphase effects or p-k and p-ϕ 

effects. 

The first 16 cases presented in Table 6-2 are dry gas cases, with p-k effects enabled for 

all except Cases 1, 3 and 4, and with PV assumed constant for Cases 1 to 11, while Cases 

12 to 16 include both p-k and p-ϕ effects.  Cases 17a, 17b, 17c, 18a, 18b, and 18c are all 

gas condensate cases with p-k effects enabled for the b and c cases. 

 

Table 6-2: Summary of cases and results of conventional production data type curve analysis (i.e. single-

phase constant property TCA). 

Dry Gas Cases.  P i = 5,500 psia, Pwf = 500 psia, Input drainage radius (re) = 456 ft 

Case Name 𝜸 (psi-1) 𝒄𝒑 (psi-1) Input s Input k 
(md) 

Output s Output k 
(md) 

Output re 
(ft) 

Case 1 0 0 0 1 0.00 1.011 454 
Case 2 1.5E-3 0 0 1 0.51 0.135 272 
Case 3 0 0 0 0.1 0.00 0.101 456 

Case 4 0 0 -4.18 0.1 -4.18 0.116 456 
Case 5 1E-3 0 0 0.1 0.35 0.022 321 
Case 6 1E-3 0 -4.18 0.1 -4.52 0.019 322 

Case 7, concave down 1E-3 0 0 0.1 -0.01 0.101 461 
Case 8 5E-4 0 0 0.1 0.12 0.035 402 
Case 9 1E-4 0 0 0.1 0.00 0.084 456 
Case 10, concave down 1E-4 0 0 0.1 0.00 0.084 456 

Case 11 1E-5 0 0 0.1 -0.01 0.101 461 
Case 12 1E-3 1.25E-4 0 0.1 0.39 0.022 308 
Case 13 1E-3 1.5E-4 0 0.1 0.41 0.022 302 
Case 14  1E-3 1.5E-4 -4.18 0.1 -4.44 0.018 296 

Case 15, variable �̅�𝑝 1E-3 1.5E-4 0 0.1 0.31 0.024 333 

Case 16, exaggerated �̅�𝑝 1E-3 1E-3 0 0.1 0.66 0.028 235 

Gas Condensate Cases.  P i = 7,000 psia, Pwf = 4,000 psia, Input re = 456 ft 

Case 17a 0 0 0 0.1 0.24 0.063 357 
Case 17b 5E-4 0 0 0.1 0.32 0.034 329 
Case 17c 1E-3 0 0 0.1 0.47 0.022 283 

Gas Condensate Cases.  P i = 5,288 psia (Pdew), Pwf = 2,500 psia, Input re = 456 ft 

Case 18a 0 0 0 0.1 0.00 0.016 454 
Case 18b 5E-4 0 0 0.1 0.09 0.007 416 

Case 18c 1E-3 0 0 0.1 0.27 0.004 349 

 

The simulated production data for each case was first examined on rate-time log-log plots 

for trends in the long-term production decline behavior.  Figure 6-5 compares Cases 3, 5, 

8, 9 and 11 on a rate-time log-log plot. Here, the impact of increasing 𝛾 can be observed.  

Firstly, a decrease in the production rates during transient flow is evident.  Secondly, a 

decreasing trend in the rate of decline during BDF, which can be quantified by the decline 

exponent parameter (b), is visible. 
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A number of methods exist in literature for determining Arps’ decline parameter, b, from 

production data.  There are type curve matching methods, and a more recent loss ratio 

method (Ilk et al., 2008), which is derivative based.  In this study, the Fetkovich type 

curves (Fetkovich, 1980) are employed.  The log-log plot for Case 3, which excludes p-k 

effects, is matched to the Fetkovich type curves in Figure 6-6, while that for Case 5, with 

𝛾 = 1E-3 psi-1, is shown in Figure 6-7.  It is clear from Figures 6-6 and 6-7 that with 

increasing 𝛾, the BDF regime of the decline curve fits a larger 𝑏 value. 

 

Figure 6-5: Comparison of decline behaviour for dry gas cases with various levels of p-k effect. 

 

 

Figure 6-6: Fetkovich type curve match for Case 3, no p-k effects. 

(Fetkovich type curve plot from Chen and Teufel (2000)). 
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Figure 6-7: Fetkovich type curve match for Case 5, 𝛾 = 1E-3 psi-1. 

(Fetkovich type curve plot from Chen and Teufel (2000)). 

 

For the homogeneous single- layer dry gas case with no p-k effects (i.e. Case 3) a 𝑏 value 

of 0.4, which agrees with what might be expected for a gas reservoir with Pwf of 0.1Pi 

(Fetkovich et al., 1996), was obtained.  However, for the same Pi and Pwf, with the 

inclusion of p-k effects, 𝑏 increased to values greater than 0.4. For Case 5, with 𝛾 = 1E-3 

psi-1, 𝑏 = 1 was obtained, as shown in Figure 6-7.  

This observation can be explained by the fact that with increasing p-k effects, fluid flow 

into the wellbore is restricted due to the increasingly significant k reduction particula r ly 

around the wellbore, where the greatest increase in effective stress occurs.  In other words, 

for such a case, BDF is established with more unproduced fluid present in the reservoir 

than would be the case for lower degrees of p-k effects (with the same Pi and Pwf, and 

compared within the same time frame).  This produces the slower rate of production 

decline during BDF (i.e. higher 𝑏) for the cases with increased p-k effects, compared to 

cases with less of the p-k effect. As will be shown in Section 6.5, this BDF trend can 

impact the quality of interpretation of the production data using modern type curves. 

In this study, with a maximum of 5,000 psi increase in effective stress (i.e. Pi = 5,500 

psia, Pwf = 500 psia), 𝛾 values less than 1E-4 psi-1 were found to produce minimal effects 

on the shape of the decline curve.  When the decline responses for Cases 12 and 13 which, 

like Case 5, have 𝛾 = 1E-3 psi-1 but with increasing PV compressibility (𝑐�̅�), were 

compared with Case 5, which assumes a constant PV, slight increases in the flow rates 
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during the transient flow period, transition and the early part of BDF period were 

observed, along with slight decreases in the b values during stable BDF. 

 

6.4.1.  Significance of the Decline Exponent Parameter, b 

As mentioned in Chapter 2, traditional decline curve analysis assumes a single- layer 

reservoir, constant Pwf, stabilized flow conditions, and non-changing completions and 

operating conditions.  For these conditions, 𝑏 values typically range between 0 and 1, 

with the majority between 0 and 0.4 (Arps, 1945). 

Fetkovich et al. (1987) suggested 𝑏 > 0 to be an indication of changing values of 

(𝑘𝑟/𝜇 𝐵 )𝑝 and (𝜇)𝑝(𝑐𝑡)𝑝 during reservoir depletion, while Fetkovich et al. (1990) 

showed higher 𝑏 (i.e. > 0.5) to be associated with layered systems without crossflow. 

Arps’ b parameter is known to be related to fluid properties and production conditions 

(Fetkovich et al., 1996, Laustsen, 1996, Chen and Teufel, 2002).  Fetkovich et al. (1996) 

presented a table with the range of expected 𝑏 values (from 0 to 1) depending on fluid 

type (single-phase liquid and gas wells), drive mechanisms, and well operating 

conditions.  They also suggested that a 𝑏 value closer to 1, is an indication of unrecovered 

gas that remains in low permeability layers, signifying a potential to increase production 

and recoverable reserves. 

Some more recent work, have also examined trends in the Arps b value in low 

permeability reservoirs.  Using single-layered gas reservoir simulation models with 

permeabilities ranging from 0.01 md to 1 md, and drawdown ratios (Pwf/Pi) from 0.001 

to 0.5, Yu (2011) suggested that b is sensitive to reservoir permeability at drawdown 

ratios exceeding 0.05.  For such cases, they reported higher b values than those suggested 

by Fetkovich being obtained for lower permeability reservoirs under the same reservoir 

production conditions in conventional reservoirs. 

The study presented in this thesis therefore examined a few sensitivities, in addition to 

the cases presented in Table 6-2, for which Pwf/Pi = 0.09 (i.e. Pi = 5,500 psia, Pwf = 500 

psia).  A case was considered with Pwf/Pi = 0.36 (i.e. Pi = 5,500 psia, Pwf = 2,000 psia).  

For both drawdown ratios, simulations with matrix k from 1 md to 0.001 md were 

examined.  For the case with Pwf/Pi = 0.36, b of 0.2 was obtained, compared to 0.4 for 

Pwf/Pi = 0.09 (i.e. Case 3).  However, for both drawdown scenarios, the change in k from 

1 md through to 0.001 md did not result in a change the b value.  The results obtained in 
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this study are therefore different from those reported by Yu (2011), and suggest that for 

a homogeneous single layered gas system, b is not sensitive to the absolute permeability. 

It is however significantly sensitive to p-k effects. 

Kabir et al. (2016) discussed Arps’ 𝑏 factor as a measure/index of energy support, with 

larger 𝑏 values suggesting higher energy support.  In this thesis, for cases with strong p-

k effects, the appearance of energy support comes from the unproduced fluids, which 

allow the reservoir to remain at higher pressures at BDF than would be the case if p-k 

effects were absent.  The 𝑏 value plays an important role in production forecasting and 

EUR estimation; and so although this study is not directly focused on productio n 

forecasting and EUR estimation, it is valuable to highlight the potential impact of p-k 

effects on trends in 𝑏. 

Tabatabaie et al. (2017b) demonstrated that when a system with pressure-dependent 

permeability, is produced at constant rate (CR), it can exhibit an apparent BDF response  

(i.e., linear trend on a Cartesian rate-time plot), even though flow is still transient.  A 

similar observation had earlier been made by Thompson et al. (2010).  This observation 

would imply that for such systems, the b value would show a decreasing trend from b>1 

(which is associated with transient flow) to some lower value, with a significant amount 

of unproduced fluid still present in the reservoir.  This effect, which  is not observed in 

constant-pressure cases (Tabatabaie et al., 2017b), would appear to be at odds with the 

discussion in this thesis.   

It is therefore useful to mention that the observations about increasing trends in b during 

BDF with increasing levels of pressure-dependent permeability, as presented in this 

thesis, are limited to constant pressure production scenarios.  In addition, the BDF 

referred to here is not an apparent one, since the timeframe of each of the simulation cases 

examined here is such that the pressure pulse established at the onset of production 

reaches the boundaries of the reservoir models. 

 

6.4.2. Concave-Downward p-k Case 

Figure 6-8 and Figure 6-9 show the production decline behaviour obtained for cases with 

concave-downward p-k decline.  In Figure 6-8, Case 7 (with a concave-downward p-k 

curve, 𝛾 = 1E-3 psi-1) is compared to Case 5 (with a concave-upward p-k curve, 𝛾=1E-3 

psi-1) and Case 3 (without p-k effects). 
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Figure 6-8: Comparison of decline behaviour for cases with concave-upward and concave-downward p-k 

effects (𝛾 = 1E-3 psi-1). 

 

From Figure 6-8, it can be observed that the decline behaviour for Case 7 is almost the 

same as that of Case 3, until much later during BDF when a slight separation occurs. In 

other words, the impact of p-k effects in Case 7 is almost negligible, compared to the 

response observed for Case 5. 

For this case (i.e. Case 7) with a concave-downward p-k behavior and a high 𝛾 (i.e. the p-

k curve shown in Figure 6-4), significant changes in stress are needed to produce 

noticeable reductions in k.  As such, for the same change in stress as the concave-upward 

case, the regions near the wellbore, for the concave-downward case, experience less k 

reduction.  This allows production to proceed in a manner almost like the case without p-

k effects, until the pressure reduction (and hence effective stress increase) and associated 

k reduction is more significant and wide-spread, i.e. extending further into the reservoir, 

at which point (i.e. around 2000 days, for Case 7) a separation is observed between Case 

3 and Case 7. 

Examining the transmissibility multipliers of each of the simulation blocks for Case 7 

over the production period, it was observed that ~2000 days corresponds to the point in 

time at which the permeability of all the blocks in the simulation model have dropped by 

20% or more due to the reduction in pore pressure.  If production were to proceed further, 

this separation between the BDF stems of Case 3 and Case 7 should continue to increase. 
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Figure 6-9 compares Case 10 (also with a concave-downward p-k curve, 𝛾 = 1E-4 psi-1) 

to Case 9 (with a concave-upward p-k, 𝛾 = 1E-4 psi-1) and Case 3 (without p-k effects). 

Here, there is not much of a difference between the decline behaviour for the concave -

upward case and the concave-downward case, both with a lower curvature of the p-k 

curve.  These results are included to highlight that the impact of the difference in the 

shape of the p-k curve, i.e. concave-upward/concave-downward is most important when 

the curvature of the p-k curve is significant, i.e. when 𝛾 is large. 

 

 

Figure 6-9: Comparison of decline behaviour for cases with concave-upward and concave-downward p-k 

effects (𝛾 = 1E-4 psi-1). 

 

6.4.3. Variable Pore Compressibility Case 

In Figure 6-10, a comparison is made between the decline response of Case 13, which has 

a constant 𝑐 ̅𝑝 = 1.5E-4 psi-1 and a constant 𝛾 = 1E-3 psi-1, and Case 15, which has an 

exponentially declining 𝑐�̅�, beginning from co = 1.5E-4 psi-1.  Since 𝑐�̅� is linked to 𝛾 as 

discussed in Section 6.3, the decline of 𝑐�̅�, translates into a decline of 𝛾.  As such, for 

Case 15, 𝛾 declines from an initial value 𝛾𝑜=1E-3 psi-1, as was presented in Section 6.3.1. 

For Case 15, therefore, matrix property stress-sensitivity decreases with increasing 

effective stress.  Given that the permeability modulus used for this case is on the high end 

of the range considered in this study, and using the 𝑐�̅� decline model suggested in 

literature (McKee et al., 1988), these results suggest that the impact of variable 𝑐�̅� on 
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long-term decline behaviour and subsequent production data analysis may not be 

particularly significant. 

 

 

Figure 6-10: Comparison of Case 13 (constant 𝑐̅𝑝, 𝛾) with Case 15 (variable 𝑐̅𝑝, 𝛾). 

 

6.4.4. Two-Phase Cases with p-k and p-ϕ Effects 

Figure 6-11 compares Cases 17a (without p-k effects), 17b (with 𝛾 = 5E-4 psi-1), and 17c 

(with 𝛾 = 1E-3 psi-1).  For cases with high degrees of undersaturation, the presence of a 

discontinuity/kink during BDF in the decline curve at the point when the entire reservoir 

turns two-phase, as discussed in Chapter 5, is evident.  What is also immedia te ly 

noticeable is that, with increasing 𝛾, the discontinuity occurs much later in time. 

For the same reasons described earlier for the dry gas cases, the average reservoir 

pressures for the GCR cases with increasing p-k effects are higher than corresponding 

cases without p-k effects.  This delays the establishment of two-phase conditions in the 

entire drainage volume.  This observation is in addition to that of the increasing trend in 

b with increasing 𝛾.  Although the onset of BDF may be slightly delayed for cases with 

significant p-k effects, the impact of the strong p-k effects on the point at which the entire 

reservoir becomes two phase appears to be relatively more significant.  The importance 

of this observation becomes evident when type curve analyses for these cases are 

examined in Section 6.5.3. 
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For the saturated cases, i.e. 18a (without p-k effects), 18b (with 𝛾 = 5E-4 psi-1), and 18c 

(with 𝛾 = 1E-3 psi-1), which are compared in Figure 6-12, trends similar to those seen in 

Figure 6-5 (dry gas cases) can be observed, namely, reduced production rates during the 

transient flow period and increasing b with increasing 𝛾. 

 

 

Figure 6-11: Comparison of decline response for Case 17a, 17b and 17c. 

 

 

Figure 6-12: Comparison of decline response for Case 18a, 18b and 18c. 
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6.5. Production Data Type Curve Analysis of Stress-Sensitive Cases  

Following the examination of the log-log rate-time plots, type curve analysis were 

conducted, first using conventional techniques (i.e. assuming constant matrix properties) .  

Analysis using modified pseudovariables (i.e. with consideration for p-k and p-ϕ effects), 

were then conducted to verify the effectiveness of this approach in resolving the 

nonlinearities caused by p-k and p-ϕ effects in long-term production data type curve 

analysis and parameter estimation. 

The modified pseudovariables, Eqs. 6-6 and 6-7 were employed, for single-phase 

analysis, while Eqs. 6-8 and 6-9 were employed for two-phase analysis.  Equation 6-6 is 

the form of single-phase pseudopressure modification for p-k effects found in literature.  

Equations 6-7 to 6-9 are pseudovariable modifications introduced in this study.  Equation 

6-7, is a single-phase MBPT modified for both p-k and p-ϕ effects.  Equations 6-8 is a 

two-phase pseudopressure drop modified for p-k effects only, and Eq. 6-9 is the 

equivalent phase MBPT modified for both p-k and p-ϕ effects.  

𝑚(𝑝)′ =
2

𝑘𝑖
∫

𝑘 (𝑝)

𝜇𝑔(𝑝)𝑍(𝑝)
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𝑃𝑖

𝑃𝑤𝑓
 6-6 

𝑡̅𝑎
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∫
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∅(𝑃)𝜇(𝑃)𝑐𝑡(𝑃)
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𝑑𝑝

𝑃𝑖
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] 6-8 

𝑡̅𝑎,𝑒𝑞.𝑝ℎ
′ =

𝜇𝑔𝑖 𝑐𝑡𝑖∅𝑖

𝑞𝑔𝑘𝑖
∫

𝑞𝑔𝑘(𝑝)

𝜇𝑒𝑞.𝑝ℎ(𝑃)𝑐𝑡(𝑃)∅(𝑃)
𝑑𝑡 6-9 

The use of these pseudovariables assumes the availability of sufficiently representative 

pressure/stress versus permeability and porosity data, representative pressure-saturat ion 

responses for two-phase conditions, as well as measured gas condensate kr data and fluid 

PVT data.  In particular, Eqs. 6-7 and 6-9 require the knowledge of porosity and 

permeability as a function for average pressure. The average pressure used in this study 

was that of the entire reservoir, obtained from the simulator. 

In recent work, Tabatabaie et al. (2017b) developed analytical solutions for linear flow in 

pressure-sensitive oil-bearing formations (extendable to gas systems through the use of 

pseudopressures).  As part of that work, they developed an explicit relationship between 

time and pseudotime for a system with p-k effects on the basis that the average pressure 

within the radius of investigation (�̅�𝑖𝑛𝑣) is constant for constant pressure production 

transient linear flow.  
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The use of �̅� of the entire reservoir works well for the permeabilities and reservoir sizes 

considered in this study.  Systems with much lower permeabilities and larger drainage 

radii may require the use of �̅�𝑖𝑛𝑣for the calculation of the MBPT during the transient flow 

regime of the long-term production data.  For this, the extension of methods like that 

presented by Tabatabaie et al. (2017b) to gas condensate systems could be useful. 

 

6.5.1. Dry Gas Cases - Conventional (Constant Property) Type Curve Analysis  

The analysis of Case 3 (without p-k effects), shown in Figure 6-13, confirms the accuracy 

of the type curve match (TCM) and the validity of the simulation models used.  Similar 

results were obtained for Case 1 as can be seen in columns 6 to 8 of Table 6-2. 

 

 

Figure 6-13: Blasingame TCM for Case 3: conventional analysis, 𝛾 = 0 psi-1, 𝑐̅𝑝 = 0 psi-1.  Simulation 

model inputs: k=0.1 md, re=456 ft, s=0. 

 

Figure 6-14 shows the TCM for Case 5, which has very significant p-k effects.  It can be 

observed that the k estimate, compared to k of 0.1 md at initial conditions, is reduced by 

as much as 78%.  The external reservoir radius of 456 ft is also underestimated by 30%.  

A slightly positive skin of 0.35, compared to the input value of 0, is also obtained.  Such 

underestimations in k and re agree with what has been reported in literature.  However, 

what is different about the results obtained in this study, compared to what is reported in 
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literature, is the observation of a BDF response that does not follow the harmonic decline 

stem.  The BDF stem of the data plot shows a progressively increasing deviation above 

the expected harmonic decline stem.  An examination of the equations on which the type 

curves are based sheds some light on the observed trend.  

 

 

Figure 6-14: Blasingame TCM for Case 5: Conventional Analysis, 𝛾 = 1E-3 psi-1, 𝑐̅𝑝 = 0 psi-1.  

Simulation model inputs: k=0.1 md, re=456 ft, s=0. 

 

Let us consider Eqs. 6-10 and 6-11, which were presented by Palacio and Blasingame 

(1993) as convenient theoretical expressions for use in decline curve analysis, and on 

which the Blasingame type curves are based.  

𝑞𝑔

∆𝑝𝑝
𝑏𝑎,𝑝𝑠𝑠 =

1

1+(
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, where 𝑏𝑎,𝑝𝑠𝑠 = 141.2 
𝜇𝑔𝑖 𝐵𝑔𝑖

𝑘𝑔ℎ
[

1

2
ln (

4

𝑒𝛾′
𝐴

𝐶𝐴 𝑟𝑤
2)] 6-10 

 

In dimensionless form, Eq. 6-10 becomes: 

𝑞𝐷𝑑 =
1

1+𝑡̅𝐷𝑑
 6-11 

As pointed out in Chapter 2, Palacio and Blasingame (1993) demonstrated that on the 

basis of these equations, decline curve analysis, using material balance time/mater ia l 

balance pseudotime, should exhibit a harmonic decline stem (i.e. 𝑏 = 1) during BDF. In 

these equations, it can be seen that 𝑏𝑎,𝑝𝑠𝑠 , the post-transient flow constant, is no longer 
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constant when permeability becomes pressure-dependent.  The relationship between the 

dimensionless decline variables (𝑡̅𝐷𝑑, 𝑞𝐷𝑑) and their dimensional quantities, is therefore 

no longer constant, but rather a progressively deviating quantity.  As such, when p-k 

effects are present, the BDF decline stem on the data plot fails to stabilize with a harmonic 

decline.  Very similar trends were observed for Cases 2, 5, and 8.  This behaviour in the 

BDF decline stem in the presence of p-k effects, were not mentioned by (Archer, 2008).  

Such progressively increasing trends in the BDF decline stem can be indicative of 

pressure support (Anderson and Mattar, 2004).  This observation reinforce the view that 

in using production data type curves as diagnostic tools, additional reservoir/well data 

should be used to confirm interpretations (Fetkovich et al., 1987).  In other words, the 

combination of both reduced permeability estimates and progressively increasing 

deviation of the data plot above the harmonic decline stem during BDF could be a “tell-

tale” of p-k effects.  However, additional sources of data (e.g. permeability measurements 

of reservoir core samples at initial reservoir stress conditions, reservoir pore pressure 

regime, petrophysical log data, production logging tests and material balance analysis 

which provide information on the presence/absence of natural pressure support e.g. a 

strong aquifer or gas cap) would be needed to suggest that permeability is indeed 

underestimated, and that the BDF deviation is not due to external pressure support.  

From the parameter estimates obtained for Case 11, shown in Table 6-2, it is clear that 

with a maximum of 5,000 psi change in pore pressure and 𝛾 of 1E-5 psi-1, parameter 

estimates are practically unaffected.  With 𝛾 = 1E-5 psi-1, the maximum stress change of 

5,000 psi, corresponds to a permeability reduction of only 5%.  In this study, such 

reductions in k did not have any observable effect on the long-term decline response and 

parameter estimates. 

The conventional analysis of Case 7 (with a concave-downward p-k curve, 𝛾 = 1E-3 psi-

1) gave very good parameter estimates compared to Case 5 (with a concave-upward p-k 

curve and a 𝛾 of the same magnitude), which produced severely underestimated k and re 

estimates, as can be seen from Table 6-2.  Case 10 (with a concave-downward p-k curve, 

with 𝛾 = 1E-4 psi-1) gave the same results as Case 9, which has a concave-upward p-k 

curve and a 𝛾 of the same magnitude (i.e.1E-4 psi-1) as Case 9.  These TCM results agree 

with the observations from the log-log rate-time plots for these cases, which were 

examined earlier in this discussion. 
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Results for Cases 12 to 16, with strong p-k effects (𝛾 = 1E-3 psi-1) and varying degrees of 

p-ϕ effects are shown in Table 6-2.  Cases 12, 13, and 14, compared to Case 5 (which has 

only p-k effects, 𝛾 = 1E-3 psi-1), show slightly more reduced re estimates.  The TCM 

results of Case 15 (with variable 𝑐�̅� and 𝛾) compared to Case 13 (with constant 𝑐�̅� and 𝛾) 

are very similar, which again agrees with observations from the log-log plots. 

A few negative skin cases were also considered, i.e. Case 4 (no p-k effects), Case 6 (with 

p-k effects), and Case 14 (with p-k and p-ϕ effects).  These cases showed very similar 

trends in the impact of p-k effects on the BDF decline stem as well as the k and re 

estimates. Following the conventional type curve analysis, the modified pseudovariab les 

were employed in the analysis.  The results obtained are discussed next. 

 

6.5.2. Dry Gas Cases - Type Curve Analysis Using Modified Pseudovariables 

Table 6-3 shows the parameter estimates obtained from the analysis of selected cases 

from Table 6-2 (i.e. Cases 2, 5, 6, 13, 15, 16, 17 and 18) using pseudovariables modified 

for multiphase and p-k/p-ϕ effects. 

 
Table 6-3: Results of production data type curve analysis using pseudovariables modified for p-k and p-ϕ 

effects.  

Dry Gas Cases, P i = 5,500 psia, Pwf = 500 psia, Drainage radius (re) = 456 ft 

Case Name 𝜸 
(psi-1) 

𝒄𝒑 

(psi-1) 

Output s Output k 
(md) 

Output re 
(ft) 

Case 2 – Analysis A 1.5E-3 0 -0.40 0.842 680.05 
Case 2 – Analysis B " " -0.02 1.067 465.56 
Case 5 – Analysis B 1E-3 0 -0.01 0.101 461.23 
Case 6 – Analysis B 1E-3 0 -4.87 0.094 457.36 

Case 13 – Analysis C 1E-3 1.5E-4 0.04 0.101 436.39 
Case 13 – Analysis B " " 0.00 0.101 455.79 
Case 16 – Analysis C 1E-3 1E-3 0.33 0.101 328.32 
Case 16 – Analysis B " " 0.00 0.101 453.15 

Gas Condensate Cases, P i = 7,000 psia, Pwf = 4,000 psia, Drainage radius (re) = 456 ft 

Case 17a (2PSP_2MBPT) 0 0 -0.02 0.101 463.66 

Case 17b (2PSP_2MBPT) 5E-4 0 0.03 0.068 443.74 
Case 17b (1PSP_1MBPT) – Analysis B " " 0.16 0.077 387.33 
Case 17b (2PSP_2MBPT) – Analysis B " " 0.00 0.101 454.70 
Case 17c (2PSP_2MBPT) 1E-3 0 0.21 0.041 368.09 

Case 17c (1PSP_1MBPT) – Analysis B  " " 0.10 0.097 410.82 
Case 17c (2PSP_2MBPT) – Analysis B " " 0.00 0.106 454.18 

Gas Condensate Cases, P i = 5,288 psia (Pdew), Pwf = 2,500 psia, Drainage radius (re) = 456 ft 

Case 18a (2PSP_2MBPT)  0 0 -0.55 0.104 485.09 
Case 18b (2PSP_2MBPT) 5E-4 0 -0.52 0.057 468.67 
Case 18b (1PSP_1MBPT) – Analysis B " " 0.01 0.018 450.29 

Case 18b (2PSP_2MBPT) – Analysis B " " -0.57 0.104 493.26 
Case 18c (2PSP_2MBPT) 1E-3 0 -0.35 0.035 395.98 
Case 18c (1PSP_1MBPT) – Analysis B " " 0.03 0.018 442.72 
Case 18c (2PSP_2MBPT) – Analysis B " " -0.57 0.109 494.97 
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In Table 6-3, “Analysis A” implies the use of pseudopressures modified for p-k effects 

(Eq. 6-6), in combination with the conventional MBPT integral (Eq. 2-10).  “Analysis B” 

employs pseudopressures modified for p-k effects (Eqs. 6-6 or 6-8) and material balance 

pseudotime modified for p-k and p-ϕ effects (Eq. 6-7 or 6-9), while “Analysis C” uses the 

modified pseudopressure (Eq. 6-6) and a modified MBPT function, which accounts for 

p-k effects but does not account for p-ϕ effects. 

The use of the modified pseudopressure without the modified MBPT produces less 

satisfactory parameter estimates, particularly for re, as evidenced by the results of 

Analysis A for Case 2.  Figure 6-15 shows Analysis B (i.e. with modified pseudopressure 

and MBPT) for Case 5.  Comparing this figure to the conventional analysis for this case, 

shown earlier in Figure 6-14, the improvement in the parameter estimates (k, re and s 

within ±1% of the model inputs), and the correction of the deviation in the BDF decline 

stem are evident.  Very similar results were obtained for Cases 2, 6, 13, and 16, with 

parameter estimates shown in Table 6-3. 

 

 

Figure 6-15: Case 5: Modified TCM, Analysis B, 𝛾 = 1E-3 psi-1, 𝑐̅𝑝 = 0 psi-1.  Simulation model inputs: 

k=0.1 md, re=456 ft, s=0. 

 

The TCM obtained for Analysis C (with modified pseudopressure and MBPT modified 

only for p-k but not for p-ϕ effect) of Case 16, is shown in Figure 6-16.  It can be observed 

that the analysis produces an accurate k estimate but re is still underestimated.  Here, 
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significant pore volume stress sensitivity was included because it demonstrates how the 

TCM and parameter estimates are impacted if p-ϕ effects are not accounted for in cases 

for which this effect might be more significant than is typically expected.  For such cases, 

the inclusion of pore volume compressibility in the ct value used in the decline analysis 

is not enough.  Variations in pore volume over time, due to pressure decline need to be 

accounted for in the pseudotime function to ensure reliable re estimates.  Figures 6-17 and 

6-18 are graphical representations of the k and re estimates obtained from conventiona l 

analysis and Analyses A, B and C of the dry gas cases in Table 6-2 and Table 6-3. 

 

 

Figure 6-16: Case 15: Modified TCM – Analysis C, 𝛾 = 1E-3 psi-1, 𝑐̅𝑝 = 1E-3 psi-1.  Simulation model 

inputs: k=0.1 md, re=456 ft, s=0. 
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Figure 6-17: Graphical representation of permeability (k) estimates for dry gas cases from Tables 6-2 and 

6-3.  Analysis A: pseudopressures modified for p-k effects (Eq. 6-6), in combination with the conventional 

MBPT integral (Eq. 2-10); Analysis B: pseudopressures modified for p-k effects (Eqs. 6-6 or 6-8) and 

material balance pseudotime modified for p-k and p-ϕ effects; Analysis C: modified pseudopressure (Eq. 

6-6) and a modified MBPT function, which accounts for p-k effects but not for p-ϕ effects. 

 

 

Figure 6-18: Graphical representation of drainage radius (re) estimates for dry gas cases from Tables 6-2 

and 6-3.  Analysis A: pseudopressures modified for p-k effects (Eq. 6-6), in combination with the 

conventional MBPT integral (Eq. 2-10); Analysis B: pseudopressures modified for p-k effects (Eqs. 6-6 or 

6-8) and material balance pseudotime modified for p -k and p-ϕ effects; Analysis C: modified 

pseudopressure (Eq. 6-6) and a modified MBPT function, which accounts for p -k effects but not for p-ϕ 

effects. 
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6.5.3. Gas Condensate Cases with p-k and p-ϕ Effects 

The results of conventional analysis for the strongly undersaturated (17a, 17b, 17c), and 

the saturated (18a, 18b, 18c) gas condensate cases are shown in Table 6-2.  Table 6-3 

shows the results of type curve analysis using single-phase pseudovariables (1PSP, 

1MBPT) with modifications for p-k/p-ϕ effects (i.e. “Analysis B”), and two-phase 

pseudovariables (2PSP, 2MBPT) with and without modifications for p-k/p-ϕ effects. 

TCMs using conventional analysis for Case 17a (with no p-k effects) and 17c (with strong 

p-k) effects are shown in Figures 6-19 and 6-20, respectively.  In Figure 6-19, the 

deviation in the harmonic decline stem, which occurs at the point at which the entire 

reservoir becomes two phase, is observed.  This deviation, as shown in Chapter 5, is 

successfully removed by the use of the equivalent-phase MBPT.  It was also pointed out, 

in Chapter 5, that such a deviation in the harmonic decline stem due to the onset of two-

phase conditions in the entire reservoir was found to be particularly significant when it 

occurred just at the onset of stable BDF.  For cases with strong p-k effects, therefore, the 

delayed onset of two-phase effects could make the use of two-phase analysis less crucial, 

as will now be shown using results obtained for Case 17c. 

 

 

Figure 6-19: Case 17a – Conventional TCM, 1PSP-1MBPT, 𝛾=0, 𝑐̅𝑝=0 psi-1.  Simulation model 

inputs: k=0.1 md, re=456 ft, s=0. 
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Figure 6-20: Case 17c – Conventional TCM, 1PSP-1MBPT 𝛾=1E-3psi-1, 𝑐̅𝑝=0.  Simulation model 

inputs: k=0.1 md, re=456 ft, s=0. 

 

Figure 6-20 shows the conventional TCM for Case 17c (with strong p-k effects), where 

the gradually increasing deviation of the BDF decline stem, and the delay in the deviation 

due to the onset of two-phase effects in the entire reservoir, both due to the p-k effects, 

are evident. 

Figure 6-21 shows the TCM for Case 17c, using single-phase pseudovariables which 

account for the p-k effects.  The parameter estimates are all within 10% of the input and 

the deviation in the harmonic decline stem due to two-phase effects is almost not evident.   

In other words, simply correcting for the p-k effects alone gave significantly improved 

results.  Compared to the TCM for Case 17a (Figure 6-19), these results suggest that for 

the severely undersaturated cases, strong p-k effects, which further delay the onset of two-

phase conditions in the entire reservoir, could mitigate the need for two-phase analysis. 
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Figure 6-21: Case 17c – Modified TCM-Analysis B, 1PSP-1MBPT, 𝛾=1E-3psi-1, 𝑐̅𝑝=0.  Simulation 

model inputs: k=0.1 md, re=456 ft, s=0. 

 

The conventional TCM of the saturated case with strong p-k effects (Case 18c) is shown 

in Figure 6-22.  The simultaneous impact of both two-phase effects and p-k effects is 

evident when the TCM results of Case 18c (i.e. k underestimated by 96% and re 

underestimated by 24%), are compared to Case 18a (which excludes p-k and p-ϕ effects) 

for which k is underestimated by 84% and re is good (see Table 6-2). 

Figure 6-23 shows the correction of the increasing deviation in the BDF decline stem due 

to p-k effects, as well as the improvement in parameter estimates achieved through the 

use of the modified two-phase pseudopressure (Eq. 6-8) and the modified equivalent 

phase MBPT (Eq. 6-9).  Both the k and re estimates come within +9% of the model inputs.  

Figures 6-24 and 6-25 are graphical representations of the k and re estimates obtained 

from the analysis of the gas condensate cases presented in Tables 6-2 and 6-3. 
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Figure 6-22: Case 18c: Conventional TCM, 1PSP-1MBPT, 𝛾 = 1E-3 psi-1, 𝑐̅𝑝 = 0 psi-1.  Simulation 

model inputs: k=0.1 md, re=456 ft, s=0. 

 

 

 

Figure 6-23: Case 18c: Modified TCM – Analysis B, 2PSP-2MBPT, 𝛾=1E-3 psi-1, 𝑐̅𝑝 = 0 psi-1.  

Simulation model inputs: k=0.1 md, re=456 ft, s=0. 
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Figure 6-24: Graphical representation of permeability (k) estimates for gas condensate cases from Tables 

6-2 and 6-3.  Analysis B: pseudopressures modified for p-k effects (Eqs. 6-6 for single phase and 6-8 for 

two-phase) and material balance pseudotime modified for p-k and p-ϕ effects (Eqs. 6-7 for single phase 

and 6-9 for two-phase). 

 

 

Figure 6-25: Graphical representation of permeability (k) estimates for gas condensate cases from Tables 

6-2 and 6-3.  Analysis B: pseudopressures modified for p-k effects (Eqs. 6-6 for single phase and 6-8 for 

two-phase) and material balance pseudotime modified for p-k and p-ϕ effects (Eqs. 6-7 for single phase 

and 6-9 for two-phase). 
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These results clearly demonstrate that modified pseudovariables which account for p-k/p-

ϕ effects are very good “linearizing” tools for production data type curve analysis, 

allowing the use of conventional constant-property type curves for the analysis of data 

affected by p-k and p-ϕ effects.  However, improvements realized from the use of these 

modified pseudovariable techniques are contingent on the availability of representative 

p-k and p-ϕ data. 

It is useful to note that the observations made in this study about the response of 

production data type curves to stress/pressure-dependent permeability and porosity 

effects are equally applicable for systems that may not necessarily be tight, but which are 

significantly over-pressured, and therefore exhibit strongly pressure-dependent matrix 

permeability and porosity. 

 

6.6. Conclusions  

In this chapter, the impact of pressure-dependent permeability (p-k) and porosity (p-ϕ) 

effects on decline behaviour and subsequent production data type curve analysis, in low 

permeability gas and gas condensate reservoirs was examined.  The following key 

conclusions were drawn: 

For an initially homogeneous single- layer dry gas and gas condensate reservoir with 

significant degrees of matrix permeability and porosity stress-sensitivity, 

 Increasing degrees of p-k effects caused reduced production rates during transient 

flow, and an increased decline exponent parameter, 𝑏, during boundary dominated 

flow (BDF). 

 Concave-upward p-k responses had the strongest impact on the decline response, 

while the less commonly reported concave-downward p-k responses did not, until 

much higher stress states were reached in the reservoir.  However, such a distinct ion 

was only applicable when the permeability modulus, 𝛾, was large. 

 Conventional modern production data type curve analysis (using Blasingame type 

curves) for cases with strong p-k effects produced significant underestimations of k 

and re, and in some cases, slightly positive skin estimates.  A progressive ly 

increasing deviation of the BDF decline stem above the expected harmonic stem – 

an effect commonly associated with pressure support – was also observed.  

Additional sources of reservoir data are therefore needed in such cases to confirm 

the actual cause of such trends. 
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 The use of pseudovariables modified to account for p-k and p-ϕ effects, worked 

very well as a linearizing tool, restoring the harmonic decline stem, and allowing 

the use of conventional constant property production data type curves to obtain k 

estimates consistent with the initial reservoir conditions, as well as correct re 

estimates. 

 Variable 𝑐�̅� and 𝛾 (based on an exponential model suggested in literature), did not 

show significantly different results compared to constant 𝑐�̅� and 𝛾 cases, suggest ing 

that an assumption of constant 𝑐�̅� and 𝛾 in the study of p-k and p-ϕ effects in long-

term production decline studies is adequate. 

For highly undersaturated gas condensate reservoirs, 

 The presence of increasing levels of p-k effects caused increased delay in the onset 

of two-phase effects (during BDF) in the entire drainage volume, potentially 

reducing the necessity for two-phase corrections in the subsequent type curve 

analysis. 

For saturated/nearly saturated gas condensate reservoirs, 

 The use of the equivalent phase based pseudovariables with modifications for p-k 

and p-ϕ effects, as proposed in this study, proved to be an effective means of 

removing the impact of both two-phase effects and pressure-dependent matrix 

property effects.  This approach allowed conventional production data type curves 

(based on single-phase flow and pressure-invariant matrix properties) to be used to 

obtain reliable type curve matches and parameter estimates from GCRs with 

significant matrix stress-sensitivity. 

 

 

 



 

CHAPTER 7 – CAPILLARY PRESSURE EFFECTS AND 

RELATIVE PERMEABILITY DATA CONSIDERATIONS 
 

7.1. Introduction 

As mentioned in Chapter 3, an assumption of negligible capillary pressure (Pc) was made 

in the setup of the models used in the simulation cases presented so far.  However, in low 

permeability formations where Pc effects are typically significant, the impact of such an 

assumption is worthy of investigation. 

Therefore in this chapter, results are presented for some gas condensate simulation cases 

selected from Table 5-1 of Chapter 5, into which Pc effects were incorporated.  The 

simulated production data were compared to those which were obtained from models 

without Pc effects, to examine what kind of impact this would have on the production 

decline responses obtained.  

This study has also thus far employed experimentally measured gas condensate relative 

permeability (kr) curves in the simulation and in the analysis of the simulated production 

data.  In Section 7.3, discussions on the source of kr data and the impact of using less 

representative computed kr data in the equivalent phase analysis are presented. 

 

7.2. Brooks and Corey Capillary Pressure Model 

A number of Pc models exist in literature (Brooks and Corey, 1966, Pooladi-Darvish and 

Firoozabadi, 2000, Li, 2004).  As pointed out by Gang and Kelkar (2007), the Brooks and 

Corey model is the most widely used correlation in the petroleum industry for the 

prediction of Pc  in consolidated porous media.  Most recently, the Brooks and Corey 

model has also been applied in unconventional (tight and ultra-tight) reservoir models by 

Nasriani and Jamiolahmady (2018).  

In this study, the drainage Pc model, Eq.7-1, (Brooks and Corey, 1966) was employed. 

Drainage Pc values tend to be higher than imbibition Pc values (Li and Horne, 2007).  

Since the goal of this phase of the study is to determine the importance of Pc effects for 

the cases considered, the use of exaggerated Pc better suits the intended aims. 

𝑃𝑐 = 𝑃𝑑 (
𝑆𝑤 −𝑆𝑤𝑖𝑟

1−𝑆𝑤 𝑖𝑟
)

−
1

𝜆
 7-1 
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Eq. 7-2, based on the work of Thomas et al. (1968), allows for the computation of the 

threshold pressure (Pd, in psi), which is an input required for Eq. 7-1. 

𝑃𝑑

𝐼𝐹𝑇
= 0.1088 𝑥 𝑘−0.5 7-2 

In these equations, 𝑃𝑑 is the entry pressure/displacement pressure in psi, IFT is the 

interfacial tension in dynes/cm, k is the matrix permeability in millidarcy, Sw is the 

saturation of the wetting phase, Swir is the irreducible saturation of the wetting phase 

which, for this study, is taken as zero.  λ is the pore size distribution index of the porous 

medium, which is a measure of the reservoir pore size heterogeneity.  λ decreases with 

increasing matrix heterogeneity, λ of infinity (∞) implies a homogeneous medium with 

uniform pore sizes. 

To determine the IFT values used in Eq. 7-2, the surface tensions between the condensate 

(liquid) and gas (vapour) phase of the binary mixture of methane (C1) and n-decane (C10) 

was obtained from PVT computations.  The estimation was done using the Macleod-

Sugden relationship (Sugden, 1924).  Figure 7-1 shows a plot of the IFT values versus 

pressure at reservoir temperature.  

 

 

Figure 7-1: Mixture C1+C10, surface tension vs pressure at reservoir temperature of 250˚F. 

 

From this plot, it can be observed that the most pertinent IFT values lie between 0 and 10 

dynes/cm, i.e. over the range of reservoir and well operating pressures considered in this 
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study.  The results presented in this chapter are those for the higher IFT of 10, even though 

a much lower IFT of 1 was also considered. 

According to literature the pore size distribution index, λ, should lie between 0.4 and 4 

for most porous media (Goda and Behrenbruch, 2011), with a value of 2 being commonly 

used for most porous media (Chen et al., 2007).  To select the range of λ values used for 

the low permeability reservoir models considered here, a study1 conducted by the Heriot-

Watt University Gas Condensate Recovery Research Team was considered. 

In that study, which employed empirical data, λ from 0.3 to 1.5 was suggested to be a 

suitable range of pore size distribution index for the computation of Pc curves for 

unconventional tight (0.001 md<k<0.1 md) to ultra-tight (k<0.001md) reservoirs.  On this 

basis, the following Pc curves were initially examined for use in this phase of the study 

presented in this thesis. 

• Pc1: k=0.1md, IFT=10, λ=1.5 

• Pc2: k=0.1md, IFT=10, λ=1.0 

• Pc3: k=0.1md, IFT=10, λ=0.5 

• Pc4: k=0.01md, IFT =10, λ=1.0 

• Pc5: k=0.1md, IFT=10, λ=0.3 

• Pc6: k=0.01md, IFT=10, λ=0.3 

Pc1, Pc2, Pc3 and Pc4 are shown in Figure 7-2, Pc5 and Pc6 in Figure 7-3, and all 6 Pc 

curves on a semi-log plot in Figure 7-4.  As can be seen from Figure 7-3, at low 

condensate saturations, Pc5 and Pc6, which were computed with λ of 0.3, are associated 

with very high capillary pressure values, (10,000 psi and higher), exceeding the range of 

pressure drawdown used in the simulation cases presented in this work.  For this reason, 

and also because λ of 0.3 (which would be associated with ultra-tight rocks, i.e. k < 0.001 

md) could be deemed rather too low for the permeabilities considered in this study (i.e. 1 

md to 0.01 md), Pc5 and Pc6 were not used in the simulation models. 

Pc1, Pc2, Pc3 and Pc4, were introduced into some of the radial GCR cases, a selection of 

which are shown in Table 7-1.  These cases, with Pc effects, as numbered in Table 7-1, 

correspond to cases in Table 5-1, i.e. the original cases without Pc effects. 

 

                                                                 
1 'Gas Condensate Recovery Project' Progress Report GCRP/15/2, April  2015 - October 2015, Heriot-Watt 

University. 
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Figure 7-2: Capillary pressure curves - Pc1 (k=0.1 md, IFT=10, λ=1.5), Pc2 (k=0.1 md, IFT=10, 

λ=1.0), Pc3 (k=0.1 md, IFT=10, λ=0.5) and Pc4 (k=0.01 md, IFT =10, λ=1.0). 

 

 

Figure 7-3: Capillary pressure curves – Pc5 (k=0.1 md, IFT=10, λ=0.3),  

Pc6 (k=0.01 md, IFT=10, λ=0.3). 

 

 

Figure 7-4: Capillary pressure curves – Pc1, Pc2, Pc3, Pc4, Pc5 and Pc6 on semi-log plot. 
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Table 7-1: Cases from Table 5-1, with Pc effects included, IFT =10 dynes/cm, k=0.1 md. 

Case  k r Fluid P i (psia) Pwf (psia) λ Pc Curve 

Case 1 RC1b V. Lean (98-2), 5,500 2,000 λ = 1.5 Pc1 
Case 1 RC1b V. Lean (98-2) 5,500 2,000 λ = 1.0 Pc2 
Case 1 RC1b V. Lean (98-2) 5,500 2,000 λ = 0.5 Pc3 

Case 1* (k =0.01 md) RC1b V. Lean (98-2) 5,500 2,000 λ = 1.0 Pc4 

Case 2 TC V. Lean (98-2) 5,500 2,000 λ = 1.0 Pc2 
Case 2 TC V. Lean (98-2) 5,500 2,000 λ = 0.5 Pc3 

Case 3 RC1b Lean (95-5) 5,500 2,500 λ = 1.0 Pc2 
Case 3 RC1b Lean (95-5) 5,500 2,500 λ = 0.5 Pc3 

Case 8 RC1b Rich (88.5-11.5) 5,500 2,500 λ = 1.0 Pc2 
Case 8 RC1b Rich (88.5-11.5) 5,500 2,500 λ = 0.5 Pc3 

Saturated Cases 

Case 4 RC1b Lean (95-5) 4,260 4,000 λ = 0.5 Pc3 

Case 6 TC Lean (95-5) 4,260 4,000 λ = 0.5 Pc3 

 

The IFT value of 10 used in computing Pc for all these cases corresponds to a pressure of 

about 1200 psi, and could therefore be considered to be rather on the high side for the 

pressures occurring in these cases.  However, this exaggeration is considered acceptable 

for the purpose of this study. 

In Figure 7-5, the original production response of Case 1, without Pc effects, is compared 

to the production response obtained for the same case with the introduction of Pc effects.  

This comparison is done on a log-log plot of gas production rates versus time. 

 

 

Figure 7-5: Comparison of production response for Case 1, without Pc effects, and with different 

levels of Pc effects. 

 

From this figure, it can be observed that the introduction of significant Pc effects did not 

produce any observable changes in the decline response.  Similar results were obtained 

for all the other cases examined here. 
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It is worth noting that for each of these simulation cases, as pointed out earlier, the Pc 

effects introduced have actually been exaggerated by employing an IFT value of 10 

dynes/cm, and λ values of 0.5 and 1.5, which fall within the range considered applicable 

for much tighter rocks (0.001 md < k < 0.1 md) than those considered here. 

These results suggest that for the low k cases examined in this study, the assumption of 

negligible Pc, is a reasonable/justifiable one, since the inclusion of Pc effects did not 

impact the decline response which is analysed for the estimation of reservoir and well 

productivity parameters. 

 

7.3. A Discussion on the Source of Relative Permeability (kr) Data 

In this thesis, thus far, it has been assumed that measured gas condensate kr versus 

saturation data is available for use in the analysis of the production data.  In the petroleum 

industry, when measured relative permeability data are not available, computed saturation 

dependent kr data become an alternative.  Relative permeability (kr) data obtained from 

history matched simulation models are also sometimes considered.  A very common 

approach used in industry to obtain computed kr is that of Brooks and Corey (1964).  

This aspect of the study therefore examined the use of such correlations, i.e. the Brooks 

and Corey drainage equations, Eqs 7-3 and 7-4, in the analysis of selected cases from 

Table 5-1 of Chapter 5.  In other words, a scenario is presented where measured kr data 

is not available, and computed kr data has to be employed in the two-phase analysis of the 

production data. 

𝑘𝑟𝑤 = (
𝑆𝑤 −𝑆𝑤𝑖𝑟

1−𝑆𝑤𝑖𝑟
)

−
2+3𝜆

𝜆
 7-3 

𝑘𝑟𝑛𝑤 = (1 −
𝑆𝑤 −𝑆𝑤𝑖𝑟

1 −𝑆𝑤𝑖𝑟
)

2

(1 −
𝑆𝑤 −𝑆𝑤𝑖𝑟

1−𝑆𝑤𝑖𝑟
)

−
2+𝜆

𝜆
 7-4 

In these relative permeability equations, krw is the relative permeability of the wetting 

phase, and krnw is that of the non-wetting phase.  In computing these relative permeability 

curves, λ of 0.5, 2 and infinity were considered.  These values of λ were chosen because 

λ of 0.5 is in line with that used for the capillary pressure study in Section 7.2, λ of 2 is 

reported in literature as a very commonly used value for the computation of kr curves 

using the Brooks and Corey equations, and λ of infinity represents the scenario in which 

a homogeneous pore size distribution is assumed.  Figures 7-6 to 7-8 show the resulting 
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kr curves.  End-point scaling was not applied, i.e. the endpoint relative permeabilities are 

unity.  Here, 𝑆𝑤𝑖𝑟  was again assumed to be zero. 

For the purpose of comparing/verifying the observed trends in the two-phase analysis 

using the computed kr curves with the analysis using the measured kr curves, it was 

considered worthwhile to examine the closeness of the computed kr curves to the actual 

measured “true” kr curves used in the simulations.  As such, in Figures 7-9 and 7-10 

selected computed kr curves are compared with the measured ones.  It can be seen from 

Figure 7-9 that the closest similarity in shape exists between RC1b kr curves and the 

Brooks-Corey kr curves with λ of infinity, and particularly between the TC kr curves and 

the Brooks-Corey kr curves with λ of 0.5, as shown in Figure 7-10. 

 

Figure 7-6: Relative permeability curves based Brooks-Corey Correlation, with λ = 0.5. 

 

 

Figure 7-7: Relative permeability curves based Brooks-Corey Correlation, with λ = 2. 
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Figure 7-8: Relative permeability curves based Brooks-Corey Correlation, with λ=∞. 

 

 

Figure 7-9: Comparison of Brooks-Corey k r curves (λ=∞) with the RC1b measured k r curves. 

 

 

Figure 7-10: Comparison of Brooks-Corey k r curves (λ=0.5) with the TC measured k r curves. 
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Cases 3, 4, 13, 16, and 17 from Table 5-1 of Chapter 5 were analysed using the computed 

kr curves.  These cases were selected to cover the range of degrees of undersaturat ion, 

fluid richness, and kr curves employed in this study.  For the saturated cases, i.e. Case 4 

and Case 16, pressure-saturation data from the CCE liquid saturation curves were used 

together with the computed kr curves in the equivalent phase based analysis, as this source 

of pressure-saturation data was shown in Chapter 5 to be most representative for the 

analysis of these cases.  For the remaining cases (i.e. Cases 3, 13 and 17), the GTR-based 

(i.e. two-phase steady-state) pressure saturation curves were determined using the 

relevant fluid properties and the computed kr curves. 

All three sets of computed kr curves, i.e. with λ of 0.5, 2, and infinity (∞) were used to 

analyse each of the selected simulation cases.  The resulting parameter estimates obtained 

are displayed, together with those obtained using the actual measured kr curves, in Table 

7-2.  These results were closely examined with the goal of determining the impact of 

variations in the representativity of the kr curves employed in the two-phase analysis. 

As can be seen from Table 7-2, despite the differences in the shapes of the computed kr 

curves compared to the measured kr curves, the results from the two-phase analysis of 

each of the cases, using the computed kr curves, are not significantly different for some 

cases.  To investigate this observation, an attempt was made to quantify the errors 

introduced into the two-phase pseudopressures and the equivalent phase material balance 

pseudotime, by the use of “less representative” kr data, and to examine the overall impact 

of these errors on the type curve match and parameter estimates. 

 

Table 7-2: TCM results for selected cases from Table 5-1 (Chapter 5), analysed with Brooks-Corey k r data. 

Case  Single-Phase 
Analysis  

Analysis 
using 
measured k r 

Analysis using 
Brooks-Corey 
with λ=0.5 

Analysis using 
Brooks-Corey 
with λ=2 

Analysis using 
Brooks-Corey 
with λ=∞ 

Case 3 (using GTR p-sat) 

RC1b, Lean, Pi=5,500, 
Pwf=2,500 

k=0.056 

re=1,204 
s=-5.20 

k=0.108 

re =1,241 
s=-5.34 

k=0.121 

re =1,246 
s=-5.28 

k=0.110 

re=1,241 
s=-5.28 

K=0.110 

re=1,241 
s=-5.28 

Case 4 (using CCE p-sat) 
RC1b, Lean, Pi=4,260, 
Pwf=4,000 

k=0.105 
re = 1,205 
s=-5.15 

k=0.108 
re = 1,212 
s=-5.15 

k=0.108 
re = 1,212 
s=-5.15 

k=0.108 
re=1,212 
s=5.15 

k=0.108 
re=1,212 
s=-5.15 

Case 13 (using GTR p-sat) 
RC1b, Rich, Pi=12,000, 
Pwf=4,000 

k=0.102 
re = 1108 
s=-5.06 

k=0.112 
re =1,162 
s=-5.11 

k=0.112 
re =1,200 
s=-5.14 

k=0.112 
re=1,200 
s=-5.14 

k=0.112 
re=1,200 
s=-5.14 

Case 16 (using CCE p-sat) 
TC, Rich 

Pi=5,289, Pwf=5,000 

k=0.090 
re = 1238 

s=-5.18 

k=0.103 
re =1,234 

s=-5.17 

k=0.138 
re =1,308 

s=-5.23 

k=0.138 
re=1,307 

s=-5.23 

k=0.172 
re=1,347 

s=-5.26 

Case 17 (using GTR p-sat) 
TC, Rich,  
Pi=10,000, Pwf=5,000 

k=0.107 
re = 1,193 
s=-5.14 

k=0.107 
re = 1,224 
s=-5.16 

k=0.107 
re =1,224 
s=-5.16 

k=0.107 
re =1,224 
s=-5.16 

k=0.107 
re=1,234 
s=-5.16 
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7.3.1. Quantifying Errors Due to the Use of Computed kr Curves 

To quantify the impact of kr on the two-phase analysis, the following parameters were 

examined: GTR-based predictions of pressure versus condensate saturation (P-Sat), the 

total compressibility (ct), the pressure versus kr employed in the pseudovariab le 

computations, the pseudopressure values, and the material balance pseudotime (MBPT) 

values.  Error terms based on these parameters, explained further below, were computed 

for each of the five cases presented in Table 7-2. 

• P-Sat Error: This is a measure of the error in the condensate saturation levels 

obtained, using the GTR-based pressure-saturation (P-Sat) prediction method, with 

the computed kr curves rather than the measured kr curves.  This error is the result of 

the differences in the shape of the computed kr curves compared to the measured 

ones. 

• ct Error: This is a measure of the error in the total compressibility value resulting 

from its reliance on saturation values at each pressure step.  This error is computed 

as an arithmetic average taken over the pressure range from Pwf to Pdew, and is directly 

affected by the P-Sat error. 

• kr Error: This is a measure of the error in kro and krg at each pressure step, which is 

employed in the two-phase pseudopressure and the equivalent phase MBPT 

computation, resulting from the use of the computed kr rather than the measured kr.  

These kr errors are arithmetic averages over the pressure range from Pwf to Pdew. 

• μeq.ph Error: This is a measure of the error in the equivalent phase viscosity estimate 

at each pressure step, which is employed in the equivalent phase MBPT calculat ion.  

This error is computed as an arithmetic average taken over the pressure range from 

Pwf to Pdew.  This error is directly affected by the kr error. 

• Total ∆Pp Error: This is a measure of the error in the total pseudopressure (∆Pp) 

drop.  For an initially undersaturated reservoir, the total ∆Pp would include a single-

phase ∆Pp component.  The error in the two-phase ∆Pp is directly affected by the kr 

error.  However, the impact of the two-phase ∆Pp error on the total ∆Pp error is 

dependent on its contribution to the total ∆Pp.  This contribution is largely affected 

by the pressure differentials (Pi-Pdew and Pdew-Pwf). 

• Eq.phase MBPT Error: This is the maximum error observed in the equivalent phase 

MBPT over the production time period (i.e. towards the end of the production time, 
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since this error is cumulative).  This error is directly affected by the μeq.ph error and 

ct error.  It is also affected by the point in time at which the average reservoir pressure 

(�̅�) drops below Pdew (i.e. the point at which the equivalent phase fluid properties are 

employed in the MBPT integral).  This is in turn affected by the degree of 

undersaturation (Pi-Pdew).  The higher the degree of undersaturation, the lesser the 

contribution of the two-phase terms to the MBPT function.  

These error terms were calculated on the basis that computations using the measured kr 

represent “true”/reference values, i.e.: 

𝐸𝑟𝑟𝑜𝑟 =
𝐴𝑐𝑡𝑢𝑎𝑙  𝑉𝑎𝑙𝑢𝑒 –𝑇𝑟𝑢𝑒 𝑉𝑎𝑙𝑢𝑒

𝑇𝑟𝑢𝑒 𝑉𝑎𝑙𝑢𝑒
× 100 7-5 

For Cases 4 and 16 where CCE liquid saturation curves were employed in the analysis, 

the CCE pressure-saturation values were considered to be the reference saturations.  What 

follows is a discussion of the five cases presented in Table 7-2.  For each of these cases, 

errors in the two-phase analysis parameter estimates (shown in Table 7-3) obtained using 

the computed kr curves are linked to the trends in the error terms defined above.  The 

parameter error percentages presented in Table 7-3, were computed on the basis that the 

parameter estimates obtained using measured kr data as “true” estimates. 

 

Table 7-3: Errors computed for the parameter estimates presented in Table 7-2. 

Case Single-
Phase 

Analysis 

Analysis 
using 

measured k r 

Analysis using 
Brooks-Corey 

with λ=0.5 

Analysis using 
Brooks-Corey 

with λ=2 

Analysis 
using Brooks-

Corey with λ=∞ 

Case 3 (using GTR p-sat) 
RC1b, Lean, Pi=5,500, 

Pwf=2,500  

k=0.056 
re=1,204 
S=-5.20 

k=0.108 md 
re=1241 ft 
S=-5.34 

12% 
0% 
-1% 

2% 
0% 
-1% 

2% 
0% 
-1% 

Case 4 (using CCE p-sat) 
RC1b, Lean, Pi=4,260, 

Pwf=4,000  

k=0.105 
re = 1,205 
S=-5.15 

k=0.108 md 
re=1212 ft 
S=-5.15 

0% 
0% 
0% 

0% 
0% 
0% 

0% 
0% 
0% 

Case 13 (using GTR p-sat) 
RC1b, Rich, Pi=12,000, 

Pwf=4,000  

k=0.102 
re = 1108 
S=-5.06 

k=0.112 md 
re=1162 ft 
S=-5.11 

0% 
3% 
1% 

0% 
3% 
1% 

0% 
3% 
1% 

Case 16 (using CCE p-sat) 
TC, Rich, Pi=5,289, 

Pwf=5,000 

k=0.090 
re = 1238 

S=-5.18 

k=0.103 md 
re=1234 ft 

S=-5.17 

34% 
6% 

1% 

34% 
6% 

1% 

67% 
9% 

2% 
Case 17 (using GTR p-sat) 

TC, Rich, Pi=10,000, 
Pwf=5,000 

k=0.107 

re = 1,193 
S=-5.14 

k=0.107 md 

re=1224 ft 
S=-5.16 

0% 

0% 
0% 

0% 

0% 
0% 

0% 

1% 
0% 

 

a. Case 3 (Lean, RC1b, Pi=5,500 psia, Pwf=2,500 psia) – Discussion of Error Values 

Table 7-4 shows the error terms computed for Case 3.  An examination of the computed 

error values for this case shows the following trends: 



Chapter 7 – Capillary Pressure Effects and Relative Permeability Data Considerations 

 

179 
 

• P-Sat Error: The error in condensate saturation prediction is significant: 256% 

using computed kr with λ = 0.5, 173% for λ = 2, and 117% for λ = ∞. 

• ct Error: One impact of overestimated condensate saturations is to produce lower 

ct values.  This error is -16% using computed kr with λ = 0.5, -11% for λ = 2, and 

-8 for λ = ∞.  For this case, with Pwf well below Pdew, the gas condensate values 

(cg) are significantly larger than co.  The gas compressibility therefore drives the 

ct value, such that the errors in the pressure-saturation impact the ct less 

significantly.  For a case with Pwf closer to Pdew, cg and co values would be more 

comparable. 

Table 7-4: Case 3 (lean fluid, RC1b, Pi=5,500 psia, Pwf=2,500 psia) – Error Computations. 

 

 

• kr Error: both the kro and krg are underestimated (by 32% and 26%, respectively) 

for analysis using the computed kr with λ = 0.5, overestimated (by 9% and 10%, 

respectively) with λ = 2, and overestimated (by 20% and 22%, respectively) with 

λ = ∞. 

• μeq.ph Error: It can be seen that the direction and magnitude of the equivalent 

phase viscosity error is consistent with the trends in the kro and krg errors. 

• Total ∆Pp Error: The error in the two-phase ∆Pp, has a sign and magnitude 

which is consistent with the trends observed in the kr error.  However, it can be 

seen that the impact on the total ∆Pp is much less, bringing the total ∆Pp error 

within less than 10% for each of the computed kr.  The largest error of -6% is 

Measured kr - - - - -

B&C Kr_λ=0.5 256% -26% -32% -16% 34%

B&C Kr_λ=2 173% 10% 9% -11% -10%

B&C Kr_λ=∞ 117% 22% 20% -8% -18%

Eq. Phase MBPT

Measured kr 1234.44 389.30 1623.74 0% 0 0%

B&C Kr_λ=0.5 1234.44 294.66 1529.10 -24% -6% -3%

B&C Kr_λ=2 1234.44 431.37 1665.81 11% 3% 6%

B&C Kr_λ=∞ 1234.44 472.82 1707.26 21% 5% 8%

Maximum 

MBPT Error

Pseudopressures

Pi-Pdew (1 

Phase)

Pdew-Pwf (2 

Phase)
Total Pp Drop

2-phase 

Pp error

Total Delta 

Pp Error

Saturations and Kr Eq. Phase Visc. & Ct

GTR-based Sc 

Average Error

Average krg 

Error

Average kro 

Error Ct Error

Eq. Phase 

Visc Error
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observed for the kr curve with λ = 0.5, which results in a slightly higher k estimate 

(as seen from the k error percentage for Case 3, shown in Table 7-3). 

• Eq.phase MBPT Error: For kr with λ = 0.5, it is noted that the ct error and the 

equivalent phase MBPT error have opposite signs.  This is because, as mentioned 

earlier, with the overestimation of the condensate saturations, ct is lower.  With 

krg and kro being lower, μeq.ph comes out higher.  The -16% error in the ct, and the 

34% error in μeq.ph translates into only -3% error in the equivalent phase MBPT.  

For the other computed kr curves, the error in the equivalent phase MBPT are 

positive, but still less than 10%. 

Therefore, for case 3, the overall impact of the use of all three computed kr curves was 

less than 10% error in the equivalent phase MBPT and the total pseudopressure drop.  

As a result, the two-phase analysis were not significantly different, as can be seen from 

the low parameter error percentages for Case 3 (shown in Table 7-3), despite the 

significantly different kr curves employed. 

These results demonstrate how the overall impact of kr data on the two-phase data analysis 

is controlled by a number of interacting factors including the pressure differentials Pi-

Pdew and Pdew-Pwf.  Similar analyses carried out for Cases, 4, 13, 16 and 17, are presented 

below. 

 

b. Case 4 (Lean, RC1b, Pi=4,260 psia, Pwf=4,000 psia) – Discussion of Error Values 

Table 7-5 shows the error terms obtained for Case 4.  From this table, it can be seen that 

• P-Sat Error and Ct Error: Here, CCE pressure-saturation data was employed in 

the analysis (as well as to determine the pressure versus kr).  This means that a 

common pressure-saturation curve was employed in the two-phase analysis 

regardless of the kr curve; as such the P-Sat errors and ct errors are all 0%. 

• kr Error: kro is underestimated by 90 to 100%, and krg is overestimated 9 to 10% 

for analysis using the three computed kr curves. 

• μeq.ph Error: For this case, the actual kro values are very low (these are kro 

corresponding to CCE liquid saturations for the lean fluid), and so despite the 

larger kro error, their impact on the subsequent equivalent phase viscosity is 

negligible.  The impact of krg is therefore dominant, causing the equivalent phase 
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viscosity terms to be underestimated by amounts close in magnitude to the krg 

error. 

 

Table 7-5: Case 4 (lean, RC1b, Pi=4,260 psia, Pwf=4,000 psia) – Error Computations. 

 

 

• Total ∆Pp Error: For this case, in which Pi ≈ Pdew, the total ∆Pp error is the two-

phase ∆Pp error.  Again, the error in kro has little effect because the actual kro 

values are small; instead, the total ∆Pp error is dominated by the krg error. 

• Eq.phase MBPT Error: Here too it is observed that because Pi ≈ Pdew the error 

in the equivalent phase viscosity is all passed on to the equivalent phase MBPT 

function, and in this case, because the ct error is 0%, the error in the MBPT 

function is only due to the μeq.ph error, and is largely driven by the krg error. 

For this case, it is clear that the overall error in the pseudovariables was largely driven by 

the krg error.  However, the resultant equivalent phase MBPT error and the total ∆Pp error 

being less than 10%, for all analysis using the computed kr, means that the two-phase 

analysis for this case is hardly affected by the changes in the kr curves employed.  This is 

supported by the zero percent error obtained for Case 4 for all λ, as shown in Table 7-3. 

 

 

Measured kr - - - - -

B&C Kr_λ=0.5 0% 10% -100% 0% -7%

B&C Kr_λ=2 0% 10% -99% 0% -7%

B&C Kr_λ=∞ 0% 9% -91% 0% -6%

Eq. Phase MBPT

Measured kr 1.00 237.44 238.44 0% 0 0%

B&C Kr_λ=0.5 1.00 256.10 257.10 8% 8% 8%

B&C Kr_λ=2 1.00 255.85 256.85 8% 8% 8%

B&C Kr_λ=∞ 1.00 253.60 254.61 7% 7% 7%

Maximum 

MBPT Error

Pseudopressures

Pi-Pdew (1 

Phase)

Pdew-Pwf (2 

Phase)
Total Pp Drop

2-phase 

Pp error

Total Delta 

Pp Error

Saturations and Kr Eq. Phase Visc. & Ct

CCE -based Sc 

Average Error

Average krg 

Error

Average kro 

Error Ct Error

Eq. Phase 

Visc Error
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c. Case 13 (Rich, RC1b, Pi=12,000 psia, Pwf=4,000 psia) – Discussion of Error 

Values  

Table 7-6 shows the error terms computed for Case 13.  For this case, it can be seen that  

• P-Sat Error: The errors in the GTR predicted condensate saturations are 

significant: 165% for analysis using computed kr with λ = 0.5, 121% for λ = 2, 

and 89% for λ = ∞. 

• ct Error: The overestimated condensate saturations result in underestimated ct 

values.  However the errors are not so significant (-17% for λ = 0.5, -12% for λ = 

2, and -9% for λ = ∞).  It is also noted that although the P-Sat errors for this case 

are less than those observed for Case 3, the ct errors are comparable.  This can be 

explained by the fact that Pwf for this case is higher than it was for Case 3.  As 

such the cg (between Pdew and Pwf) values employed in the analysis are more 

comparable to co than they were for Case 3.  For this reason, the ct errors for this 

case, i.e. Case 13, are at approximately the same level as seen for Case 3, even 

though the predicted condensate saturation errors show greater differences. 

 

Table 7-6: Case 13 (rich fluid, RC1b, Pi = 12,000 psia, Pwf = 4,000 psia) – Error Computations. 

 

 

• kr Error: Both the krg and kro are underestimated (by 35% and 37%, respectively) 

for analysis using the computed kr with λ = 0.5, and underestimated (by 6% and 

Measured kr - - - - -

B&C Kr_λ=0.5 165% -35% -37% -17% 55%

B&C Kr_λ=2 121% -6% -8% -12% 7%

B&C Kr_λ=∞ 89% 2% 0% -9% -2%

Eq. Phase MBPT

Measured kr 7263.37 353.57 7616.94 0% 0 0%

B&C Kr_λ=0.5 7263.37 228.61 7491.98 -35% -2% -1%

B&C Kr_λ=2 7263.37 335.42 7598.78 -5% 0% 1%

B&C Kr_λ=∞ 7263.37 363.76 7627.13 3% 0% 1%

Maximum 

MBPT Error

Pseudopressures

Pi-Pdew (1 

Phase)

Pdew-Pwf (2 

Phase)
Total Pp Drop

2-phase 

Pp error

Total Delta 

Pp Error

Saturations and Kr Eq. Phase Visc. & Ct

GTR-based Sc 

Average Error

Average krg 

Error

Average kro 

Error Ct Error

Eq. Phase 

Visc Error
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8%, respectively) with λ = 2.  There are almost no errors for both krg and kro with 

λ = ∞. 

• μeq.ph Error: The sign and magnitude of the equivalent phase viscosity is 

consistent with the trends in the kro and krg errors. 

• Total ∆Pp Error: The error in the two-phase ∆Pp, which is affected by the kr 

error, has a sign and magnitude which is consistent with the trends observed in 

the kr errors.  However the impact on the total ∆Pp is insignificant because of the 

more substantial contribution of single-phase ∆Pp to the total ∆Pp. 

• Eq.phase MBPT Error: For computed kr with λ = 0.5 and λ = 2, it is noted that 

the ct error and the μeq.ph error have different signs for the same reasons as 

mentioned for Case 3.  However, these errors do not translate into any significant 

errors in the equivalent phase MBPT.  This is because of the significantly high 

degree of undersaturation, which means that most of the integral is dominated by 

single-phase gas compressibility and gas viscosity. 

For this case, the overall error in the equivalent phase MBPT and ∆Pp drop are minimal 

because of the much larger Pi-Pdew, i.e. the pseudovariables are driven by single-phase 

terms.  With the total errors being less around 1%, the two-phase analysis is hardly 

affected by discrepancy in the kr curves (i.e., Case 13, as can be seen in Table 7-3). 

 

d. Case 16 (Rich, TC, Pi=5,289 psia, Pwf=5,000 psia) – Discussion of Error Values 

The error terms computed for Case 16 are shown in Table 7-7.  

For this case, it can be observed that 

• P-Sat Error and ct error: Just like for Case 4, because CCE p-sat data were 

employed with all three computed kr curves, P-Sat error and ct errors were all 0%. 

• kr Error: kro is underestimated by 99% and 67% for λ = 0.5 and λ = 2 respectively, 

krg is underestimated by 24 and 27% for λ = 0.5 and λ = 2 respectively.  For λ = 

∞, kro is overestimated by 31 % and krg is underestimated by 40 %. 

• μeq.ph Error: Here, because the actually kro values are low, the equivalent phase 

viscosity is driven by krg more than kro.  With the underestimated krg, the 

equivalent phase viscosity is overestimated by amounts comparable in magnitude 

to the krg error. 
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• Total ∆Pp Error: Similar to Case 4, with Pi ≈Pdew, the two-phase ∆Pp error is 

the total ∆Pp error.  Again, this error is largely driven by the krg error. 

• Eq.phase MBPT Error: similar comments as given for the equivalent phase 

MBPT error for Case 4 are applicable. 

 

Table 7-7: Case 16 (rich fluid, TC, Pi=5,289 psia, Pwf=5,000 psia) – Error Computations. 

 

 

For this case, the overall errors are largely dependent on the krg errors, and since these 

errors are significant.  The overall errors in the pseudopressure drop (-21% for λ=0.5, -

24% for λ=2, and -34% for λ= ∞), and the overall errors in the equivalent phase MBPT 

(-20% for λ=0.5, -23% for λ=2, and -33% for λ= ∞) are larger than +/-10%.  The resulting 

parameter estimates based on two-phase analysis using the computed kr curves are 

affected, producing significant overestimations in k as can be seen from the parameter 

error percentages shown for Case 16 in Table 7-3. 

 

e. Case 17 (Rich, TC, Pi=10,000 psia, Pwf=5,000 psia) - Discussion of Error Values 

The error terms for Case 17 are shown in Table 7-8. 

From this table, it can be observed that 

• P-Sat Error and ct Error: The error in the GTR predicted condensate saturation 

is 3%, -16%, and -30% for λ = 0.5, λ = 2, and λ = ∞, respectively.  The impact of 

Measured kr - - - - -

B&C Kr_λ=0.5 0% -24% -99% 0% 27%

B&C Kr_λ=2 0% -27% -67% 0% 32%

B&C Kr_λ=∞ 0% -40% 31% 0% 54%

Eq. Phase MBPT

Measured kr 1.00 272.57 273.57 0% 0 0%

B&C Kr_λ=0.5 1.00 215.59 216.59 -21% -21% -20%

B&C Kr_λ=2 1.00 208.04 209.04 -24% -24% -23%

B&C Kr_λ=∞ 1.00 178.88 179.88 -34% -34% -33%

Saturations and Kr Eq. Phase Visc. & Ct

CCE -based Sc 

Average Error

Average krg 

Error

Average kro 

Error Ct Error

Eq. Phase Visc 

Error

Maximum 

MBPT Error

Pseudopressures

Pi-Pdew (1 

Phase)

Pdew-Pwf (2 

Phase)
Total Pp Drop

2-phase 

Pp error

Total Delta Pp 

Error
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these P-Sat errors is evident in the ct error values.  For this case, the error in ct 

closely tracks the error in the condensate saturations.  This is because of the more 

comparable cg and co values over the range of pressures from Pdew (5288.5 psia) 

to Pwf (5,000 psia).  In other words, cg does not dominate the ct value here. 

 

Table 7-8: Case 17 (rich fluid, TC, Pi = 10,000 psia, Pwf = 5,000 psia) – Error Computations. 

 

 

• kr Error: The krg and kro errors are -31% for analysis using computed kr with λ = 

0.5; 0% and 6%, respectively, for λ = 2; and 9% and 16%, respectively, with λ = 

∞. 

• μeq.ph Error: The sign and magnitude of the μeq.ph errors are consistent with the 

trends in the kro and krg errors and, from analysis using kr with λ = 2 and λ = ∞, 

appear to be more strongly driven by krg than kro. 

• Total ∆Pp Error: The error in the two-phase ∆Pp drop, has a sign and magnitude 

which is consistent with the trends observed in the kr values.  However, just like 

with Case13, the high degree of undersaturation means that such errors have little 

impact on the total ∆Pp. 

• Eq.phase MBPT Error: Similarly, the impact of the μeq.ph error, and ct errors on 

the Eq.phase MBPT are not so significant because of the high degree of 

undersaturation. 

Measured kr - - - - -

B&C Kr_λ=0.5 3% -31% -31% -2% 42%

B&C Kr_λ=2 -16% 0% 6% 16% 0%

B&C Kr_λ=∞ -30% 9% 16% 29% -8%

Eq. Phase MBPT

Measured kr 4994.70 89.36 5084.05 0% 0 0%

B&C Kr_λ=0.5 4994.70 57.23 5051.92 -36% -1% -1%

B&C Kr_λ=2 4994.70 84.77 5079.47 -5% 0% -1%

B&C Kr_λ=∞ 4994.70 92.78 5087.48 4% 0% -1%

Maximum 

MBPT Error

Pseudopressures

Pi-Pdew (1 

Phase)

Pdew-Pwf (2 

Phase)
Total Pp Drop

2-phase 

Pp error

Total Delta 

Pp Error

Saturations and Kr Eq. Phase Visc. & Ct

GTR-based Sc 

Average Error

Average krg 

Error

Average kro 

Error Ct Error

Eq. Phase 

Visc Error
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The overall error in equivalent phase MBPT and the total ∆Pp drop due to the use of 

unrepresentative kr curves are not significant for this case because Pi-Pdew is large, and 

hence the pseudovariables are largely driven by single-phase terms.  This is reflected in 

the zero percent parameter error values shown in Table 7-3 for this case.  

 

7.3.2. Use of Non-Measured (Computed) kr Data – Summary of Observations 

The pertinent information required for the equivalent phase analysis presented in this 

thesis is the pressure-saturation/kr relationship.  The kr versus saturation data which is 

obtained experimentally or analytically together with fluid properties help to establish 

this relationship.  

From the results discussed above, the quality of the pressure-saturation/kr relationship 

impacts the quality of two-phase analysis to different degrees depending on the degree of 

reservoir undersaturation.  The impact of using an unrepresentative pressure versus kr 

relationship in the pseudopressure drop is least significant when Pi-Pdew is significantly 

larger than Pdew-Pwf.  Also, at high degrees of undersaturation, it takes longer for �̅� to drop 

below Pdew, making the contribution of the single-phase fluid properties to the MBPT 

integral more important. 

For those cases, in which the degree of undersaturation is low, making the contribution 

of two-phase terms in the pseudovariables more important, other conditions become 

important.  The first of these is the established pressure-saturation relationship, which 

feeds into the computation of the ct that goes into the equivalent phase MBPT integra l.  

For small ranges of pressure below dewpoint, for which cg and co values are comparable, 

the ct value is sensitive to errors in the pressure-saturation relationship employed.  

However for wider ranges of pressures below dewpoint, the far larger values of cg drive 

the ct value, making it less susceptible to errors in the pressure-saturation relationship. 

The equivalent phase viscosity, which also goes into the equivalent phase MBPT, is 

computed using kro and krg determined at each pressure step using the established 

pressure-saturation/kr relationship.  It is more common for kro to be significantly smaller 

in magnitude compared to krg, particularly at low condensate saturations.  As such, the 

accuracy of kro, because of its low values, becomes less critical.  The krg on the other hand 

is typically a relatively larger term, and therefore a more important term which feeds into 

the equivalent phase viscosity, as well as the two-phase pseudopressure computations, 

and hence its accuracy is particularly important. 
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7.4. Conclusions 

In this chapter, capillary pressure (Pc) effects which were previously ignored in the 

simulation models used in this study were considered.  The Brooks and Corey Pc model 

was used.  Interfacial tension (IFT) values up to 10 dynes/cm and values of pore size 

distribution index (λ) considered applicable for low permeability matrices were used in 

the computation of the Pc curves which were then introduced into some of the simula t ion 

models.  Both the IFT and λ values were selected such that the resulting Pc curves were 

exaggerated.  From the cases examined here, with the assumption of a homogeneous 

matrix, and gas-condensate fluid, under conditions in which viscous flow is most 

dominant, it was concluded that the assumption of negligible Pc used in this study is 

reasonable/justifiable because the inclusion of Pc (at exaggerated levels) did not produce 

any noticeable difference in the production decline responses.  

Also in this chapter, the source/availability of relative permeability (kr) data was 

examined.  The relative permeability (kr) curves computed using the Brooks and Corey 

correlations were used to analyse selected cases from Table 5-1 of Chapter 5.  The results 

demonstrate that the impact of using less representative kr curves in the equivalent phase 

analysis is least significant when the degree of undersaturation (Pi-Pdew) is significantly 

large.  In such cases, the total pseudopressure drop and the equivalent phase material 

balance pseudotime are largely driven by single-phase terms. 

For those cases, in which the degree of undersaturation is low, making the contribution 

of two-phase terms in the pseudovariables more important, the accuracy of the krg values 

is critical, and kro less so.  This is because kro tends to be much smaller compared to krg, 

particularly at low condensate saturations.  Also, for small ranges of pressure below Pdew, 

within which cg and co values are comparable, the ct value, which goes into the equivalent 

phase MBPT integral, becomes sensitive to errors in the pressure-saturation relationship 

employed.  However, for wider ranges of pressures below Pdew, the far larger values of cg 

drive the ct value, making it less susceptible to errors in the pressure-saturat ion 

relationship. 

In all the cases examined, if the overall errors in the pseudovariables resulting from the 

use of less representative kr curves remained less than 10%, the resulting TCM and 

resulting parameter estimates were not significantly impacted. 

 



 

CHAPTER 8 – PRACTICAL CONSIDERATIONS: MULTIPLE-

CYCLE AND MULTIWELL PDA 
 

8.1. Introduction  

All the simulation cases used in the analyses presented in Chapters 4 to 7, were run as 

single cycles of production.  However, long-term production data from real wells/fie lds 

are subject to changes such as recompletions, mechanical failures, long-term shut-ins and 

changes in drive mechanisms.  Such changes cause “anomalies” in flowrate and pressure 

responses, which can pose challenges to subsequent production data analysis (PDA) using 

type curves.  Methods available in literature to handle such scenarios involve the removal 

of transient spikes, or the reinitialization of the production data past the anomaly. 

The concept of time reinitialization for type curve analysis of production data exhibit ing 

multiple transient periods, was first mentioned by Fetkovich (1980) and later by 

Fetkovich et al. (1996).  For modern type curve analysis, Doublet et al. (1994), in their 

work on oil well production data, suggested that when such data reinitialization is 

required, the cumulative fluid (oil, in this case) produced prior to reinitialization should 

be accounted for in the calculation of the superposition time function, i.e. the material 

balance time (MBT).  They explained that this is accomplished by computing the MBT 

integral based on the total cumulative production and current rates, and then re-scaling 

the integral to yield 𝑡̅ = 0 at the first data point.  Such an approach, however, requires 

prior knowledge of historical cumulative production data.  In addition such an approach 

has an inherent weakness that uncertainties in the production history are reflected in the 

subsequent interpretations and parameter estimates.   

This study presents a simpler reinitialization approach, more in line with the concept of 

time reinitialization of Fetkovich et al. (1996), for modern production data type curve 

techniques which employ MBT/MBPT functions.  Here, the focus is primarily on cases 

with long-term shut-ins.  The approach, which does not require historical cumula t ive 

production in the computation of the MBPT integral, and employs average reservoir 

conditions at the time of reinitialization as initial conditions for the data analysis, is shown 

to produce accurate parameter estimates.  

Following this, multiple-cycle simulation cases with inertial effects and pressure-

dependent matrix permeability are examined.  Literature on the impact of nonlinear 

effects such as stress-dependent permeability (p-k) and velocity-dependent permeability 



Chapter 8 – Practical Considerations: Multiple-Cycle and Multiwell PDA 

 

189 

effects (Vairogs and Rhoades, 1973, Samaniego et al., 1977, Pinzon et al., 2000) have 

suggested that p-k effects observed in drawdown data can closely resemble rate-

dependent velocity (inertial non-Darcy) effects.  The vast majority of such literature has 

however focused on the pressure-transient analysis of data affected by these permeability-

reducing phenomena; a similar extent of investigation has not been conducted on such 

effects in long-term PDA, particularly using modern type curves.  This area is therefore 

examined in Section 8.3, with ways proposed to distinguish one phenomenon from the 

other.  While it is understood that p-k effects are likely to be more important (compared 

to velocity-dependent effects) in low permeability reservoirs, this investigation is 

considered useful for conditions where it is possible for either of these effects to be 

present. 

All the simulation results presented in this study have thus far employed a single well 

model.  The final consideration in this study, presented in Section 8.4, therefore examines 

the impact of multiwell effects on the conclusions reached particularly, regarding the use 

of the equivalent single phase concept for two-phase analysis in gas condensate reservoirs 

(GCR).  For this purpose the total material balance approach introduced by 

Marhaendrajana and Blasingame (2001) is considered for use together with the equivalent 

single phase approach for analysis of production data from multiwell GCRs where two-

phase effects are significant.  

The data analysis presented in this study, assumes the availability of accurate pressure-

volume-temperature (PVT) and compositional data of representative reservoir fluid.  

Representative sampling and accurate characterization of GCR fluids can be challenging.  

The final subsections of this chapter therefore examine the practicalities of obtaining 

representative fluid samples from GCRs with considerations of fluid richness, degree of 

reservoir undersaturation and well flowing pressure conditions. 

 

8.2. Multiple-Cycle Production Data - Reinitialization for Type Curve Analysis 

The approach to reinitialization proposed in this study involves zeroing the time at the 

start of each production cycle (i.e. after each shut-in period).  The last estimated average 

pressure in the area of investigation with its corresponding fluid properties at shut-in is 

used as the initial/normalizing condition for the subsequent reinitialized period.  Here 

cumulative production prior to reinitialization is not required in the calculation of the 

MBPT integral.  Type curve analysis for each production period is thus carried out using 
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pressure and fluid properties corresponding to the average conditions at the time of 

reinitialization as the initial conditions.  

 

8.2.1. Model and Fluid Description – without Inertia and p-k Effects 

The radial model presented in Chapter 3 was employed here, with initial reservoir 

pressure of 5,500 psia, skin of -5.17, drainage radius of 1242 ft, and matrix permeability 

of 1 md.  The dry gas fluid model, also described in Chapter 3, was used in the simula t ion 

model which was run using the ECLIPSE 100 black oil simulator.  

Multiple-Cycle Production: This simulation was run with a constant Pwf of 5,300 psia 

for long enough to allow the reservoir to attain boundary dominated flow, after which the 

well was shut for the same duration as the flowing period, and then re-opened for a second 

production period still with a constant Pwf of 5,300 psia.  This cycle was repeated a third 

time with a similar pattern.  The first two cycles of production are summarized in Table 

8-1. 

 

Table 8-1 Multiple-cycle production –parameters used in type curve analysis. 

 Production Period 1 
(Cycle 1) 

Production Period 2 
(Cycle 2) 

𝑃𝑖, psia 5,500 5,320 

𝑃 at shut-in, psia 5, 320 5,302 
𝑃𝑤𝑓, psia 5,300 5,300 

𝜇𝑔 , cp 0.0262 0.0258 

𝑐𝑔, psi-1 1.32E-04 1.37E-04 

𝐵𝑔 , RB/MSCF 0.68 0.699 

 

8.2.2. Results and Discussions - without Inertia and p-k Effects 

Each of the production periods for the multiple-cycle case was analysed independently.  

The type curve match (TCM) for the second production period of the multiple-cycle case 

is shown in Figure 8-1.  The parameter estimates obtained for this case, as shown on the 

plot, match very well with the simulation inputs, thus confirming the consistency of the 

simulation model and data analysis carried out using the simplified approach to 

reinitialization.  Similarly accurate results were obtained for the third production cycle 

(not shown here). 

The proposed approach to reinitialization for analysis of multiple-cycle production data 

is straight forward.  It does not require the analyst to employ cumulative production from 
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historical data to compute the MBPT function, which then has to be rescaled to zero at 

the initial value as suggested by Doublet et al. (1994).  It is therefore the author’s opinion 

that this approach would be more attractive for parameter (i.e. k, re, and s) estimation 

especially where production history is either unavailable or of poor quality.  

 

 

Figure 8-1: Blasingame TCM: multiple-cycle production - cycle 2, without p-k or inertial effects. 

 

It is worth mentioning that this approach to reinitialization assumes that transients 

initiated by the rate change at the previous shut-in have negligible effect on the 

subsequent production cycle.  In other words, the method may not produce accurate 

results if the duration of the previous shut-in period is very short (e.g. less than a day, for 

the 1 md matrix considered). 

Some multiple-cycle simulation cases with very short shut-in generated in this study were 

also analysed using the approach to reinitialization described by Doublet et al. (1994).  

Although their approach was not fully reproduced, due to the lack of details of the MBT 

rescaling approach they employed, trends in the results or the study presented in this thesis 

suggested that their approach also exhibits significant distortions in the data plot for 

production cycles preceded by very short shut-ins.  In addition, the reliance of the Doublet 

et al. (1994) approach on historical cumulative production implies that any uncertainty in 
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this input would affect the quality of parameter estimates, a limitation which is avoided 

if the reinitialization approach presented in this study is employed. 

In the next section, the value of reinitialization in multiple-cycle PDA as a means of 

distinguishing between velocity-dependent and stress-dependent permeability effects is 

examined. 

 

8.3. Multiple-Cycle versus Single-Cycle Cases with Inertia and p-k Effects 

Following the initial experiments described in Section 8.2, velocity-dependent and stress-

dependent permeability effects were introduced separately into the simulation models 

with multiple-cycle production.  Single-cycle production cases were also examined for 

the sake of comparison. 

 

8.3.1. Model and Fluid Description – with Inertia and p-k Effects 

The one-dimensional radial single-well model described in Section 8.2.1 was employed, 

but with true skin changed from -5.17 to 0, and with drainage radius changed from 1242 

ft to 456 ft. 

The ECLIPSE 300 compositional simulator was used for this stage of the study, as this 

allowed for the use of the chosen Forchheimer model.  The very lean fluid (C1/C10 = 

98/2, MLDO = 0.86%) was used.  The simulations were however designed to remain 

single-phase throughout the production period. 

 

8.3.2. Simulation Parameters for p-k and Inertia Effects 

P-k effects were introduced using drawdown-dependent transmissibility multipliers, as 

was done in Chapter 6.  An exponential p-k function was assumed, with a permeability 

modulus, γ, of 1E-3 psi-1.  Input matrix permeability was 1 md, and porosity was 6%. 

To incorporate inertial effects, two values of βd were assumed, βd =1.06E12 m-1
 (which is 

a measured value for a core sample with permeability of 0.18 md), and a much larger βd 

value of 7.00E12 m-1.  This larger value was employed in some simulation cases because 

it was observed to result in permeability reductions which were comparable to those 

observed in the cases with p-k effects with γ of 1E-3 psi-1.  The p-k and velocity-dependent 

effects were introduced independently; four models were setup as follows: 
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 Model 1: No Inertia, No p-k Effects 

 Model 2: Inertia Only (βd = 1.06E12 m-1) 

 Model 3: Inertia Only (βd = 7.00E12 m-1) 

 Model 4: P-k Effect Only (γ = 1E-3 psi-1) 

Single-cycle (SC) cases were first simulated with constant Pwf of 4,500 psia and 2,500 

psia.  For the multiple-cycle (MC) simulation cases, two scenarios of flowing bottomhole 

pressures were considered: 

 Fixed bottomhole pressure: Here, Pwf was maintained at a fixed value for all 

the cycles of production. 

 Fixed drawdown: Here, Pwf was allowed to decrease to a lower value at the start 

of each new production cycle, such that the drawdown at the start of each cycle  

was maintained at approximately the same level. 

For all the simulations considered, bottomhole pressure was maintained at a constant 

value during the drawdown (production) period. 

 

8.3.3. Results and Discussion:  Single-Cycle Cases with Inertia and p-k Effects 

The parameter estimates obtained from the type curve analysis of the single-cycle cases 

are shown in columns 5 to 7 of Table 8-2.  

 

Table 8-2: Results of type curve analysis of single-cycle (SC) cases. 

Model Case  P i Pwf TCM 

k 

TCM 

re 

TCM 

s 

Comments on Simulation Set-up 

Model 1 SC-Case 1 5,500 4,500 1.02 460.83 -0.01 No Inertia, no p-k effects 
SC-Case 2 5,500 2,500 1.02 460.83 -0.01 No Inertia, no p-k effects 

Model 2 SC-Case 3 5,500 4,500 1.00 468.77 2.71 Inertia only (𝛽 = 1.06𝐸12 𝑚− 1) 
SC-Case 4 5,500 2,500 0.79 456.55 3.14 Inertia only (𝛽 = 1.06𝐸12 𝑚− 1) 

Model 3 SC-Case 3a 5,500 4,500 0.66 485.23 3.36 Inertia only (𝛽 = 7.0𝐸12 𝑚− 1)  
SC-Case 4a 5,500 2,500 0.37 463.57 3.41 Inertia only (𝛽 = 7.0𝐸12 𝑚− 1) 

Model 4 SC-Case 5 5,500 4,500 0.69 425.13 0.07 p-k only 
SC-Case 6 5,500 2,500 0.31 372.15 0.20 p-k only 

 

It can be observed that, as expected, SC-Case 1 and SC-Case 2 (with Pwf of 4,500 psia 

and 2,500 psia, respectively, and which have neither p-k nor inertial effects enabled) 

produce k, re and s estimates that are within +2% of the simulation input (i.e. k =1 md, re 

= 456 ft, and s = 0). 

For SC-Case 3 the k estimate is accurate and re is within +3% of the simulation input, but 

s (2.71) is a positive non-zero value due to the inertial effects.  For SC-Case 4, which has 

stronger inertial effects due to the larger drawdown, k is underestimated by about 20%, 
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the re estimate is accurate, and s (3.14) is more positive.  SC-Case 3a shows k 

underestimated by 34%, re within +6% of input, and s (3.36) still more positive due to the 

stronger inertial effects caused by using a larger Forchheimer factor.  SC-Case 4a, with 

larger draw down compared to 3a and hence with stronger inertial effect, produces 

parameter estimates that are in line with expectation, i.e. k more underestimated by 63%, 

re within +2% of input, and s value of 3.41. 

An examination of SC-Case 5 (which has p-k effects enabled) shows k underestimated by 

31%, re within -7% of input, while s (0.07) is within +7% of input.  SC-Case 6 shows k 

underestimated by 69%, re underestimated by 18%, and a very slightly positive s (0.2) 

due to the impact of very strong p-k effects.  From these single-cycle experiments it is 

clear that for: 

 k estimates: Strong p-k effects and strong inertial effects both produced reductions 

in k estimates. 

 Skin estimates: Inertial effects produced significant increases in skin estimates, 

strong p-k effects (i.e. where the k change over the production period is large) 

could also produce slight increases in skin (but not as strongly as inertial effects).  

 re estimates: Strong p-k effects produced a decrease in the estimated re, a trend 

which was not observed for the inertial effect cases. 

It is quite clear that the trend of the impact of both p-k and inertial effects on these single-

cycle cases were similar in terms of the k estimates and to a minor degree, the s estimates. 

 

8.3.4. Results and Discussion: Multiple-Cycle Cases with Inertia and p-k Effects 

Figure 8-2 and Figure 8-3 show the gas production rates (FGPR) versus time on a log- log 

scale for the multiple-cycle simulation cases with fixed Pwf and fixed drawdown (ΔP), 

respectively. 

For the multiple-cycle cases with fixed Pwf, it would be expected that the drawdown at 

the start of each succeeding production cycle should be progressively lower, with 

decreasing production rates, consequently making velocity effects less significant (Eq. 2-

35) with each successive production cycle.  Stress-dependent permeability on the other 

hand, would be expected to continue to result in progressively decreasing permeability 

estimates, since the effective stress continues to increase as cumulative production from 

a closed system increases.  For the fixed drawdown cases on the other hand, it is 
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reasonable to expect that with each successive production cycle, the impact of velocity-

dependent inertial effects should remain approximately unchanged.  However, stress-

dependent permeability effects for these cases should still result in progressive ly 

decreasing permeability estimates, since the effective stress continues to increase as 

cumulative production increases. 

 

 

Figure 8-2: Log-log plot of gas production rate versus time for multiple-cycle cases with fixed Pwf. 

 

 

Figure 8-3: Log-log plot of gas production rate versus time for multiple-cycle cases with fixed (ΔP) . 
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The results of type curve analysis for the multiple-cycle cases are shown in Table 8-3 

(fixed Pwf) and Table 8-4 (fixed ΔP).  As before, these cases were analysed using the 

approach to reinitialization introduced here. 

Beginning with the fixed Pwf cases with inertial effects, it can be seen from  Table 8-3 

that for MC-Case 2 – Cycle 1, k is underestimated by 21% compared to the simula t ion 

input value, re is within +2% of the input, and s (3.1) is positive due to the inertial effects.  

For MC-Case 2 – Cycle 2, k is within +6% of the input, re within +6% of the input, and s 

is -0.06, which is within -6% of the input.  The impact of inertia is clearly seen to decrease, 

as evidenced by the improvement in the k estimate and reduction in s.  A very similar 

trend is observed when MC-Case 3 – Cycle 1 and Cycle 2 are compared. 

 

Table 8-3 Results of type curve analysis of multiple-cycle (MC) cases with fixed Pwf. 

Model Case  P i Pwf TCM 

k 

TCM 

re 

TCM 

s 

Comments on Simulation Set-up 

Model 1 MC-Case 1 – Cycle 1 5,500 2,500 1.02 460.83 -0.01 No Inertia, no p-k effects 
MC-Case 1 – Cycle 2 2,503 2,500 1.03 459.53 -0.01 No Inertia, no p-k effects 

* MC-Case 1 – Cycle 3 2,501 2,500 - - - No Inertia, no p-k effects 
Model 2 MC-Case 2 – Cycle 1 5,500 2,500 0.79 467.05 3.11 Inertia only (𝛽 = 1.06𝐸12 𝑚−1) 

MC-Case 2 – Cycle 2 2,509 2,500 1.06 481.85 -0.06 Inertia only (𝛽 = 1.06𝐸12 𝑚−1) 

* MC-Case 2 – Cycle 3 2,501 2,500 - - - Inertia only (𝛽 = 1.06𝐸12 𝑚−1) 
Model 3 MC-Case 3 – Cycle 1 5,500 2,500 0.37 468.28 3.40 Inertia only (𝛽 = 7.00𝐸12 𝑚−1) 

MC-Case 3 – Cycle 2 2,628 2,500 1.05 494.28 2.36 Inertia only (𝛽 = 7.00𝐸12 𝑚−1) 
* MC-Case 3 – Cycle 3 2,502 2,500 - - - Inertia only (𝛽 = 7.00𝐸12 𝑚−1) 

Model 4 MC-Case 4 – Cycle 1 5,500 2,500 0.31 372.15 0.20 p-k only  
MC-Case 4 – Cycle 2 3,372 2,500 0.09 461.78 -0.01 p-k only  
MC-Case 4 – Cycle 3 2,995 2,500 0.07 476.89 -0.04 p-k only 

*Delta P w as too small for effective analysis with the pseudopressure table w hich has minimum pressure steps of 1 psi 

employed in integration using the trapezoidal rule. 

 

The fixed Pwf cases with p-k effects, showed a consistently decreasing trend in the k 

estimates from cycle to cycle, regardless of the trends in drawdown from one cycle to the 

next.  For MC-Case 4 – Cycle 1, k is underestimated by 69% of input, re is underestimated 

by 18%, and s (0.2) is slightly positive due to strong p-k effects.  Cycle 2 of MC-Case 4 

shows k is underestimated by 91%, re within +1% of input, and s (-0.01) is within -1% of 

input, while, Cycle 3 exhibits k which is underestimated by 93%, re within +5% of input, 

S (-0.04) within -4% of input.  Clearly, the trend of reduction in k continues across all 

cycles as effective stress continues to increase with production.  

In summary, for the multiple-cycle fixed Pwf cases, with decreasing drawdown and 

production rates in succeeding cycles, it is observed that for: 

• k estimates: the impact of inertia was reduced, resulting in improvements in the 

k estimate.  Where there were strong p-k effects, k estimates continued to reduce 
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from one cycle to the next as a consequence of increased cumulative production 

and the associated increase in effective stress. 

• Skin estimates: the positive skin due to inertia was lessened.  P-k effects could 

produce slightly positive skin (particularly when the range of k change over the 

production cycle was significant).  However such a positive skin was not 

particularly significant. 

• re estimates: Strong p-k effects resulted in a decrease in the estimated re (i.e. if 

the k changes over the production period were significant).  As the range of the 

k change decreased in succeeding cycles, for these cycles, the reduction in re was 

lessened.  The re estimates were unaffected for cases with inertia. 

 

In Table 8-4, where the fixed drawdown (ΔP) multiple-cycle cases are presented, it can 

be observed that MC-Case 2 – Cycle 1 produces k which is accurate, re within +4% of 

input, and s (2.69) which is positive due to the inertial effect.  Cycles 2 and 3 of MC-Case 

2 clearly produce very similar parameter estimates as cycle 1.  In other words, the impact 

of inertial effects remains approximately same in all the cycles.  MC-Case 3 with a larger 

Forchheimer factor, produces the same trends as MC-Case 2, but with more significant 

reductions in k (32% to 34% less than the input), and more positive skin (3.36). 

 

Table 8-4 Results of type curve analysis of multiple-cycle (MC) cases with fixed ΔP. 

Model Case  P i Pwf TCM 

k 

TCM 

re 

TCM 

s 

Comments on Simulation Set-up 

Model 1 MC-Case 1-cycle 1 5,500 4,500 1.02 460.83 -0.01 No Inertia, no p-k effects 
MC-Case 1-cycle 2 4,502 3,500 1.06 463.72 -0.02 No Inertia, no p-k effects 

MC-Case 1-cycle 3 3,502 2,500 1.07 489.25 -0.07 No Inertia, no p-k effects 
Model 2 MC-Case 2-cycle 1 5,500 4,500 1.00 475.62 2.69 Inertia only (𝛽 = 1.06𝐸12𝑚−1) 

MC-Case 2-cycle 2 4,502 3,500 1.05 472.23 2.68 Inertia only (𝛽 = 1.06𝐸12𝑚−1) 
MC-Case 2-cycle 3 3,502 2,500 1.06 479.76 2.68 Inertia only (𝛽 = 1.06𝐸12𝑚−1) 

Model 3 MC-Case 3-cycle 1 5,500 4,500 0.66 485.23 3.36 Inertia only (𝛽 = 7.00𝐸12𝑚−1) 
MC-Case 3-cycle 2 4,502 3,500 0.68 486.77 3.36 Inertia only (𝛽 = 7.00𝐸12𝑚−1) 

MC-Case 3-cycle 3 3,503 2,500 0.68 487.33 3.36 Inertia only (𝛽 = 7.00𝐸12𝑚−1) 
Model 4 MC-Case 4-cycle 1 5,500 4,500 0.69 425.13 0.07 P-k only 

MC-Case 4-cycle 2 4,510 3,500 0.26 423.49 0.07 P-k only  

MC-Case 4-cycle 3 3,676 2,500 0.10 428.44 0.06 P-k only 

 

Finally, fixed drawdown multiple-cycle cases with p-k effect are shown in MC-Case 4, 

where Cycle 1 shows k underestimated by 31% of input, re within -7% of input, s (0.07) 

within +7% of input.  Cycle 2 shows k underestimated by 74% of input, re within -7% of 

input, s (0.07) within +7% of input, and Cycle 3 shows k underestimated by 90% of input, 

re within -6% of input, s (0.06) within +7% of input.  Clearly, the impact of p-k effects 

continues to increase as evidenced by the consistent reduction in k estimates. 
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In summary, for the multiple-cycle - fixed drawdown simulations, it is observed that for: 

• k and s estimates: the impact of inertia on k and s (i.e. decreased k and increased 

s) remained approximately the same across all cycles.  With regard to cases with 

p-k effects, k estimates continued to reduce from one cycle to the next as 

cumulative production increased. 

It is worth pointing out that a rather common approach to the analysis of production data 

with “anomalies” is to simply remove the anomalous data points.  In other words, spikes 

(e.g. those resulting from transients that occur with the re-opening of a well) can be 

removed, after which it is possible to analyse the data as a single-cycle (Pratikno et al., 

2003).  This approach was tested using Models 3 and 4 of the multiple-cycle fixed Pwf 

cases (presented in Table 8-3).  Figure 8-4 shows MC-Case 3 (fixed Pwf) with spikes due 

to transients, and Figure 8-5 shows the same case for which the spikes due to transients 

have been removed (i.e. de-spiked). 

The Blasingame data plot of the de-spiked production data is overlain with the data plot 

of the first cycle of the same case, and shown in Figure 8-6.  From this figure it is clear 

that the analysis of the de-spiked data as a single cycle would produce the same parameter 

estimates as cycle 1 only.  This however also means that such an approach would result 

in a loss of the benefit of being able to identify trends in parameter estimates, from one 

production cycle to the next, that could be useful for distinguishing certain nonlinear 

effects such as stress-dependent permeability and inertia from each other. 

 

 

Figure 8-4: Log-log plot of gas production rate versus time for model 3-MC Case 3 (fixed Pwf). 
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Figure 8-5: Log-log plot of gas production rate versus time for model 3-MC Case 3 (fixed Pwf) 

case with transient spikes removed. 

 

 

Figure 8-6: Blasingame data plot for model 3-MC Case 3 with fixed Pwf, comparing cycle 1 

with the single cycle production data obtained after de-spiking MC case.  

 

8.4. Production Data Type Curve Analysis in Multiwell Gas Condensate 

Reservoirs 

All the results presented so far in this thesis have been based on single-well simula t ion 

models. Such models are representative of scenarios where multiwell interence effects 

are not present.  Marhaendrajana and Blasingame (2001) showed that when single-we ll 

Blasingame type curves (Palacio and Blasingame 1993) are used in the analysis of data 
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from multiwell systems where interference effects are present, the BDF depletion stem of 

the data plot deviates from the expected b = 1 harmonic decline.  Such deviations are the 

result of changes in the drainage volume of the given well with time due to inter-well 

communication.  They presented a multiwell “total material balance” approach, as 

mentioned in Chapter 2, which incorporates the cumulative performance of all the wells 

in the system, so that a total balance of pressure and production (volumes) is maintained.  

Their multiwell approach makes it possible to use the single-well type curves in the 

analysis of production data from wells in multiwell systems.  The estimated external 

reservoir radius obtained from the analysis of each well is then that of the entire reservoir, 

while the average effective permeability and skin estimates obtained are specific to the 

given well and its drainage volume. 

Marhaendrajana and Blasingame (2001) used their multiwell approach to analyse data 

from a gas condensate field.  Two-phase effects were not accounted for in their analysis.   

Given the maximum liquid dropout (MLDO) of 1.5% for this field, and based on the 

results of this study, such two-phase considerations would not have been particula r ly 

necessary.  However, for more severe two-phase conditions, such considerations would 

be regarded as necessary.  

In the remaining sections of this thesis, GCR multiwell cases with significant two-phase 

effects are examined, for which the total material balance method is combined with the 

equivalent phase based approach to production data type curve analysis introduced in this 

study.  Single-phase multiwell cases are examined first to validate the multiwell models 

used for this phase of the study, as well as to verify the implementation of the total 

material balance approach.  

 

8.4.1. Data Summary: Reservoir and Fluid Models – Multiwell simulations 

Hybrid reservoir models, i.e. Cartesian gridding with radial local grid refinement (LGR) 

around the wellbore, were run using ECLIPSE 300.  The model was made up of 21 grid 

blocks in the X direction, 21 in the Y direction and 1 in the Z direction, each grid block 

being 104.8 × 104.8 × 70 ft in dimension.  Radial LGR was employed around each well 

to ensure that the pressure and saturation responses around the wellbore, particularly for 

the two-phase cases would be adequately captured as achieved with the earlier radial 

models.  
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A single well case was first constructed using this hybrid model.  The simulated 

production rates from the hybrid model were compared to those obtained from the single 

well one-dimensional radial model under the same reservoir and operating conditions, as 

a way of validating the hybrid model.  The gas production rates from both models were 

found to be well matched.  Multiwell models with 2 wells, and others with 3 wells were 

then set up. 

Multiwell interference effects can be examined from the perspective of the flow regime 

in which they occur.  On this basis, Aminian et al. (1985) mentioned interference during 

early time, which arises when wells are clustered in a localized area compared to the total 

reservoir area (as might exist in the early stages of development of a large reservoir).  

There is also interference during late time (i.e. during the boundary dominated flow 

regime), caused by operational changes after the drainage areas of existing wells have 

already been established.  

For a reservoir with evenly spaced wells and for which operating conditions after BDF 

remain unaltered, well interference effects are minimised and less likely to be observed.  

In such cases, the effective permeability applicable to the drainage volume of a given well 

can be accurately estimated from the type curve analysis of production data from that 

well.  The drainage area obtained for each well should then be proportional to the 

fractional flow rate (i.e. qj/qt, where qj is the well flow rate, and qt is the total flowrate 

from all the wells) of the given well, and the sum of the drainage areas from all the wells 

should give the total area of the reservoir.  However, the constraint of evenly spaced wells 

and constant production conditions for all wells throughout the life of a reservoir are not 

commonly met.  

To simulate both kinds of interference effects (i.e. early time and late time), some of the 

multiwell models used here were set up with the wells evenly spaced in the reservoir, 

while others had wells clustered in a localized area of the reservoir.  Figure 8-7 shows the 

evenly spaced two-well model, while Figure 8-8 shows the clustered two-well model used 

in this study.  For the cases with evenly spaced wells, operating conditions were altered 

after the establishment of BDF in order to introduce late time interference effects. 
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Figure 8-7: Visualization of multiwell Cartesian model (with wells evenly spread out in the reservoir) – 

two-well case. 

 

 

 

Figure 8-8: Visualization of multiwell Cartesian model (clustered wells) – two-well case. 
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The model input parameters for the initial single-phase cases were as follows: k = 0.01 

md, porosity = 6%, “equivalent” re = 1242 ft, s = 0.  For the single-phase cases, flowing 

well pressures (Pwf) were chosen to remain above the dewpoint pressure (Pdew) of 4259 

psia of the lean fluid (C1/C10 = 95/5, MDLO = 7.39%) which was used here.  

 

8.4.2. Results and Discussions: Multiwell Cases with Early Time Interference  

Table 8-5 shows a summary of the single-phase multiwell cases.  Also shown in this table 

are the operating constraints used, and the parameter estimates obtained from the type 

curve analysis of these cases using both single-well and multiwell techniques.  The init ia l 

reservoir pressure for each of these cases was 5,500 psia.  

 
Table 8-5: Multiwell DCA - Results of Blasingame type curve analysis. 

   Single-Well Analysis Multiwell Analysis  

 Case Pwf (psia) k  (md) re (ft) k (md) re (ft) Remarks 

1 2-Well, Clustered Well A: 4500 0.008 916 0.008 1245 Wells start production at the 
same time.  Interference 
occurs during early time. 

Well B: 4500 0.008 898 - - 

2 3-Well, Clustered Well A: 4500 0.007 754 - - Wells start production at the 
same time.  Interference 

occurs during early time. 

Well B: 4500 0.007 754 - - 

Well C: 4500 0.006 715 - - 

3 2-Well, Staggered 
Start-up 

Well A: 4500 0.01 1239 0.01 1245 Well B starts up after 
boundary dominated f low  
has been established. Well B: 4300 - - - - 

4 3-Well, Staggered 

Start-up 

Well A: 4500 0.01 1242 - - Wells B and C are started up 

after establishment of 
boundary dominated f low . 

Well B: 4300 - - - - 

Well C: 4300 - - - - 

5 2-Well, Shut Well B Well A: 4500 0.01 880 0.01 1245 Well B is shut after 

establishment of boundary 
dominated f low . 

Well B: 4500 - - - - 

6 3-Well, Shut Well B 
and C 

Well A: 4500 0.01 726 - - Wells B and C are shut after 
establishment of  boundary 
dominated f low   

Well B: 4500 - - - - 

Well C: 4500 - - - - 

 

The single-well TCM for Well A from Case 1, with 2 clustered wells, is shown in Figure 

8-9.  In this figure, it can be observed that there is a distortion in the shape of the transient 

stems of the decline curve, which is particularly noticeable in the integral derivative 

(q/Δp)id curve.  The k estimate obtained is also lower than the model input by about 15%. 

These effects are the result of deviations from pure infinite acting (IA) radial flow around 

the wellbore, due to early time interference effects.  The type curves employed here are 

based on an interpretation model which assumes pure radial flow during the transient flow 

period.  As such the production data for Case 1 does not fit with the transient flow regime 

stem of the type curves.  A similar effect would be expected for a well located close to a 

physical boundary. 
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The multiwell TCM of Well A for this case is presented in Figure 8-10.  This figure shows 

an accurate estimate of the re for the entire reservoir.  However, the distortion in the 

transient stem and the underestimation of k are not resolved. 

 

 

Figure 8-9: Blasingame TCM for Well A in 2-well clustered model, 

Table 8-5: Case 1 – single-well analysis. 

 

 

Figure 8-10: Blasingame TCM for Well A in 2-well clustered model, 

Table 8-5: Case 1 – multiwell analysis. 
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Case 2, with three clustered wells, showed more severe distortions in the transient stem 

and lower k estimates due to more severe early time interference effects.  For these two 

cases (i.e. Cases 1 and 2), where there were no post-BDF changes in the operating 

conditions, there were not late time interference effects. 

In Figures 8-9 and 8-10 (and subsequent TCM figures in this chapter), a small step is 

sometimes noticeable on the integral derivative data plot, (q/∆p)id, around tDd of about 

1.E-03.  This step was also present in the zero-skin single-well pure radial model 

(mentioned in paragraph 2 of Section 8.4.1), at approximately the same time.  This step 

is not due to a transition from radial to Cartesian grid (i.e. due to the use of hybrid model).  

Rather, it is the result of a change in the time steps used in the simulation, after the first 

eight days (actual time) of production, from logarithmic increments to fixed increments.  

This produces a slight fluctuation in the rate of decline in the simulated gas production 

rates, which is not visible on the log-log rate-time plot of the production data.  It is also 

not visible on the log-log plots of pressure-normalized rate (q/∆p), and its integral (q/∆p)i.  

However, it is observable on the (q/∆p)id as a small step, which does not impact the results 

of the analysis presented and the conclusions drawn here. 

 

8.4.3. Results and Discussions: Multiwell Cases with Late Time Interference 

For Case 3 and Case 4, a single well (Well A) was allowed to flow until the establishment 

of BDF, after which production from one new well (Well B for Case 3) or two new wells 

(Wells B and C for Case 4) was initiated.  Figure 8-11 shows the single-well TCM for 

Well A in Case 3.  In this figure, it is evident that the BDF decline stem of the data plot 

deviates from that of the type curves, falling below the harmonic decline stem, due to the 

decreasing drainage volume of the original well, i.e. Well A, caused by the “competing” 

effects from the new well.  For the 3-well case (i.e. Case 4), not shown here, similar even 

more pronounced trends were observed. 
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Figure 8-11: Blasingame TCM for Well A in 2-well staggered start up simulation, 

Table 8-5: Case 3 – single-well analysis. 

 

These results are consistent with literature (Marhaendrajana and Blasingame, 2001).  In 

these cases, the single-well TCM is not as good as could otherwise be obtained if 

multiwell analysis was used, although it must be mentioned that for the cases presented 

here, parameter estimates could still be made with some reasonable degree of accuracy.  

This is so because here, the transition from transient to BDF regime (i.e. the inflec t ion 

part of the curve) had already been obtained (for the entire reservoir volume) prior to the 

start of production from Well B.  As such, a reasonable, although not perfect, match was 

still obtainable using single-well methods, giving a reasonably accurate re estimate. 

As can be seen in Figure 8-12, the multiwell analysis for Well A in Case 3, resolves the 

deviation in the harmonic decline stem of the data plot, thus improving the 

quality/confidence of the TCM and parameter estimates. 

Cases 5 and 6 represent scenarios where some wells are shut in after post-transient 

conditions have been established.  Figure 8-13 shows the single-well TCM for Well A 

from Case 5.  Here it can be observed that the BDF decline stem of the data plot starts to 

show a very slight deviation above the harmonic decline stem of the type curves.  This 

deviation is slightly more evident in Figure 8-14, which shows the TCM for Well A from 

Case 6, in which three wells are initially started up and two wells (B and C) are shut in 
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after BDF is established.  In Figure 8-15, which shows the multiwell TCM for Case 5, the 

deviation in the BDF stem is resolved, and the external reservoir radius obtained is that 

of the entire reservoir. 

 

 

Figure 8-12: Blasingame TCM for Well A for the 2-well staggered start up simulation, 

Table 8-5: Case 3 – multiwell analysis. 

 

 

Figure 8-13: Blasingame TCM for Well A in the 2-Well shut Well B simulation, 

Table 8-5: Case 5 – single-well analysis. 
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Figure 8-14: Blasingame TCM for Well A in the 3-Well shut wells B and C, 

Table 8-5: Case 6 – single-well analysis. 

 

 

Figure 8-15: Blasingame TCM for Well A in the 2-Well_shut Well B, 

Table 8-5: Case 5 – multiwell analysis. 

 

From the results discussed above, it is clear that while the multiwell total material balance 

approach adjusts for late time interference effects, it does not correct for early time 

interference effects.  However, the development of methods that resolve such interference 
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effects falls outside the scope of this study.  As such, in the next subsection of this chapter, 

which examines multiwell interference under two-phase conditions, only late time 

interference effects are considered. 

 

8.4.4. Two-Phase Multiwell Cases with Late Time Interference  

Table 8-6 shows a summary of the GCR (two-phase) multiwell simulation cases, and the 

results of analysis of these cases using single-phase single-well and single-phase 

multiwell methods.  Table 8-7 shows the results of analysis of the same cases using the 

equivalent single phase approach in combination with the single-well and multiwe ll 

methods.  

An absolute permeability of 0.1 md and an equivalent reservoir radius of 1242 ft were 

used in these models.  The RC1b kr curves were used for the entire matrix in most cases.  

The rich fluid (C1/C10 = 85.5/11.5, MLDO = 28.01%), shown in Table 3-4 of Chapter 3, 

was used in these models which were all run at constant Pwf below Pdew.  Only the two-

well models are presented here.  For Cases 1 and 2, both wells A and B were put on 

production.  Well B was shut-in after post-transient flow conditions were established.  For 

Cases 3 and 4, Well A was put on production until the establishment of BDF, Well B was 

then brought into production.  Production data from Well A was then analysed for each 

of these cases. 

 

Table 8-6: Single-phase analysis of multiwell GCR cases operating at Pwf below Pdew. 

 Case Description P i Pwf (psia) Single-Well Analysis Multiwell Analysis 
k (md) re (ft) k (md) re (ft) 

1 2-Well, Shut Well B 5289  Well A: 4000 0.015 1131.7 0.016 1212.6 

Well B: 4000 - - - - 

1a 2-Well, Shut Well B,  
(w ith localised kr) 

5289  Well A: 4000 0.020 723.06 0.019 1219.3 
Well B: 4000 - - - - 

2 2-Well, Shut Well B 7000 Well A: 4000 0.061 653.68 0.067 994.04 
Well B: 4000 - - - - 

3 2-Well, Staggered Start-up 5289 Well A: 4000 0.019 1219.3 0.018 1247.1 
Well B: 3800 - - - - 

3a 2-Well, Staggered Start-up 
(w ith localised kr) 

5289 Well A: 4000 0.019 1219.3 0.018 1247.1 
Well B: 3800 - - - - 

4 2-Well, Staggered Start-up 7000 Well A: 4000 0.067 1007.4 0.067 1033.6 

Well B: 3800 - - - - 
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Table 8-7: Two-phase analysis of multiwell GCR cases operating at Pwf below Pdew. 

 Case Description P i Pwf (psia) Single-Well Analysis Multiwell Analysis Remarks 

k (md) re (ft) k (md) re (ft) 

1 2-Well, Shut Well B 5289  Well A: 4000 0.103 1159.4 0.103 1248.7 - 

Well B: 4000 - - - - 

1a 2-Well, Shut Well B,  

(w ith localised kr) 

5289  Well A: 4000 0.106 770.9 0.108 1303.1 Analysis using 

RC1b kr curves Well B: 4000 - - - - 

Well A: 4000 0.146 943.87 0.162 1544.8 Analysis using 

TC kr curves Well B: 4000 - - - - 

2 2-Well, Shut Well B 7000 Well A: 4000 0.106 895.08 0.106 1267.6 - 

Well B: 4000 - - - - 

3 2-Well, Staggered 

Start-up 

5289 Well A: 4000 0.108 1258.9 0.108 1281.2 - 

Well B: 3800 - - - - 

3a 2-Well, Staggered 
Start-up,  
(w ith localised kr) 

5289 Well A: 4000 0.108 1303.1 0.108 1303.1 Analysis using 
RC1b kr curves Well B: 3800 - - - - 

Well A: 4000 0.146 1774.8 0.162 1544.8 Analysis using 
TC kr curves Well B: 3800 - - - - 

4 2-Well, Staggered 
Start-up 

7000 Well A: 4000 
Well B: 3800 

0.106 1267.6 0.100 1265.8 - 
- - - - 

 

Marhaendrajana and Blasingame (2001) demonstrated (using reservoir simulations) that 

their multiwell approach is valid not only for homogeneous reservoirs but also for 

reservoirs with localized homogeneity (around the individual wells) and for randomly 

heterogeneous reservoirs.  On this basis, some degree of kr variation was introduced into 

a few of the models examined here.  For these cases (i.e. Case 1a and 3a), the kr around 

Well A (to a radius between 300 and 400 ft) was set to that of the RC1b kr curves, and 

the rest of the reservoir to the TC kr curves, as illustrated in Figure 8-16, i.e. a radial 

composite kr model around Well A.  

 

Figure 8-16: Two-well simulation model with k r modification around Well A. 

PROD A 
PROD B 

TC kr curves RC1b kr curves 
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Such a change in kr around a wellbore could represent a localised effect (e.g. due to 

chemical treatment) around the given wellbore.  The choice was made to vary kr because 

it plays a very important role in the impact of two-phase effects and subsequent data 

analysis, which are of interest in this study.  Additionally, the results obtained from such 

a model were considered relevant for the discussion on the importance of the near 

wellbore region in two-phase analysis of long-term production data.  

From the results presented in Table 8-6 (i.e. single-phase analysis), it is evident that the 

parameter estimates obtained using the multiwell methods are affected when two-phase 

effects are significant.  For Cases 1 and 3 which have initial reservoir pressure (Pi) close 

to Pdew, the k estimates for both single-well and multiwell analysis, are very much affected 

(i.e. approximately 80-85% less than the model absolute k input).  The single-phase 

analysis of Cases 2 and 4, with the higher Pi of 7,000 psia, produce k estimates that are 

30-40% underestimated. These results are in line with those presented in Chapter 5, where 

it was shown that the k estimates obtained at higher degrees of reservoir undersaturat ion 

were less affected by two-phase effects caused by operation at Pwf below Pdew. 

Figure 8-17 shows the single-phase single-well analysis for Well A from Case 1a.  In this 

figure, the distortion in the decline data plot with the shutting in of Well B under post-

transient conditions is evident.  The single-phase multiwell analysis of this case is 

presented in Figure 8-18. 

 

Figure 8-17: Single-phase single-well analysis of production data from Well A of Case 1a:  

(2-well, Shut Well B, (with localised k r), Pi=5,289 psia, Pwf=4,000 psia). 
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Figure 8-18: Single-phase multiwell analysis of production data from Well A of Case 1a:  

(2-Well, Shut Well B, (with localised k r), Pi=5,289 psia, Pwf=4,000 psia). 

 

Here, it is clear that the use of the multiwell approach removes the distortion in the post-

transient part of the decline stem, and improves the re estimate, producing an estimate 

which is closer to the model input for the entire reservoir.  It is however clear that the k 

estimate is still 80% less than the absolute value of 0.1 md. 

Two-phase multiwell analysis was then carried out using the total material balance time  

(Marhaendrajana and Blasingame, 2001) as presented in Chapter 2, but with a 

modification based on the equivalent single phase approach used in this study, i.e. Eq. 8-

1. 

𝑡̅𝑎,𝑒𝑞.𝑝ℎ𝑡𝑜𝑡𝑎𝑙  =
[𝜇𝑔𝑐𝑡]

𝑖

𝑞𝑔,𝑤𝑒𝑙𝑙
∫

𝑞𝑔,𝑓𝑖𝑒𝑙𝑑

𝜇𝑒𝑞 .𝑝ℎ(𝑃) 𝑐𝑡(𝑃)
𝑑𝑡

𝑡

0
 8-1 

The two-phase multiwell analysis of Case 1a was carried out using this modified total 

material balance pseudotime function, initially using the RC1b kr curves.  The analysis 

produced k estimates that are within 8% of the absolute value, and re within 5% of the 

model inputs, as can be seen both in Table 8-7 and in the TCM shown in Figure 8-19.  
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Figure 8-19: Two-phase multiwell analysis of production data from Well A of Case 1a: 

 (2-Well, Shut Well B, (with localised k r), Pi=5,289 psia, Pwf=4,000 psia), using RC1b k r data. 

 

This case, i.e. Case 1a, which is one with the localised kr modification, was also analysed 

using the TC kr curves.  As can be seen from Table 8-7, the parameter estimates resulting 

from both the two-phase single-well and two-phase multiwell analysis using TC kr curves 

were not satisfactory.  The k was overestimated by over 60% and re by over 20% for the 

multiwell analysis.  The TC kr curves are associated with higher condensate saturation, 

as was shown in Chapter 4.  As such these overestimations of k and re are in line with the 

results presented in Chapter 5. 

The fact that the use of the RC1b kr curves, which is applicable only for regions local to 

Well A, for the analysis of production data from Well A for Case 1a, produced the better 

results is significant.  It supports the observation made in Chapter 5, namely, that for two-

phase type curve analysis of long-term production data, the use of pressure-saturation/k r 

data representative of the pressure-saturation responses in the near wellbore region during 

transient flow gives correct TCM results and parameter estimates. 

It may be recalled, from Chapter 5, that at high degrees of undersaturation, deviations 

were observed in the BDF decline stem beginning from the point at which the entire 

reservoir becomes two-phase.  For Case 2, with a Pi of 7,000 psia, such deviations were 

observed.  The single-phase single-well analysis of Well A from Case 2 is shown in 

Figure 8-20, where this deviation is observable.  However for this case, it should be noted 

that part of this deviation is due also to the shutting of Well B after stable BDF.  The 
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single-phase multiwell analysis of this case is shown in Figure 8-21, where the deviation 

is clearly reduced, but not entirely removed, because the part of this deviation due to two-

phase effects is yet to be resolved. 

 

 

Figure 8-20: Single-phase single-well analysis of production data from Well A of Case 2:  

(2-Well, Shut Well B, Pi = 7,000 psia, Pwf = 4,000 psia). 

 

 

Figure 8-21: Single-phase multiwell analysis of production data from Well A of Case 2:  

(2-Well, Shut Well B, Pi = 7,000 psia, Pwf = 4,000 psia). 
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The two-phase multiwell analysis of this case is shown in Figure 8-22, from which it can 

be seen that the deviation in the BDF decline stem is now completely resolved.  The k 

estimate obtained is also within 6% and re within 2% of the model inputs. 

 

 

Figure 8-22: Two-phase multiwell analysis of production data from Well A of Case 2:  

(2-well, shut Well B, Pi = 7,000 psia, Pwf = 4,000 psia). 

 

When cases with delayed start-up of Well B were examined, very similar trends to those 

discussed above were observed.  Namely, that single-phase multiwell analysis removed 

deviations associated with well interference effects during BDF, and produced estimates 

of re which were closer to that of the entire reservoir, but where two-phase effects were 

significant, the modification of the total material balance pseudotime to include the 

equivalent phase considerations produced much more improved TCMs and reliable 

parameter estimates.  The TCM for Well A from one of these cases (Case 3), is presented 

to illustrate this point. 

The single-phase single-well TCM of production data from Well A of Case 3 is shown in 

Figure 8-23.  The deviation of the BDF stem below the harmonic decline stem, due to the 

onset of production from Well B, is evident.  The correction of this deviation through the 

use of the total material balance time is clear in Figure 8-24, which is the TCM obtained 

from the single-phase multiwell analysis of the same case.  However the need to improve 
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the quality of the k estimate persists until the equivalent phase based analysis is combined 

with the multiwell analysis to obtain the TCM shown in Figure 8-25, where k within 8% 

and re within 3% of the model inputs are obtained.  

 

Figure 8-23: Single-phase single-well analysis of production data from Well A of Case 3: 

 (2-Well, Staggered Start-up, Pi = 5,289 psia, Pwf = 4,000 psia). 

 

 

Figure 8-24: Single-phase multiwell analysis of production data from Well A of Case 3:  

(2-Well, Staggered Start-up, Pi = 5,289 psia, Pwf = 4,000 psia). 
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Figure 8-25: Two-phase multiwell analysis of production data from Well A of Case 3:  

(2-Well, Staggered Start-up, Pi = 5,289 psia, Pwf = 4,000 psia). 

 

All the results obtained for these two-phase multiwell cases show the equivalent phase 

based approach to be compatible with the multiwell total material balance technique.  As 

such, for multiwell GCR cases, the equivalent phase based modification of the total 

material balance pseudotime, as shown in Eq. 8-1, is recommended to ensure more 

confident TCMs and reliable parameter estimates. 

 

8.5. Gas Condensate Reservoir Fluid Sampling – Challenges and Uncertainties  

As mentioned in Chapter 3, a binary gas condensate fluid was employed in this study.  

The equivalent single phase approach to production data type curve analysis carried out 

on wells operating with Pwf below Pdew showed that  

 In sufficiently undersaturated reservoirs, for which the two-phase steady-state 

assumption was valid, the use of two-phase steady-state based pressure-saturat ion 

predictions (e.g. the GTR method) in the equivalent phase analysis produced reliable 

parameter estimates. 

 In saturated/nearly-saturated reservoirs, where the two-phase steady-state assumption 

was not valid,  
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o there were conditions (i.e. Pwf  Pdew) under which constant composition 

expansion (CCE) liquid saturation curves from pressure/volume/temperature 

(PVT) tests could be adequate for the equivalent phase based analysis. 

o there were conditions (i.e. Pwf << Pdew) under which pressure-saturation 

predictions obtained from semi-analytical or numerical simulation models would 

be necessary. 

For each of these scenarios, accurate reservoir fluid characterization, which requires the 

acquisition of sufficient volumes of representative reservoir fluid samples, is important.  

Reservoir fluid sample collection can be complicated by effects such as the presence of 

compositional gradients, two-phase flow in the reservoir, two-phase flow in the sampling 

tools, water/gas coning, poor clean-up of drilling or workover fluids, separator 

instabilities, liquid/gas entrainment, as well as human error in sample measurements and 

data recording (Lawrence et al., 2008).  Successful reservoir fluid sampling typically aims 

to avoid two-phase flow in the reservoir (where possible), minimize fluid contamina tion 

by drilling mud filtrate or completion/workover fluid, and preserve sample integr ity 

during sampling and transfer processes (Kool et al., 2001, Nagarajan et al., 2007). 

Gas condensate sampling tends to be the trickiest compared to other types of reservoir 

fluids  as the quality of subsequent PVT and compositional analysis can be sensitive to 

the slightest traces of contamination or incorrect sampling (Paul, 2006).  Fluid richness 

and reservoir conditions (e.g. permeability, degree of undersaturation) also have a 

significant impact on the success of GCR sampling operations.  Some of these challenges, 

as well as sampling methods which minimize uncertainties, with particular focus on init ia l 

reservoir pressure condition, are now briefly examined. 

 

8.5.1. Impact of Fluid Richness and Pi-Pdew on GCR sampling 

It is usually recommended to collect fluid samples very early in the life of the reservoir, 

as this gives a higher likelihood of obtaining representative samples (Moses, 1986, 

McCain and Alexander, 1992, Bon et al., 2007).  The most representative GCR samples 

are those obtained under single phase conditions (Moses, 1986). 

Good well conditioning prior to sampling is also critical for increasing the likelihood of 

obtaining good quality surface and subsurface samples (Bon et al., 2007, Lawrence et al., 

2008), particularly under multiphase conditions.  This usually involves flowing the well 

long enough at an optimum flowrate to displace fluid in the wellbore and the near-
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wellbore regions which might have been affected by compositional changes due to 

pressure changes during shut-in or after significant flow rate changes.  A key objective is 

to attain stabilized well conditions (i.e. stable condensate to gas ratio, CGR, and wellhead 

pressure) prior to sampling.  In low permeability reservoirs this can take months (McCain 

and Alexander, 1992). 

Separator sampling is most commonly recommended for GCRs (Reudelhuber, 1954, 

Moses, 1986, McCain and Alexander, 1992).  Here, samples of the gas and condensate 

stream collected from the separator (under stable well conditions) are recombined in the 

laboratory on the basis of the producing CGR, to obtain what is regarded as the reservoir 

fluid.  The presence of entrained disassociated phases, solids or emulsions in the produced 

fluids, can result in unrepresentative samples (Strong et al., 1993, Lawrence et al., 2008). 

For highly undersaturated GCRs, as long as Pwf remains above Pdew, representative 

downhole samples can be obtained.  For such cases, samples which are nearly equivalent 

to subsurface samples can be obtained at wellhead if single-phase conditions exist here 

(Strong et al., 1993, Dybdahl and Hjermstad, 2001, Bon et al., 2007, Lawrence et al., 

2008).  This can be true for some lean gases (Bon et al., 2007), and for some high-pressure 

high-temperature reservoirs (Kool et al., 2001).  

For undersaturated reservoirs in which two-phase conditions arise around the wellbore as 

a result of Pwf falling below Pdew of the original reservoir gas, the representativity of the 

collected sample can be affected.  This occurs because of changes in the composition of 

both the gas and condensate phases due to pressure-temperature related redistribution of 

C components between phases, coupled with the potential loss of heavy end components 

in the liquid phase which accumulates around the wellbore due to its low mobility. 

In addition, under two-phase conditions, condensate loading can also occur.  This is the 

accumulation of liquid condensate at the bottom of the wellbore when the well is shut in 

or when flow rates are not sufficiently high to carry condensate, formed as a result of 

pressure and temperature reduction on the way up the wellbore, to the surface.  Non-

representative samples collected both at surface or downhole under these conditions can, 

for example, produce measured Pdew values which are higher or lower than the actual 

values (McCain and Alexander, 1992, Fevang and Whitson, 1994). However, 

representative samples can still be obtained for undersaturated GCRs with Pwf < Pdew, if 

careful sampling procedures are followed. 



Chapter 8 – Practical Considerations: Multiple-Cycle and Multiwell PDA 

 

220 

For surface sampling under such conditions, Moses (1986) recommended the use of low 

flow rates (but sufficiently high to lift liquid condensate up the well), and the attainment 

of stabilized production conditions prior to sampling.  McCain and Alexander (1992), 

demonstrated this using radial compositional reservoir simulation models at 15 psia 

undersaturation, with a single well producing at constant rate with Pwf below Pdew.  They 

further emphasised the need to avoid excessively large rate changes prior to sampling for 

such cases. 

For saturated/nearly saturated reservoirs, it is difficult, if not impossible (particularly for 

low permeability GCRs), to obtain samples that represent the original reservoir fluid 

(Moses, 1986, McCain and Alexander, 1992, Kool et al., 2001).  However, Moses (1986) 

indicated that when the reservoir pressure falls below Pdew, separator samples can be 

recombined at the producing gas/liquid ratio to create a sample with measured Pdew equal 

to the current reservoir pressure.  Similar methods have been suggested in other literature 

(Fevang and Whitson, 1994, Reffstrup and Olsen, 1994, Bon et al., 2007, Novikov et al., 

2014).  

Such methods are aimed at using the non-representative samples collected from the 

saturated reservoir to “prepare” a near-exact representative sample of original in-situ 

reservoir fluid in saturated reservoirs.  They generally involve establishing equilibr ium 

conditions at reservoir pressure and temperature in a PVT cell containing the non-

representative sample.  The process yields a gas sample which is saturated at reservoir 

conditions, while excess condensate remains in the liquid phase. 

The work by Novikov et al. (2014) briefly examined how Pdew and volumetric properties 

for such equilibrium-based recombined fluids differ from those of the original non-

representative reservoirs samples obtained from a saturated low permeability GCR.  For 

the cases they examined, they found that while the measured Pdew values differed by over 

400 psia, the liquid saturation curves (both CCE and CVD) differed by less than 0.5%.  

For lean GCRs with very low CGR, accurate measurement of liquid condensate rates 

during sampling and characterization of the heavy ends in the laboratory can become 

problematic (Strong et al., 1993) because of the low condensate volumes produced.  For 

such cases, and particularly at high gas flowrates and low separator efficiency, 

entrainment of liquid in the gas phase can further affect the accuracy of the measured 

liquid volumes and CGR, and hence the representativity of recombined separator samples 

(Fevang and Whitson, 1994).  
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To allow for more reliable sampling and accurate determination of CGR under such 

conditions, split-phase sampling/isokinetic sampling has been suggested (Dybdahl and 

Hjermstad, 2001, Kool et al., 2001, Bon et al., 2007, Lawrence et al., 2008).  Strong et 

al. (1993) also suggested an EOS modelling approach for lean GCR cases in which low 

liquid volumes preclude accurate PVT and compositional analysis.  However, it is worth 

recalling here that in the study presented in this thesis, the impact of two phase effects on 

the type curve analysis of long-term production data from very lean GCRs was found to 

be almost insignificant.  

According to Dybdahl and Hjermstad (2001), if a well exhibits two-phase flow during 

well conditioning, bottomhole sampling is not recommended, particularly for lean GCRs, 

although it might work for rich GCRs for which liquid yield is sufficient to allow for a 

good characterisation of heavy ends.  Kool et al. (2001) similarly suggested that GCRs 

close to or at Pdew are best sampled at the separator.  

However, there are instances where subsurface sampling might be the most suitable 

option (Bon et al., 2007). In the work presented by Novikov et al. (2014), for example, a 

wireline formation tester (WFT) was used in sampling fluid from a saturated low 

permeability GCR. Some literature indicate that technological advancements in WFT 

design and operation can sometimes allow for the subsurface acquisition of representative 

single-phase samples even in nearly saturated GCRs (Paul, 2006, Achourov et al., 2008, 

Lawrence et al., 2008). Such technology include real-time downhole fluid analysis 

(Mullins, 2008) used in monitoring of fluid in the flowline to ensure minimum mud 

contamination levels before sampling, mathematical techniques for reducing the impact 

of mud filtrate contamination (Nagarajan et al., 2010), improved probe designs to increase 

flow area (Sarsekov et al., 2016), and precise tool control to minimize drawdown (Manin 

et al., 2005).  

 

8.6. Conclusions 

The simulated production data used in earlier chapters of this thesis were all based on 

single well models (i.e. assuming the absence of well interference effects).  The models 

were also run with single production cycles.  In this chapter, multiple-cycle production 

scenarios, and multiwell scenarios were examined. 

In the first part of the chapter, the application of modern type curves to analyse production 

rate and pressure data corresponding to multiple cycles of production and shut-in was 
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examined.  A reinitialization approach was proposed, which involved zeroing the time at 

the start of each production cycle.  Average reservoir pressure, and corresponding fluid 

properties, at the time of reinitialization were employed as the initial reservoir condition 

for the data analysis.  

This approach was shown to be very straight forward and capable of producing very 

accurate reservoir and well productivity parameter estimates.  Considering that, unlike 

the approach found in literature, it does not rely on previous production history in the 

computation of the material balance pseudotime function, it is not affected by any 

uncertainty in such inputs that could potentially affect the analysis.  In other words, it is 

particularly attractive for cases where pre-reinitialization production data is either 

unavailable or of low quality. 

It was also demonstrated that although p-k and inertial effects can look similar in the 

analysis of single-cycle production data, when multiple production cycles are analysed 

independently, the reduction in permeability due to p-k effects continues to grow with 

production.  Permeability reduction due to inertia on the other hand, can exhibit a different 

trend from cycle to cycle depending on the trends in drawdown.  

If drawdown remains constant, and hence flow rates remain comparable across cycles, 

the impact of inertial effects should remain constant.  If drawdown decreases from one 

cycle to the next, on the other hand, the impact of inertial effects would also decrease.  

Hence, multiple-cycle PDA can be useful for distinguishing stress-dependent 

permeability effects from velocity-dependent permeability effects.  Such benefit would 

be lost if multiple-cycle data is “de-spiked” and analysed as a single production cycle.  

For multiwell cases, interference effects in the early time and late time, depending on the 

well patterns and the reservoir operational activities, were considered.  Early time 

interference effects resulting in deviations from pure IA radial flow caused distortions in 

the transient flow regime stem of the decline curve and pessimistic permeability 

estimates, while late time interference effects caused deviations in BDF decline stem from 

harmonic trends. 

The multiwell production data type curve method (Marhaendrajana and Blasingame, 

2001), i.e. using the total material balance pseudotime, which accounts for the cumula t ive 

production from all the wells in the reservoir, adjusts for late time interference effects, 

but not for early time interference effects.  For multiwell cases with significant two-phase 

effects, the results presented in this chapter showed that the total material balance method 
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could be combined with the equivalent single phase based approach, presented in this 

study, to improve type curve analysis results in multiwell GCRs. 

Two multiwell cases were presented for which the relative permeability local to one 

wellbore was different from that of the rest of the reservoir.  For the analysis of these 

cases, the equivalent phase based approach using the local kr of the given well produced 

the best two-phase multiwell type curve matches and parameter estimates.  These results 

were deemed very significant because they further confirm the conclusions drawn in 

Chapter 5, namely, that for two-phase type curve analysis of long-term production data, 

the use of pressure-saturation/kr data representative of the pressure-saturation response in 

the near wellbore region during transient flow gives correct TCM results and parameter 

estimates. 

 

 

 



 

CHAPTER 9 – CONCLUSIONS AND RECOMMENDATIONS FOR 

FUTURE STUDIES 
 

9.1. Conclusions 

This thesis examined the analysis of production data from low permeability (0.01 md to 

1 md) gas and gas condensate reservoirs (GCR).  The impact of multiphase flow, 

pressure-dependent permeability (p-k) and porosity (p-ϕ), and velocity-dependent 

permeability on the quality of data interpretation using conventional production decline 

analysis techniques, particularly type curves, was examined.  The data generated and 

analyzed were obtained using black oil and compositional simulators and mainly for 

single-well, single-cycles scenarios.  Some multiwell and multiple-cycle data were also 

considered in Chapter 8.  Conditions under which each of these nonlinear effects are 

particularly important were investigated. 

Pseudovariable-based methods of handling the above-mentioned nonlinear effects to 

ensure reliable production data interpretation and parameter estimation were 

demonstrated.  The following paragraphs recapture the conclusions of this study, with the 

key ones summarized in Table 9-1 at the end of this section. 

Chapter 3: Simulation Models and Analysis Methods: Velocity dependent kr effects 

(inertia and coupling) are known to be of particular importance in GCRs.  However, the 

results of a sensitivity study presented in Chapter 3 showed that in the analysis of long-

term production data for scenarios of the type considered in this study (i.e. stimulated 

wells in reservoirs with matrix permeability of the order of 0.1 md and lower, as well as 

the reservoir dimensions, and ranges of drawdown used) such effects are not particula r ly 

significant both in the matrix and in hydraulic fractures. 

Chapter 4: GTR-Based Pressure-Saturation: The pressure-saturation relationships 

required for the computation of two-phase pseudovariables were determined using a gas 

fractional flow/component weight fraction based implementation of the two-phase 

steady-state concept.  Pressure-saturation relationships predicted for a range of gas 

condensate fluids and rock types were compared to condensate saturation levels observed 

in the near-wellbore region (i.e. within 10% of the drainage radius) of corresponding 

single-well compositional reservoir simulation models, operating at constant flowing well 

pressure (Pwf) less than dewpoint pressure (Pdew), and at various degrees of reservoir 

undersaturation (i.e. Pi – Pdew).  It was shown that: 
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 Like other methods based on two-phase steady-state assumptions, the condensate 

saturations predicted by the GTR method matched those observed around the 

wellbore in the simulation model when degree of reservoir undersaturation was 

sufficiently high.  However, the degree of undersaturation required is a function of 

the fluid richness and the nature of the kr curves. 

 The observation of increasing condensate saturation levels around the wellbore with 

increasing Pi (as reported in literature), when Pi is not already sufficiently high, is 

one of three possible scenarios (i.e. increasing, decreasing, and almost constant 

condensate saturation levels).  The occurrence of a given scenario is dependent on 

fluid thermodynamic properties, rock type, and operating bottomhole pressure (Pwf). 

 When the conditions for steady-state are not satisfied, the two-phase steady-state 

methods can overpredict the condensate saturation levels, as mentioned in literature.  

However, for a combination of rich gas condensate fluids and rock types with 

favourable kro, as well as unfavourable krg, such methods can underpredict the 

condensate saturation levels. 

 For saturated/nearly saturated cases (i.e. Pi ≈ Pdew) with Pwf below and close to Pdew, 

the condensate saturations observed around the wellbore approach the CCE/CVD 

liquid saturation values. 

 As Pwf is decreased further from Pdew, the pressure-saturation response seen around 

the wellbore do not match closely enough with the CCE/CVD liquid saturation 

values. 

Chapter 5: Equivalent Phase Production Data Analysis: An equivalent single phase 

based approach to production data type curve analysis of production data from GCRs, 

operating at constant Pwf below Pdew, was introduced.  The approach allowed type curve 

methods (Palacio and Blasingame, 1993, Pratikno et al., 2003) and boundary dominated 

flow (BDF) straight- line methods (Blasingame and Lee, 1988) developed for single-phase 

data analysis to be reliably employed under two-phase conditions in GCRs.  The impact 

of various degrees of reservoir undersaturation, fluid richness and rock types on the 

conventional analysis techniques, the equivalent phase based approach, as well as on the 

choice of pressure-saturation data used in the equivalent phase based analysis were 

examined.  It was shown that: 

 The severity of the impact of two-phase effects on the quality of type curve match 

(TCM) and parameter estimates obtained from the analysis of long-term production 

data from a GCR well operated at Pwf below Pdew is dependent on condensate 
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saturation levels occurring around the wellbore during the transient flow period.  It 

is also dependent on the point at which the entire reservoir becomes two-phase 

(which depends on the degree of reservoir undersaturation). 

 Two-phase analysis using a combination of two-phase pseudopressures and a 

material balance pseudotime (MBPT) integral computed using equivalent phase fluid 

properties produces reliable TCMs and accurate parameter estimates, as long as 

sufficiently representative pressure-saturation responses are employed. 

 Even though near-wellbore two-phase steady-state theory does not adequately 

capture the pressure-saturation response in the reservoir during boundary dominated 

flow (BDF), with �̅� < 𝑃𝑑𝑒𝑤, it proves adequate when used in the computation of two-

phase pseudovariables for estimating kh, re and s, from long-term production data of 

an initially undersaturated reservoir.  This is valid, as long as such pressure-saturat ion 

predictions are sufficiently representative of the actual response around the wellbore 

during the transient flow regime. 

At higher degrees of undersaturation (i.e. Pi >> Pdew): 

 If sufficient stabilized boundary dominated flow (BDF) is attained before the entire 

reservoir becomes two-phase (with a resultant discontinuity/kink in the decline 

curve), then a reasonable TCM might still be obtained, with relatively reliable 

parameters estimates, using single-phase analysis.  However, deviations in the 

harmonic decline stem resulting from the presence of the kink could make the TCM 

less certain, thereby impacting the quality of re and s estimates.  Under such 

conditions, the use of the equivalent phase MBPT resolves such deviations, 

producing more confident TCM and parameter estimates. 

 The two-phase “correction” achieved through the use of the equivalent phase MBPT 

is adequate if the entire drainage volume becomes two-phase after stable boundary 

dominated flow (BDF). 

For saturated/nearly saturated reservoirs (i.e. Pi ≈Pdew), where two-phase conditions are 

established in the entire reservoir before stable BDF, 

 The impact of two-phase effects on the decline curve is more significant, particular ly 

for cases with rich fluids, resulting in lower k estimates, and in severe cases, lower re 

estimates from single-phase production data type curve analysis. 

 The use of two-phase steady-state pressure-saturation/kr in the analysis of such cases 

can overpredict (or underpredict) the saturations that actually occur around the 
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wellbore, causing overestimated (or underestimated) absolute k, and less reliable re 

estimates from the equivalent phase based analysis. 

 For saturated reservoirs (Pi ≈ Pdew) with Pwf close to Pdew the use of CCE liquid 

saturations in the equivalent phase based two-phase analysis can produce reliable 

production data type curve analysis results. 

 For saturated reservoirs (Pi ≈ Pdew) with Pwf considerably lower than Pdew, neither the 

CCE liquid saturation curves nor two-phase steady-state pressure-saturation/k r 

predictions are sufficiently representative.  For such cases, a semi-analytical or 

numerical approach to determining applicable pressure-saturation responses is 

deemed necessary.  

 For saturated reservoirs (Pi ≈ Pdew), in which two phase effects are significant, and  

in which the entire drainage volume becomes two-phase before stable BDF, an 

“artificial” steepening of the transient stem of the decline curve data plot is observed 

with the use of the equivalent phase MBPT, which produces a slight decrease in skin 

estimates.  This effect can be corrected using a new time function introduced in this 

work. 

The equivalent single phase based approach was also shown to be useful for improving 

the quality of k, Xf, and re for production data from vertical wells with finite conductivity 

fractures, using the type curves of Pratikno et al. (2003).  The approach also improves the 

estimates of re (which would otherwise be underestimated when two-phase effects are 

significant) from the straight- line analysis of BDF GCR data using the variable rate 

reservoir limit testing technique of Blasingame and Lee (1988).  

Chapter 6: Pressure-Dependent Matrix Effects: It was shown that for an initia l ly 

homogeneous single- layer dry gas or gas condensate reservoir with significant levels of 

matrix permeability stress-sensitivity, 

 Conventional modern production data type curve analysis produces 

underestimations of k and re, and in some cases, slightly positive skin estimates – 

results which are in line with current literature.  Additionally, a progressive ly 

increasing deviation of the BDF decline stem above the expected harmonic decline 

stem (an effect hitherto not reported in literature) may be observed.  This effect is 

commonly associated with pressure support, and so reinforces the idea that in the 

use of type curves as diagnostic tools, additional sources of reservoir data are 

needed to confirm the actual cause of identified trends. 
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 The use of pseudovariables modified to account for p-k effects, works very well as 

a linearizing tool, restoring the harmonic decline stem, and allowing the use of 

conventional constant property modern production data type curves to obtain k 

estimates consistent with the initial reservoir conditions, as well as correct re 

estimates. 

 When levels of porosity stress-sensitivity (p-ϕ) are significant, the use of total 

compressibility, which includes the pore volume compressibility, in the type curve 

analysis is not adequate, as it produces underestimations of re.  For such cases, p-ϕ 

must be accounted for in the material balance pseudotime integral to ensure reliable 

TCMs and re estimates. 

 Variable 𝑐�̅� and 𝛾 (based on an exponential model suggested in literature), did not 

show significantly different results compared to constant 𝑐�̅�  and 𝛾 cases, suggest ing 

that an assumption of constant 𝑐�̅� and 𝛾 in the study of p-k and p-ϕ effects in long-

term production decline studies is adequate. 

 For highly undersaturated GCRs, the presence of increasing levels of p-k effects 

causes delayed onset of two-phase effects (during BDF) in the entire drainage 

volume, potentially reducing the necessity for two-phase corrections in the 

subsequent type curve analysis. 

 For saturated/nearly saturated gas condensate reservoirs with significant p-k and p-

ϕ effects, the use of the equivalent phase based pseudovariables with modificat ions 

for p-k and p-ϕ effects, as proposed in this study, effectively handles the impact of 

two-phase and pressure-dependent matrix property effects.  This allows 

conventional production data type curves (which assume single-phase flow and 

pressure-invariant matrix properties) to be used to obtain reliable interpretations of 

production data from stress-sensitive GCRs. 

Chapter 7: Capillary Pressure Effects and Relative Permeability Data Consideration:  

 From the cases examined it was concluded that the assumption of negligible Pc used 

in this study is reasonable/justifiable because the inclusion of Pc effects (at 

exaggerated levels) did not produce any noticeable difference in the production 

decline responses.   

While Pc effects are not particularly important, the availability of kr data for two-phase 

analysis is critical.  
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 In the two-phase analysis of long-term production data the impact of using less 

representative kr curves is least significant when the degree of reservoir 

undersaturation (Pi-Pdew) is large.  This is so because in such cases, the total 

pseudopressure drop and the equivalent phase material balance pseudotime are 

largely driven by single-phase terms. 

 For those cases in which the degree of undersaturation is low, making the 

contribution of two-phase terms in the pseudovariables more important, the 

accuracy of the krg values is critical, and kro less so, since for most common rock 

types kro would typically be low.  If the overall errors in the pseudovariab les 

resulting from the use of less representative kr curves remains less than 10%, the 

resulting TCM and parameter estimates are not significantly impacted. 

 Additionally, for small ranges of pressure below Pdew within which cg and co values 

are comparable, the saturation-weighted ct value, which goes into the equivalent 

phase MBPT integral, becomes sensitive to errors in the pressure-saturation 

relationship employed.  However, for wider ranges of pressures below Pdew, the far 

larger values of cg drive the ct value, making it less susceptible to errors in the 

pressure-saturation relationship employed. 

Chapter 8: Practical Considerations: Multiwell & Multiple-Cycle PDA:  

For multiple-cycle analysis using modern production data type curves, 

  A reinitialization approach was proposed, involves zeroing the time at the start of 

each production cycle and using average reservoir pressure as initial pressure. 

 The proposed approach was shown to be very straight forward and capable of 

producing very reliable reservoir and well productivity parameter estimates. 

 Considering that, unlike the approach found in literature, it does not rely on 

previous production history in the computation of the MBPT function, it is not 

affected by any uncertainty in the production history that could potentially affect 

the analysis.  In other words, it is particularly attractive for cases where pre-

reinitialization production data is either unavailable or of low quality. 

 It was also demonstrated that although p-k and inertial effects can look similar in 

the analysis of single-cycle production data, when multiple production cycles are 

analysed independently, the reduction in permeability due to p-k effects continues 

to grow with production.  On the other hand, if drawdown remains constant, and 

hence flow rates remain comparable across cycles, the impact of inertial effects 
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should remain constant.  If drawdown decreases from one cycle to the next, the 

impact of inertial effects would also decrease.  Hence, multiple-cycle PDA can be 

useful for distinguishing stress-dependent permeability effects from velocity-

dependent permeability effects.  This benefit is lost if multiple-cycle data is simply 

“despiked” and analysed as a single production cycle.  

For the limited multiwell cases examined, it was shown that  

 Early time interference effects result in deviations from pure infinite acting (IA) 

radial flow, producing distortions in the transient flow regime stem of the decline 

curve and pessimistic permeability estimates.   

 Late time interference effects cause deviations of the BDF decline stem from 

harmonic trends.  The multiwell production data type curve method 

(Marhaendrajana and Blasingame, 2001), i.e. using total material balance 

pseudotime, adjusts for late time interference effects, but not for early time 

interference effects.   

 For cases with significant two-phase effects, the total material balance pseudotime 

can be modified using the equivalent single phase concept to improve production 

data type curve analysis of multiwell GCRs. 

It was also shown, using multiwell GCR cases for which the relative permeability local 

to one wellbore was different from that of the rest of the reservoir, that the pressure-

saturation data used for the equivalent phase multiwell analysis of a given well should 

be that applicable to the near-wellbore region of that well.  These results further 

confirm the conclusions drawn in Chapter 5, namely, that for two-phase type curve 

analysis of long-term production data, the use of pressure-saturation data 

representative of the response in the near wellbore region during transient flow gives 

reliable TCM results and parameter estimates. 
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Table 9-1: Summary of the key conclusions of this study. 

Chapter No.: Title Main Contents Key Findings 

3:Simulation Models and Analysis 

Methods 

 

 Reservoir models and model validation sensitivities. 

 A sensitivity study of impact of velocity dependent kr on the low  k 

models used in this study 

 In the analysis of long-term production data for scenarios of the type considered in this 

study (i.e. stimulated w ells in reservoirs with matrix permeability of the order of 0.1 md 

and low er) velocity dependent kr effects do not last long enough, both in the matrix and 

in hydraulic fractures, to impact the analysis. 

4:GTR-Based Pressure-Saturation  Implementation of a tw o-phase steady-state (SS) pressure-

saturation prediction method, based on component w eight 

fractions and gas fractional f low .  

 Comparison of predicted pressure-saturations with responses 

from compositional simulation models.  

 Trend of increasing condensate saturation (Sc) levels around the w ellbore (constant 

Pwf<Pdew) w ith increasing Pi (reported in literature), is one of 3 possibilities. 

 When Pi ≈ Pdew , tw o-phase SS methods can overpredict (as per literature) or 

underpredict Sc (as show n in this study), depending on f luid richness, kr, and Pwf. 

 For Pi ≈ Pdew  with Pwf below and close to Pdew , pressure-saturation response around the 

w ellbore approaches PVT liquid saturation curves. 

5: Equivalent Phase Production 

Data Analysis  

 The introduction of an equivalent single phase based approach 

to production data type curve analysis (radial model & f inite 

conductivity vertical hydraulic fracture model) in GCRs.  

 

 The use of equivalent single phase pseudovariables allow ed production data from 

GCRs under tw o-phase conditions to be analysed using type curves and corresponding 

parameter estimation equations based on single-phase interpretation models.  

 For this purpose, the use of pressure-saturation data sufficiently representative of the 

response in the near w ellbore region during transient f low  in pseudovariable 

computations w as found to be of particular importance. 

6:Pressure-Dependent Matrix 

Effects  

 A study of the impact of p-k and p-ϕ effects on modern type curve 

analysis of long-term gas/gas condensate production data. 

 An examination of the use of modif ied single-phase and 

equivalent phase pseudovariables.  

 For cases w ith strong p-k effects, conventional modern production data type curve 

analysis produces underestimations of k and re, and positive skin estimates, and a BDF 

signature w hich resembles pressure support. 

 Modif ied pseudovariables (including p-k and p-ϕ effects), work very well as linearizing 

tools, restoring the harmonic decline stem, and allow ing the use of conventional modern 

production data type curves to obtain reliable k, re  and s estimates. 
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7: Pc Effects and k r Data 

Consideration 

 An examination of the impact of the negligible capillary pressure 

(Pc) assumption used for cases presented in earlier chapters. 

 An analysis and discussion on the source/availability and impact 

of kr data on pseudovariable based analysis.  

 The inclusion of Pc effects (at exaggerated levels) did not impact the production 

decline responses for the scenarios considered in this study.   

 The use of less representative kr curves was least signif icant at high degrees of 

reservoir undersaturation (Pi-Pdew), and vice versa.    

 The accuracy of the krg values was critical, and kro less so.  Overall errors of less than 

10% in pseudovariables, due to less representative kr data, produced little impact on 

TCM and parameter estimates. 

 

8: Practical Considerations: 

Multiwell & Multiple-Cycle PDA 

 Demonstration of a proposed simple re-initialization approach to 

modern production data type curve analysis of multiple-cycle 

data, and its value in distinguishing p-k from inertial effects.  

 Combining the equivalent phase concept w ith multiw ell 

production data type curve analysis.  

 p-k and inertial effects can look similar in single-cycle PDA.  How ever, reinitialization 

of multiple-cycle production data can help distinguish betw een the two effects.  

 Total material balance pseudotime can be modif ied using the equivalent single phase 

concept to improve analysis of multiw ell GCR reservoirs. 

 The appropriate pressure-saturation data for such analysis is that w hich is applicable 

to the near-wellbore region of the given w ell (in the multiw ell reservoir) during 

transient f low .   
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Two figures which capture the impact of two-phase and p-k effects on long- term 

production data analysis using type curves, and the improvement obtained using the 

methods proposed in the study are shown below. 

 

Figure 9-1: Conventional Blasingame type curve analysis (i.e. using single phase pseudovariables which 

do not account for p-k effects) for a case with rich fluid (maximum liquid dropout =28%.  Pdew = 5289 

psia), Pi =7,000 psia, Pwf = 4,000 psia, and with pressure dependent permeability effects enabled (𝛾=1E-

3psi-1).  Simulation inputs: k=0.1 md, re = 456 ft, s= 0. (Case 17c in Table 6-2). 

 

 

Figure 9-2: Equivalent phase based Blasingame type curve analysis, (i.e. using equivalent phase 

pseudovariables as suggested in this study, with modifications for p-k effects), for case with rich fluid 

(maximum liquid dropout =28%.  Pdew = 5,289 psia), Pi =7,000 psia, Pwf = 4,000 psia, pressure dependent 

permeability effects enabled (𝛾=1E-3psi-1, 𝑐̅𝑝=0).  Simulation inputs: k=0.1 md, re = 456 ft, s= 0. (Case 

17c in Table 6-3). 
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On the basis of the results of this study, an approach to production data analysis using 

type curves in gas condensate reservoirs was proposed in Chapter 5, which is re-presented 

in the flow chart below. 

 

Figure 9-3: Flow chart of proposed approach for handling two-phase production data type curve 

analysis in gas condensate reservoirs.  (Recapture of Figure 5-27 from Chapter 5). 
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9.2. Recommendations for Future Work 

Based on the investigations carried out in this study, and the results obtained, a number 

of areas for possible future work have been identified, which are detailed below. 

 This study employed simulation models with certain simplifying assumptions, a 

key one being that the reservoir is homogenous and isotropic.  It is recommended 

that future studies consider the impact of reservoir heterogeneity (includ ing 

layering, anisotropy and natural fracturing) on the results presented in this thesis. 

 All the production data used in this study were generated from black oil and 

compositional reservoir simulation models.  It is recommended that future work 

considers the application of the proposed techniques to real field data. 

 In this study, the most complex completion considered was that of a single fractured 

vertical well in a low permeability reservoir.  In line with the focus of this work on 

low permeability reservoirs, more complex completions, such as multi- fractured 

horizontal wells (MFHWs), which would be most applicable for tight/ultra-t ight 

reservoirs, may be considered in future work.  Here the applicability of the proposed 

equivalent single phase methods can be examined. 

 There is literature which suggests that in multiwell gas reservoirs, the presence of 

strong inertial effects appear to reduce the impact of inter-well interference effects 

especially in the near wellbore regions where the flow velocities are highest, and 

non-Darcy effects, if present, are strongest.  In this study, the examination of inter-

well interference effects relied on models in which velocity-dependent permeability 

effects were not included.  Future work, could therefore examine how coupling and 

inertia affect the interference effects observed in multiwell GCR production decline 

analysis.  However, this kind of investigation would be most relevant for reservoirs 

with moderate to high permeabilities. 

 Relative permeability (kr) data is essential for the kind of equivalent phase based 

analysis of production data from GCRs presented in this thesis.  In this work, the 

availability of experimentally measured kr data was assumed.  It is recommended 

that future research, building on the results of two-phase investigations presented 

in this study, examine the use of alternative sources of kr estimates (such as 

analytically derived kr data).  Additionally, the use of an iterative approach to 

determining absolute permeability and kr data, through the equivalent phase based 

analysis of production data from GCRs is recommended. 

 



 

APPENDIX A: Equivalent Phase Density Definition 

In this appendix, the basis of the definition of the equivalent single phase fluid density 

based on gas fractional flow weighting, which was used in this study, is presented.  Two-

phase density is first defined as the inverse of the sum of the mole fraction weighted 

specific volumes as shown in Eq. A-1 

𝜌𝑡𝑝 =
1

𝑉𝑣𝑔+𝐿𝑣𝑜
 A-1 

Where V and L are the vapour and liquid mole fractions from CCE experiments on the 

original reservoir fluid at reservoir temperature, 𝑣𝑔 is the specific volume of the gas phase, 

and 𝑣𝑜is the specific volume of the oil (condensate) phase. 

Given that 𝐿 = 1 − 𝑉, and 𝑣 = 1/𝜌, Eq. A-1 becomes 

𝜌𝑡𝑝 =
1

𝑉

𝜌𝑔
+

1−𝑉

𝜌𝑜

 A-2 

Eq. A-3 from Jones and Raghavan (1988) implies that the vapour mole fraction can be 

expressed in terms of 𝑘𝑟 , 𝜌 and 𝜇 of the gas and condensate phases as shown in Eq. A-4. 

𝑘𝑟𝑜

𝑘𝑟𝑔
=

𝐿𝜌𝑔𝜇𝑜

𝑉𝜌𝑜𝜇𝑔
 A-3 

𝑉 =
𝑘𝑟𝑔𝜌𝑔𝜇𝑜

𝑘𝑟𝑜 𝜌𝑜𝜇𝑔+𝑘𝑟𝑔𝜌𝑔𝜇𝑜
 A-4 

After substituting Eq. A-4 into Eq. A-2, and simplifying/rearranging, Eq. A-5 is obtained. 

𝜌𝑡𝑝 =
𝜌𝑔

𝑘𝑟𝑔

𝜇𝑔
+𝜌𝑜

𝑘𝑟𝑜
𝜇𝑜

𝑘𝑟𝑔

𝜇𝑔
+

𝑘𝑟𝑜
𝜇𝑜

 A-5 

Given that gas fractional flow (GTR) is defined as Eq. A-6 (Jamiolahmady et al., 2007) 

𝐺𝑇𝑅 =

𝑘𝑟𝑔

𝜇𝑔
𝑘𝑟𝑔

𝜇𝑔
+

𝑘𝑟𝑜
𝜇𝑜

 A-6 

The two-phase density term becomes  

𝜌𝑡𝑝 = 𝐺𝑇𝑅. 𝜌𝑔 + (1 − 𝐺𝑇𝑅). 𝜌𝑜  A-7 

In the above equations, it is important to note that the unit of density is lb-mol/ft3, since 

mole fractions are employed. 

 



 

APPENDIX B: The Equivalent Phase Concept 

 
In this appendix, the derivation of the equivalent single phase viscosity is presented.  The 

use of the equivalent phase concept in the definition of two-phase pseudovariables is also 

presented, beginning with the two-phase pseudopressure function.  The consistency 

between the equivalent phase pseudopressure and the two-phase pseudopressure sandface 

integral of Jones and Raghavan (1998) is shown.  Lastly, the definition of the equivalent 

phase material balance pseudotime function used in this study is also presented.  

To define the equivalent single fluid properties, the mass flow rate of the equivalent phase 

is taken to be equal to the sum of the mass flow rates of the individual phases present.   

Expressed using Darcy’s law, this definition becomes:  

𝑘.𝑘𝑟𝑡𝑝𝐴𝜌𝑡𝑝

𝜇𝑡𝑝

𝑑𝑃

𝑑𝐿
=

𝑘 .𝑘𝑟𝑔𝐴𝜌𝑔

𝜇𝑔

𝑑𝑃

𝑑𝐿
+ 

𝑘.𝑘𝑟𝑜 𝜌𝑜𝐴

𝜇𝑜

𝑑𝑃

𝑑𝐿
 B-1 

This means 

𝑘𝑟𝑡𝑝𝜌𝑡𝑝

𝜇𝑡𝑝
=

𝑘𝑟𝑔𝜌𝑔

𝜇𝑔
+  

𝑘𝑟𝑜 𝜌𝑜

𝜇𝑜
 B-2 

From Eq. B-2, the equivalent phase viscosity is obtained as 

𝜇𝑡𝑝 =
𝑘𝑟𝑡𝑝𝜌𝑡𝑝

𝑘𝑟𝑔𝜌𝑔

𝜇𝑔
+ 

𝑘𝑟𝑜𝜌𝑜
𝜇𝑜

 B-3 

Now using the definition of GTR shown in Appendix A, 𝑘𝑟𝑜 can be expressed as 

𝑘𝑟𝑜 = 𝜇𝑜

𝑘𝑟𝑔

𝜇𝑔

(1−𝐺𝑇𝑅)

𝐺𝑇𝑅
 B-4a 

𝑘𝑟𝑜 = 𝜇𝑜 (1 − 𝐺𝑇𝑅) (
𝑘𝑟𝑔

𝜇𝑔
+

𝑘𝑟𝑜

𝜇𝑜
) B-4b 

Substituting Eq. B-4b into Eq. B-2, produces 

𝑘𝑟𝑡𝑝𝜌𝑡𝑝

𝜇𝑡𝑝
=

𝑘𝑟𝑔𝜌𝑔

𝜇𝑔
+  (1 − 𝐺𝑇𝑅)𝜌𝑜 (

𝑘𝑟𝑔

𝜇𝑔
+

𝑘𝑟𝑜

𝜇𝑜
) B-5a 

𝑘𝑟𝑡𝑝𝜌𝑡𝑝

𝜇𝑡𝑝 (
𝑘𝑟𝑔

𝜇𝑔
+

𝑘𝑟𝑜
𝜇𝑜

)
= 𝐺𝑇𝑅𝜌𝑔 +  (1 − 𝐺𝑇𝑅)𝜌𝑜  B-5b 

𝜇𝑡𝑝 =
𝑘𝑟𝑡𝑝𝜌𝑡𝑝

[𝐺𝑇𝑅𝜌𝑔+ (1−𝐺𝑇𝑅) 𝜌𝑜](
𝑘𝑟𝑔

𝜇𝑔
+

𝑘𝑟𝑜
𝜇𝑜

)
 B-6 

Using the definition of 𝜌𝑡𝑝 from Appendix A suggests that  
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𝜇𝑡𝑝 =
𝑘𝑟𝑡𝑝𝜌𝑡𝑝

𝑘𝑟𝑔𝜌𝑔

𝜇𝑔
+ 

𝑘𝑟𝑜𝜌𝑜
𝜇𝑜

=
𝑘𝑟𝑡𝑝

(
𝑘𝑟𝑔

𝜇𝑔
+

𝑘𝑟𝑜
𝜇𝑜

)
 B-7 

For analysis using two-phase pseudovariables, 𝑘𝑟𝑡𝑝 = 1 is considered a justifiab le 

assumption. As such the equivalent phase viscosity becomes 

𝜇𝑡𝑝 =
𝐺𝑇𝑅𝜌𝑔+ (1−𝐺𝑇𝑅) 𝜌𝑜

𝑘𝑟𝑔 𝜌𝑔

𝜇𝑔
+ 

𝑘𝑟𝑜𝜌𝑜
𝜇𝑜

=
1

(
𝑘𝑟𝑔

𝜇𝑔
+

𝑘𝑟𝑜
𝜇𝑜

)
 B-8 

 

Equivalent Phase Pseudopressure 

For single-phase analysis, the real gas pseudopressure (Al-Hussainy et al., 1966) is 

defined as 

𝑚(𝑝) = 2 ∫
𝑝

𝜇(𝑝)𝑧(𝑝)
𝑑𝑝

𝑝

𝑝𝑏
 B-9 

If the single-phase gas properties (𝜇 and 𝑧) in this integral are replaced by corresponding 

equivalent single phase properties, Eq. B-10 is obtained as 

𝑚(𝑝)𝑒𝑞.𝑝ℎ𝑎𝑠𝑒 = 2 ∫
𝑝

𝜇𝑒𝑞 .𝑝ℎ𝑎𝑠𝑒(𝑝) 𝑧2𝑝(𝑝)
𝑑𝑝

𝑝

𝑝𝑏
 B-10 

From the definition of 𝜇𝑒𝑞.𝑝ℎ𝑎𝑠𝑒  (i.e. Eq. B-8), Eq. B-10 becomes 

𝑚(𝑝)𝑒𝑞.𝑝ℎ𝑎𝑠𝑒 = 2 ∫ (
𝑘𝑟𝑔(𝑝)

𝜇𝑔(𝑝)
+

𝑘𝑟𝑜 (𝑝)

𝜇𝑜(𝑝)
)

𝑝

 𝑧2𝑝(𝑝)
𝑑𝑝

𝑝

𝑝𝑏
 B-11 

In this study, the sandface two-phase pseudopressure of (Jones and Raghavan, 1988), i.e. 

Eq. B-12, was employed. 

∆𝑝𝑝 = 2 ∫ (
𝑘𝑟𝑜

𝜇𝑜𝑧𝑜
+

𝑘𝑟𝑔

𝜇𝑔𝑧𝑔
) 𝑝𝑑𝑝

𝑃𝑑𝑒𝑤

𝑝𝑤𝑓
 B-12 

However, an evaluation of B-11 and B-12 gives similar results.  In other words, the use 

of the integral of Jones and Raghavan is consistent with the equivalent single phase 

concept used in this study.  The comparison between pseudopressures computed using 

Eq. B-11 and Eq. B-12 are shown in the figures presented below.  That for the rich fluid 

and the RC1b kr curves is shown in Figure B-1, while that for the lean fluid and RC1b kr 

curves is shown in Figure B-2. 
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Figure B-1: Comparison of two-phase pseudopressure computations using Eqs. B-11 and B-12, rich 

fluid, RC1b k r curves. 

 

 

Figure B-2: Comparison of two-phase pseudopressure computations using Eqs. B-11 and B-12, lean 

fluid, RC1b k r curves. 

 

The two-phase z-factors (𝑧2𝑝) in Eq. B-11 can be obtained from CVD data or from 

correlations like that of Rayes et al. (1992).  While the use of two-phase Z factor is 

important for rich gas condensate reservoirs, it might be less so for lean cases.  In this 

study, it was found that even for the rich fluid (MLDO 28.01%), the use of gas z factors 

versus  𝑧2𝑝 did not make much of a difference.  This however could be because this study 

employed a simple synthetic binary fluid.  For a rich fluid with a more complex 

composition, the use of the 𝑧2𝑝 may be expected to be even more important. 
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Equivalent Phase Material Balance Pseudotime 

For single-phase analysis, the dry gas material balance pseudotime (Palacio and 

Blasingame, 1993) is defined as 

𝑡̅𝑎 =
𝜇𝑔𝑖 𝑐𝑡𝑖

𝑞𝑔
∫

𝑞𝑔

𝜇𝑔(𝑃)𝑐𝑡(𝑃)

𝑡

0
𝑑𝑡 B-13 

If the single-phase gas properties (𝜇 and 𝑐𝑡) in this integral are replaced by corresponding 

equivalent single phase properties, Eq. B-14 is obtained as 

𝑡̅𝑎,𝑒𝑞.𝑝ℎ =
𝜇𝑔𝑖 𝑐𝑡𝑖

𝑞𝑔
∫

𝑞𝑔

𝜇𝑒𝑞 .𝑝ℎ(𝑃)𝑐𝑡𝑜𝑡(�̅�)

𝑡

0
𝑑𝑡 B-14 

Using Eq. B-8, the equivalent phase material balance pseudotime can also be expressed 

as 

𝑡̅𝑎,𝑒𝑞.𝑝ℎ =
𝜇𝑔𝑖 𝑐𝑡𝑖

𝑞𝑔
∫ (

𝑘𝑟𝑔(𝑃)

𝜇𝑔(𝑃)
+

𝑘𝑟𝑜 (𝑃)

𝜇𝑜(𝑃)
)

𝑞𝑔

𝑐𝑡𝑜𝑡(𝑃)

𝑡

0
𝑑𝑡 B-15 

In the approach used in this study, 𝑘𝑟𝑚 at �̅� requires knowledge of pressure-saturat ion 

data, and the availability of relative permeability versus saturation curves. 

In this study, initial conditions were either undersaturated, or only a few psi from 

saturated conditions.  As such, for nearly saturated cases, the initial fluid properties were 

taken to be single-phase gas properties just above saturation pressure.  

 

 



 

APPENDIX C: Summary of Analysis of Full Range of Radial Model Simulation Cases  

 

Table C-1: Summary of 50 radial model cases referenced in Chapter 5, (Cases with * are included in the 20 cases presented in Table 5-1 of Chapter 5). 

 
Fluid k r P i 

(psia) 
Pwf 

(psia) 
Error 

𝑺𝒄𝒑𝒘𝒇 % 
t2phase 

(days) 
tIA/tBDF  
(days) 

Model 
Inputs 

Matchpoint 1-Phase 
(qdD=tdD=0.1) 

1PSP, 1MPBT Matchpoint 2-Phase 
(qdD=tdD=0.1) 

2PSP, 2MBPT 

*1 V. Lean 98/2 RC1b 5,500 
 

2,000 -  
2,621.3 

76.88/ 
2,119.68 

k=0.1 
re=1,242 
s=-5.17 

reD=20 
q/Δp=0.11 

𝑡�̅�=60 

k=0.105 
re= 1,235.83 

s=-5.17 

- - 

2 V. Lean 
98-2 

RC1b 2,442 2,000 
 

-  
63.1 

151.88/ 
3,016.5 

k=0.1 
re=1,242 
s=-5.17 

reD=20 
q/Δp=0.08 

𝑡�̅�=130 

k=0.105 
re=1,242.36 

s=-5.18 

- - 

*3 V. Lean 
98-2 

TC 5,500 2,000 -  
2,332.5 

76.88/ 
1,861.28 

k=0.1 
re=1,242 

s=-5.17 

reD=20 
q/Δp=0.11 

𝑡�̅�=60 

k=0.105 
re=1,235.83 

s=-5.17 

- - 

4 V. Lean 
(98-2) 

TC 2,442 2,000 -  
62.9 

149.88/ 
2,666.88 

k=0.1 
re=1,242 
s=-5.17 

reD=20 
q/Δp=0.08 

𝑡�̅�=130 

k=0.105 
re=1,242.10 

s=-5.18 

- - 

5 V. Lean 
(97.5/2.5) 

TC 2,917 2,000 -  
50.1 

153.88/ 
2,697.3 

k=0.1 
re=1,242 
s=-5.17 

reD=20 
q/Δp=0.082 

𝑡�̅�=108 

k=0.098 
re=1,178.73 

s=-5.13 

- - 

6 V. Lean 

(97.5/2.5) 

RC1b 5,500 2,000 -  

2,666.9 

116.88/ 

3,958.9 

k=0.07 

re=1,242 
s=-5.17 

reD=20 

q/Δp=0.075 
𝑡�̅�=90 

k=0.074 

re=1,258.23 
s=-5.19 

- - 

7 V. Lean 
97.5/2.5 

RC1b 2,917 2,000 -  
73.9 

181.88/ 
4,946.9 

k=0.07 
re=1,242 

s=-5.17 

reD=20 
q/Δp=0.06 

𝑡�̅�=163 

k=0.071 
re=1,240.33 

s=-5.17 

- - 

8 Lean (95/5) RC1b 5,500 200 4.08%  
675 

115.88/ 
8,458.08 

k=0.1 
re=1,200 
s=-5.14 

reD=15 
q/Δp=0.04 

𝑡�̅�=141 

k =0.041 
re=1,198.56 

s=-5.43 

reD=12 
q/Δp=0.12 

𝑡�̅�=50 

k=0.110 
re=1,243.39 

s=-5.69 

9 Lean (95/5) RC1b 5,500 2,000 0.90%  

1,207.7 

110.88/ 

9,263.7 

k=0.07 

re=1,242 
s=-5.17 

reD=18 

q/Δp=0.032 
𝑡�̅�=180 

k=0.035 

re=1,210.41 
s=-5.26 

reD=10 

q/Δp=0.08 
𝑡�̅�=80 

k=0.066 

re=1,286.15 
s=-5.91 

10 Lean (95/5) RC1b 4,260 2,500 36.53%  
24.9 

127.88/ 
6,284.5 

k=0.1 
re=1,200 

s=-5.14 

reD=19 
q/Δp=0.045 

𝑡�̅�=167 

k=0.053 
re=1,231.07 

s=-5.22 

reD=9 
q/Δp=0.22 

𝑡�̅�=35 

k=0.175 
re=1,208.62 

s=-5.95 

*11 Lean (95/5) RC1b 5,500 2,500 0.33%  
873.3 

119.87/ 
4,946.9 

k=0.1 
re=1,200 
s=-5.14 

reD=19 
q/Δp=0.05 

𝑡�̅�=114 

 

k=0.056 
re=1,203.89 

s=-5.20 

reD=17 
q/Δp=0.1 

𝑡�̅�=60 

k=0.108 
re=1,241.22 

s=-5.34 
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 Fluid k r P i 
(psia) 

Pwf 
(psia) 

Error 
𝑺𝒄𝒑𝒘𝒇 % 

t2phase 
(days) 

tIA/tBDF  
(days) 

Model 
Inputs  

Matchpoint 1-Phase 
(qdD=tdD=0.1) 

1PSP, 1MPBT Matchpoint 2-Phase 
(qdD=tdD=0.1) 

2PSP, 2MBPT 

12 Lean (95/5) RC1b 5,500 3,000 1.44%  
994.9 

77.88/ 
4,354.1 

k=0.1 
re=1,200 

s=-5.14 

reD=20 
q/Δp=0.055 

𝑡�̅�=100 

k=0.063 
re=1,182.42 

s=-5.13 

reD=18 
q/Δp=0.097 

𝑡�̅�=60 

k=0.107 
re=1,222.23 

s=-5.27 

13 Lean (95/5) RC1b 5,500 3,500 1.17%  
1,177.3 

76.97/ 
3,259.7 

k=0.1 
re=1,200 
s=-5.14 

reD=20 
q/Δp=0.07 

𝑡�̅�=80 

k=0.081 
re=1,193.12 

s=-5.14 

reD=18 
q/Δp=0.1 

𝑡�̅�=60 

k=0.110 
re=1,240.98 

s=-5.28 

*14 Lean (95/5) RC1b 4,260 4,000 172.67%  

31.4 

108.88/ 

2,104.5 

k=0.1 

re=1,200 
s=-5.14 

reD=20 

q/Δp=0.09 
𝑡�̅�=80 

k=0.105 

re=1,204.83 
s=-5.15 

reD=18 

q/Δp=0.28 
𝑡�̅�=29 

k=0.313 

re=1,235.37 
s= -5.28 

15 Lean (95/5) RC1b 4,400 4,000 142.17%  
445.9 

75.88/ 
2,408.5 

k=0.1 
re=1,200 

s=-5.14 

reD=20 
q/Δp=0.085 

𝑡�̅�=80 

k=0.099 
re=1,187.24 

s=-5.133 

reD=20 
q/Δp=0.16 

𝑡�̅�=45 

k=0.186 
re=1,224.93 

s=-5.16 

16 Lean (95/5) RC1b 4,700 4,000 127.30%  
1,070.9 

72.88/ 
2,545.3 

k=0.1 
re=1,200 
s=-5.14 

reD=20 
q/Δp=0.08 

𝑡�̅�=82 

k=0.093 
re=1,199.71 

s=-5.14 

reD=20 
q/Δp=0.11 

𝑡�̅�=58 

k=0.128 
re=1,186.57 

s=-5.13 

17 Lean (95/5) RC1b 5,000 4,000 7.82%  
1,344.5 

97.88/ 
2,666.9 

k=0.1 
re=1,200 
s=-5.14 

reD=20 
q/Δp=0.08 

𝑡�̅�=80 

k=0.092 
re=1,220.68 

s=-5.16 

reD=20 
q/Δp=0.1 

𝑡�̅�=65 

k=0.115 
re=1,230.80 

s=-5.17 

18 Lean (95/5) RC1b 5,300 4,000 4.07% 1,450.9/ 

 
1,542.1 

77.88/ 

2,013.3 

k=0.1 

re=1,200 
s=-5.14 

reD=20 

q/Δp=0.08 
𝑡�̅�=75 

k=0.092 

re=1,214.29 
s=-5.16 

reD=20 

q/Δp=0.095 
𝑡�̅�=63 

k=0.109 

re=1,215.20 
s=-5.16 

*19 Lean (95/5) RC1b 5,500 4,000 1.96%  
1,633.3 

78.88/ 
1,739.8 

k=0.1 
re=1,200 
s=-5.14 

reD=20 
q/Δp=0.09 

𝑡�̅�=64 

k=0.104 
re=1,210.05 

s=-5.15 

reD=20 
q/Δp=0.09 

𝑡�̅�=64 

k=0.104 
re=1,215.55 

s=-5.16 

*20 Lean (95/5) TC 4,260 2,500 79.70%  
0.05 

97.88/ 
2,347.7 

k=0.1 
re=1,200 
s=-5.14 

reD=20 
q/Δp=0.09 

𝑡�̅�=80 

k=0.105 
re=1,204.83 

s=-5.15 

reD=15 
q/Δp=0.37 

𝑡�̅�=23 

k=0.382 
re=1,265.55 

s=-5.49 

21 Lean (95/5) TC 5,500 2,500 59.94%  

585.9 

20.62/ 

2,788.5 

k=0.1 

re=1,200 
s=-5.14 

reD=18 

q/Δp=0.085 
𝑡�̅�=70 

k=0.094 

re=1,230.21 
s=-5.27 

reD=15 

q/Δp=0.15 
𝑡�̅�=42 

k=0.153 

re=1,272 
s=-5.49 

22 Lean (95/5) TC 4,260 4,000 264.10%  
30.9 

88.88/ 
1,770.1 

k=0.1 
re=1,200 

s=-5.14 

reD=20 
q/Δp=0.09 

𝑡�̅�=80 

k=0.105 
re=1,204.83 

s=-5.15 

reD=20 
q/Δp=0.19 

𝑡�̅�=45 

k=0.222 
re=1,267.28 

s=-5.20 

23 Lean (95/5) TC 5,500 4,000 114.42%  
1374.9 

77.88/ 
1,511.7 

k=0.1 
re=1,200 
s=-5.14 

reD=20 
q/Δp=0.09 

𝑡�̅�=64 

k=0.104 
re=1,210.05 

s=-5.15 

reD=20 
q/Δp=0.11 

𝑡�̅�=55 

k=0.127 
re=1,245.78 

s=-5.18 

24 Mod Rich 

90.5/9.5 

RC1b 5,500 2,000 -  

354.9 

133.88/ 

10,950.9 

k=0.1 

re=1,200 
s=-5.14 

reD=15 

q/Δp=0.014 
𝑡�̅�=336 

k=0.019 

re=1,195.05 
s=-5.43 

- - 

25 Mod Rich 
90.5/9.5 

RC1b 5,500 2,500 9.32%  
379.9 

134.88/ 
10,358.1 

k=0.1 
re=1,200 

s=-5.14 

reD=15 
q/Δp=0.015 

𝑡�̅�=320 

k=0.020 
re=1,207.19 

s=-5.44 

- - 
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 Fluid k r P i 
(psia) 

Pwf 
(psia) 

Error 
𝑺𝒄𝒑𝒘𝒇 % 

t2phase 
(days) 

tIA/tBDF  
(days) 

Model 
Inputs  

Matchpoint 1-Phase 
(qdD=tdD=0.1) 

1PSP, 1MPBT Matchpoint 2-Phase 
(qdD=tdD=0.1) 

2PSP, 2MBPT 

26 Mod Rich 
90.5/9.5 

TC 5,500 2,500 50.78%  
159.9 

19.63/ 
3,335.68 

k=0.1 
re=1,200 

s=-5.14 

reD=12 
q/Δp=0.035 

𝑡�̅�=131 

k=0.043 
re=1,181.33 

s=-5.64 

- - 

*27 Rich 
(88.5/11.5) 

RC1b 5,289 2,500 1.64%  
41.1 

964.40/ 
11,376.5 

k=0.1 
re=1,200 
s=-5.14 

reD=18 
q/Δp=0.0095 

𝑡�̅�=440 

k=0.016 
re=1,170.50 

s=-5.22 

reD=9 
q/Δp=0.077 

𝑡�̅�=70 

k=0.090 
re=1,243.10 

s=-5.98 

*28 Rich 

(88.5/11.5) 

RC1b 5,500 2,500 0.45%  

336.9 

842.88/ 

11,346.1 

k=0.1 

re=1,200 
s=-5.14 

reD=18 

q/Δp=0.01 
𝑡�̅�=410 

k=0.017 

re=1,173.76 
s=-5.23 

reD=10 

q/Δp=0.086 
𝑡�̅�=52 

k=0.108 

re=1,227.48 
s=-5.86 

29 Rich 
(88.5/11.5) 

RC1b 10,000 2,500 -1.62%  
1,283.7 

67.37/ 
Nearly 

1,329.28 and 
then 7,698.08 

K=0.1 
re=1,200 

s=-5.14 

reD=20 
q/Δp=0.04 

𝑡�̅�=38 

k=0.078 
re=1,017.12 

s=-4.98 

reD=20 
q/Δp=0.057 

𝑡�̅�=38 

k=0.111 
re=1,214.17 

s=-5.16 

*30 Rich 
(88.5/11.5) 

RC1b 5,289 4,000 2.69%  
43.9 

476.88/ 
10,190.9 

k=0.1 
re=1,200 
s=-5.14 

reD=20 
q/Δp=0.11 

𝑡�̅�=400 

k=0.019 
re=1,200.56 

s=-5.14 

reD=10 
q/Δp=0.08 

𝑡�̅�=72 

k=0.101 
re=1,283.19 

s=-5.90 

*31 Rich 
(88.5/11.5) 

RC1b 5,500 4,000 2.26%  
468.9 

71.88/ 
10,038.9 

k=0.1 
re=1,200 
s=-5.14 

reD=18 
q/Δp=0.013 

𝑡�̅�=350 

k=0.022 
re=1,236.50 

s=-5.28 

reD=10 
q/Δp=0.08 

𝑡�̅�=60 

k=0.100 
re=1,271.70 

s=-5.90 

*32 Rich 

(88.5/11.5) 

RC1b 7,000 4,000 0.00%  

1,253.3 

79.88/ 

Nearly at 
1,222.8 , and 

then 
8,260.5 

k=0.1 

re=1,200 
s=-5.14 

reD=20 

q/Δp=0.04 
𝑡�̅�=50 

k=0.072 

re=944.68 
s=-4.90 

reD=20 

q/Δp=0.061 
𝑡�̅�=53 

k=0.110 

re=1,201.08 
s=-5.15 

*33 

 

Rich 

(88.5/11.5) 

RC1b 10,000 4,000 -0.03%  

1,633.3 

35.125/ 

1,131.68  and 
then 

4,931.67 

k=0.1 

re=1,200 
s=-5.14 

reD=20 

q/Δp=0.048 
𝑡�̅�=35 

k=0.093 

re=1,069.31 
s=-5.03 

reD=20 

q/Δp=0.055 
𝑡�̅�=38 

k=0.107 

re=1,192.68 
s=-5.14 

*34 Rich 
(88.5/11.5) 

RC1b 12,000 4,000 0.00%  
1,739.7 

42.38/ 
First 979.67, 

and then 

3,578.88 

k=0.1 
re=1,200 
s=-5.14 

reD=20 
q/Δp=0.05 

𝑡�̅�=30 

k=0.102 
re=1,107.65 

s=-5.06 

reD=20 
q/Δp=0.055 

𝑡�̅�=30 

k=0.112 
re=1,161.71 

s=-5.11 

35 Rich 
(88.5/11.5) 

RC1b 5,289 5,000 -1.58%  
51.1 

248.88/ 
7,895.68 

k=0.1 
re=1,200 
s=-5.14 

reD=20 
q/Δp=0.015 

𝑡�̅�=300 

k=0.026 
re=1,214.12 

s=-5.16 

reD=10 
q/Δp=0.1 

𝑡�̅�=70 

k=0.112 
re=1,342.36 

s=-5.95 

36 Rich 

(88.5/11.5) 

RC1b 5,500 5,000 -1.58%  

964.5 

93.88/ 

6,786.08 

k=0.1 

re=1,200 
s=-5.14 

reD=20 

q/Δp=0.03 
𝑡�̅�=145 

k=0.052 

re=1,208.67 
s=-5.15 

reD=20 

q/Δp=0.062 
𝑡�̅�=75 

k=0.107 

re=1,246.96 
s=-5.18 

*37 Rich 
(88.5/11.5) 

RC1b 10,000 5,000 -2.98%  
2,438.9 

53.88/ 
 

1,070.9 

k=0.1 
re=1,200 
s=-5.14 

reD=20 
q/Δp=0.055 

𝑡�̅�=38 

k=0.107 
re=1,192.68 

s=-5.14 

reD=20 
q/Δp=0.055 

𝑡�̅�=39 

k=0.107 
re=1,208.27 

s=-5.15 
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 Fluid k r P i 
(psia) 

Pwf 
(psia) 

Error 
𝑺𝒄𝒑𝒘𝒇 % 

t2phase 
(days) 

tIA/tBDF  
(days) 

Model 
Inputs  

Matchpoint 1-Phase 
(qdD=tdD=0.1) 

1PSP, 1MPBT Matchpoint 2-Phase 
(qdD=tdD=0.1) 

2PSP, 2MBPT 

*38 Rich 
(88.5/11.5) 

TC 5,289 2,500 16.32% 
 

 
24.4 

443.87/ 
3,366.08 

k=0.1 
re=1,200 

s=-5.14 

reD=15 
q/Δp=0.032 

𝑡�̅�=130 

k=0.049 
re=1,168.50 

s=-5.41 

reD=10 
q/Δp=0.5 

𝑡�̅�=12 

k=0.623 
re=1,270.43 

s=-5.89 

39 Rich 
(88.5/11.5) 

TC 5,500 2,500 14.33%  
126.9 

536.88/ 
3,502.88 

k=0.1 
re=1,200 
s=-5.14 

reD=12 
q/Δp=0.029 

𝑡�̅�=140 

k=0.040 
re=1,170.29 

s=-5.63 

reD=10 
q/Δp=0.4 

𝑡�̅�=12 

k=0.501 
re=1,271.70 

s=-5.90 

40 Rich 

(88.5/11.5) 

TC 5,289 4,000 51.97%  

27.4 

29.38/ 

3,198.88 

k=0.1 

re=1,200 
s=-5.14 

reD=18 

q/Δp=0.04 
𝑡�̅�=105 

k=0.066 

re=1,173.30 
s=-5.23 

reD=10 

q/Δp=0.38 
𝑡�̅�=20 

k=0.473 

re=1,429.82 
s=-6.01 

41 Rich 
88.5/11.5 

TC 5,500 4,000 47.40%  
190.9 

38.63/ 
3,001.28 

k=0.1 
re=1,200 
s=-5.14 

reD=18 
q/Δp=0.045 

𝑡�̅�=100 

k=0.075 
re=1,229.68 

s=-5.27 

reD=15 
q/Δp=0.28 

𝑡�̅�=29 

k=0.430 
re=1,649.40 

s=-5.75 

*42 Rich 

(88.5/11.5) 

TC 5,289 5,000 50.60% 

 

 

35.6 

136.88/ 

2,226.08 

k=0.1 

re=1,200 
s=-5.14 

reD=20 

q/Δp=0.052 
𝑡�̅�=90 

k=0.090 

re=1,238.17 
s=-5.18 

reD=18 

q/Δp=0.22 
𝑡�̅�=48 

k=0.363 

re=1,679.56 
s=-5.59 

43 Rich 
(88.5/11.5) 

TC 5,500 5,000 44.12%  
521.9 

75.88/ 
3,016.48 

k=0.1 
re=1,200 

s=-5.14 

reD=19 
q/Δp=0.042 

𝑡�̅�=110 

k=0.071 
re=1,245.78 

s=-5.23 

reD=20 
q/Δp=0.12 

𝑡�̅�=54 

k=0.208 
re=1,472.01 

s=-5.34 

*44 Rich 
(88.5/11.5) 

TC 10,000 5,000 -6.13%  
2,058.9 

54.13/ 
1,101.3 

k=0.1 
re=1,200 
s=-5.14 

reD=20 
q/Δp=0.055 

𝑡�̅�=38 

k=0.107 
re=1,192.68 

s=-5.14 

reD=20 
q/Δp=0.055 

𝑡�̅�=40 

k=0.107 
re=1,223.72 

s=-5.16 

45 Very Rich 
(86.5/13.5) 

RC1b 5,500 4,000 -6.43%  
503.0 

137.00/ 
10,262 

k=0.1 
re=1,200 
s=-5.14 

reD=20 
q/Δp=0.013 

𝑡�̅�=500 

k=0.018 
re=1270.55 

s=-5.20 

reD=10 
q/Δp=0.09 

𝑡�̅�=70 

k=0.089 
re=1,278.91 

s=-5.90 

*46 Very Rich 
(86.5/13.5) 

RC1B 6,000 4,000 -7.11%  
935.0 

174.00/ 
First 601, 

then 10,486 

k=0.1 
re=1,200 

s=-5.14 

reD=20 
q/Δp=0.032 

𝑡�̅�=68 

k=0.045 
re=774.12 

s=-4.71 

reD=20 
q/Δp=0.08 

𝑡�̅�=65 

k=0.111 
re=1,222.35 

s=-5.16 

47 Very Rich 
(86.5/13.5) 

RC1b 6,000 4,500 -9.31%  
1,141.0 

147.00/ 
First 1309, 

then 13,658.0 

k=0.1 
re=1,200 
s=-5.14 

reD=20 
q/Δp=0.045 

𝑡�̅�=55 

k=0.063 
re=825.60 
s=-4.77 

reD=20 
q/Δp=0.08 

𝑡�̅�=65 

k=0.111 
re=1,222.35 

s=-5.16 

*48 Rich 
88.5/11.5 

RC1b 
Mod 

5,284 2,500 -20.72%  
34.626 

324.88/ 
7,561.27 

k=0.1 
re=1,200 
s=-5.14 

reD=20 
q/Δp=0.018 

𝑡�̅�=240 

k=0.031 
re=1,189.59 

s=-5.14 

reD=10 
q/Δp=0.06 

𝑡�̅�=90 

k=0.075 
re=1,205.24 

s=-5.84 

49 Rich 

88.5/11.5 

RC1b 

Mod 

5,500 2,500 -19.18%  

219.88 

149.88/ 

7,515.68 

k=0.1 

re=1,200 
s=-5.14 

reD=20 

q/Δp=0.02 
𝑡�̅�=220 

k=0.035 

re=1,215.59 
s=-5.16 

reD=10 

q/Δp=0.065 
𝑡�̅�=70 

k=0.081 

re=1,238.14 
s=-5.87 

*50 Rich 
88.5/11.5 

RC1b 
Mod 

10,000 2,500 -7.15%  
934.08 

83.88/ 
4,886.07 

k=0.1 
re=1,200 

s=-5.14 

reD=20 
q/Δp=0.04 

𝑡�̅�=42 

k=0.078 
re=1,069.31 

s=-5.02 

reD=20 
q/Δp=0.057 

𝑡�̅�=37 

k=0.111 
re=1,223.66 

s=-5.16 

 
 



 

APPENDIX D: Limitation of the Material Balance Time Definition 
 

It was postulated in chapter 5 that the material balance time/pseudotime function while 

being adequate for boundary dominated flow, was only an approximation for the transient 

flow regime.  In this appendix, the limitation of the material balance time/pseudotime 

definition is presented in greater detail.  

 

Development of material balance time for boundary dominated liquid flow 

Palacio and Blasingame (1993) presented the material balance formulation, Eq. D-1 (their 

Eq. A-4), using a redefined dimensionless time (i.e. based on material balance time).  

They suggested this equation to be valid at all times for all flow regimes and production 

scenarios.  The equations presented and discussed here are based on the flow of a single -

phase liquid in a porous medium with pressure independent permeability and porosity 

(𝑝𝑖 − 𝑝̅)
𝑘ℎ

141.2 𝑞𝑠𝐵𝜇
= 2𝜋𝑡̅𝐷𝐴 =

2𝜋  (0.00633)𝑘 𝑡̅

∅𝜇 𝑐𝑡
  where 𝑡̅ =

𝑁𝑝

𝑞𝑠
 D-1 

Palacio and Blasingame (1993) combined Eq. D-1 with the solution for constant rate 

single-phase liquid flow under pseudosteady state conditions, Eq. D-2, to produce Eqs. 

D-3, D-4 and D-7, on which the Blasingame production data type curves are based.  

(𝑝̅ − 𝑝𝑤𝑓)
𝑘ℎ

141.2 𝑞𝑠𝐵𝜇
=

1

2
ln (

4

𝑒𝛾

𝐴

𝐶𝐴 𝑟𝑤
2 ) D-2 

(𝑝𝑖 − 𝑝𝑤𝑓)
𝑘ℎ

141 .2 𝑞𝑠𝐵𝜇
= 2𝜋𝑡�̅�𝐴 +

1

2
ln (

4

𝑒𝛾

𝐴

𝐶𝐴 𝑟𝑤
2 ) D-3 

(𝑝𝑖−𝑝𝑤𝑓 )

 𝑞𝑠
= 𝑚𝑡̅ + 𝑏𝑝𝑠𝑠  D-4 

Where  

𝑚 =
2𝜋(0.00633) 𝑘

∅𝜇𝐶𝑡𝐴

141.2𝐵𝜇

𝑘ℎ
=

5.615𝐵

∅ℎ𝑐𝑡𝐴
=

1

𝑁𝑐𝑡
   and  D-5 

𝑏𝑝𝑠𝑠 =
141 .2𝐵𝜇

𝑘ℎ

1

2
ln (

4

𝑒𝛾

𝐴

𝐶𝐴 𝑟𝑤
2 ) D-6 

And finally,  

𝑞𝑠

(𝑝𝑖−𝑝𝑤𝑓 ) 
𝑏𝑝𝑠𝑠 =

1

1+
𝑚

𝑏𝑝𝑠𝑠
𝑡̅
 D-7 
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They mentioned that although Eq. D-2 was derived for constant rate (variable Pwf), it has 

been shown in literature to be a good approximation for fixed Pwf (i.e. variable rate) 

conditions. 

Next in this appendix, a similar approach as the one used by Palacio and Blasingame 

(1993) is used to combine the transient solution to the diffusivity equation under constant 

bottomhole pressure conditions, with material balance considerations. 

 

Analogous derivations for transient radial flow 

The analytical solution to the diffusivity equation for constant wellbore pressure inner 

boundary condition at long times (analogous to the constant rate case), was given by Jacob 

and Lohman (1952) as follows: 

𝑞𝐷 =
2

ln
4𝑡𝐷

𝛾
+2𝑆

 D-8 

During infinite acting (IA) radial flow, the following dimensionless expressions capture 

variations in well rate with time (presented in field units, with time expressed in days). 

𝑞𝐷 =
𝐵𝜇 𝑞𝑠

1.127 ×10−32𝜋𝑘ℎ(𝑝𝑖−𝑝𝑤𝑓 )
  D-9 

and 𝑡𝐷 =
0.00633𝑘𝑡

∅𝜇𝑐𝑡𝑟𝑤
2  D-10 

Substituting 𝑞𝐷 and 𝑡𝐷 into Eq. D-8 (and ignoring the skin term) yields Eq. D-11, which 

can be rearranged to obtain Eq. D-12. 

𝑞𝑠

(𝑝𝑖−𝑝𝑤𝑓 )
=

1 .127 ×10−32𝜋𝑘ℎ

𝐵𝜇
1

2
ln

4𝑘𝑡 (0.00633 )

𝛾∅𝜇𝑐𝑡𝑟𝑤
2

 D-11 

 (𝑝𝑖 − 𝑝𝑤𝑓)
𝑘ℎ

141.2 𝑞𝑠𝐵𝜇
=

1

2
ln

4𝑘𝑡 (0.00633)

𝛾∅𝜇𝑐𝑡𝑟𝑤
2  D-12 

For constant bottomhole pressure (CP) scenarios 𝑝𝑤𝑓 is constant, while 𝑞𝑠 varies with 

time.  The constant rate (CR) IA solution, after sufficient time for the validity of the line 

source assumptions, also has the same form, the difference being that for CR, 𝑞𝑠 is 

constant, while 𝑝𝑤𝑓 varies with time. 

Using material balance, the average reservoir pressure in the drainage volume can be 

defined.  For the removal of a fluid volume equal to 5.615𝑞𝐵(𝑅𝐵/𝐷)𝑡 (𝑑𝑎𝑦𝑠), the 

material balance expression is given as: 
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𝑝𝑖 − 𝑝̅ =
∆𝑉

𝑐𝑡𝑉𝑝
=

5.615𝑞𝑠𝐵𝑡

𝑐𝑡(𝜋𝑟𝑒
2ℎ∅)

 D-13 

Substituting Eq. D-13 into Eq. D-12 produces 

 (𝑝̅ +
5.615𝑞𝑠𝐵𝑡

𝑐𝑡(𝜋𝑟𝑒
2 ℎ∅)

− 𝑝𝑤𝑓)
𝑘ℎ

141 .2 𝑞𝑠𝐵𝜇
=

1

2
ln

4𝑘𝑡 (0.00633 )

𝛾∅𝜇𝑐𝑡𝑟𝑤
2  D-14 

 

(𝑝̅ − 𝑝𝑤𝑓)
𝑘ℎ

141.2 𝑞𝑠𝐵𝜇
+

5.615𝑘𝑡

𝑐𝑡(𝜋𝑟𝑒
2∅)141 .2 𝜇

=
1

2
ln

4𝑘𝑡 (0.00633)

𝛾∅𝜇𝑐𝑡𝑟𝑤
2  D-15 

 

(𝑝̅ − 𝑝𝑤𝑓)
𝑘ℎ

141.2 𝑞𝑠𝐵𝜇
=

1

2
ln

4𝑘𝑡 (0.00633)

𝛾∅𝜇𝑐𝑡𝑟𝑤
2 −

2𝜋(0.00633 )𝑘𝑡

𝑐𝑡∅𝜇𝐴 
 D-16 

 

(𝑝̅ − 𝑝𝑤𝑓)
𝑘ℎ

141.2 𝑞𝑠𝐵𝜇
=

1

2
ln

4𝑡𝐷

𝛾
− 2𝜋𝑡𝐷𝐴 D-17 

 

Adding this transient flow equation, i.e. Eq. D-17, to Eq. D-1, in a similar manner as done 

by Palacio and Blasingame (1993) for the boundary dominated flow scenario, produces 

Eq. D-18. 

(𝑝𝑖 − 𝑝𝑤𝑓)
𝑘ℎ

141 .2 𝑞𝑠𝐵𝜇
=

1

2
ln

4𝑡𝐷

𝛾
− 2𝜋𝑡𝐷𝐴 +2𝜋𝑡̅𝐷𝐴 D-18 

Comparing Eq. D-18, which has been obtained for transient radial flow, using a similar 

analogy as employed by Palacio and Blasingame (1993), with Eq. D-3, it can be seen that 

during the boundary dominated flow period, 𝑡̅ fully describes the temporal domain of the 

flow equation.  However during the transient flow period, 𝑡̅ does not fully describe the 

temporal domain of the flow equations, particularly because for the transient flow 

condition, the temporal domain has other terms, including ln t terms. 

 

Superposition time function for infinite acting radial flow variable rate drawdown 

An additional verification can be considered.  For variable rate drawdown, a general 

superposition formula for a step rate flow schedule was given as show in Eq. D-19 by 

Stewart (2011). 

𝑝𝑖 − 𝑝𝑤𝑓(𝑡) =
𝜇

2𝜋𝑘ℎ
{∑ [𝑞𝑖(𝑝𝐷(𝑡 − 𝑇𝑖−1)𝐷 − 𝑝𝐷 (𝑡 − 𝑇𝑖)𝐷)] + 𝑞(𝑡)𝑝𝐷(𝑡 − 𝑇𝑀)𝐷

𝑀
𝑖=1 }

 D-19 
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For the IA radial-cylindrical flow constant rate case, the dimensionless pressure (PD) 

function is defined as shown in Eq. D-20.  This equation, as well as Eq. D-8, is based on 

the logarithmic approximation to the exponential integral (i.e. line source, IA models). 

𝑃𝐷 =  
1

2
ln

4𝑡𝐷

𝛾
+ 𝑆  D-20 

The combination of Eq. D-19 and Eq. D-20 produces Eq.D-21 - a variable rate drawdown 

superposition equation for IA radial-cylindrical flow. 

𝑝𝑖−𝑝𝑤𝑓 (𝑡)

𝑞(𝑡)
=

𝜇

4𝜋𝑘ℎ
[𝑓𝑟(𝑡, 𝑇𝑀) + ln

4𝑘

𝛾∅𝜇𝑐𝑡𝑟𝑤
2 + 2𝑆] D-21 

𝑓𝑟(𝑡, 𝑇𝑀) is the rate-normalized drawdown superposition time function given by 

 𝑓𝑟(𝑡, 𝑇𝑀) =  ∑ 𝑞𝑖

𝑞(𝑡)
ln

𝑡−𝑇𝑖−1

𝑡−𝑇𝑖
+ ln(𝑡 − 𝑇𝑀)𝑀

𝑖=1 ,  D-22 

where 𝑇𝑀 < 𝑡 ≤ 𝑇𝑀+1 

As can be seen from Eq. D-22, a drawdown superposition time function for transient 

radial flow involves terms which are the natural log of time.  

Analogous derivations and discussions apply for the case of gas flow, volatile oil flow 

and multiphase conditions, where pseudopressure functions 𝜓(𝑝) would be used in place 

of pressure and pseudotime functions (𝑡𝑎) in place of time. 
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