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Abstract 1 

Most modern production data type curve (PDTC1) techniques, which are used in the 2 

estimation of reservoir and well productivity parameters such as permeability, drainage radius 3 

and skin, were originally developed with the assumption of  Darcy flow (i.e. laminar flow, 4 

with pressure gradient proportional to the fluid superficial velocity, in accordance with 5 

Darcy’s law) of a single-phase fluid. Two-phase conditions, e.g. in a gas condensate reservoir 6 

(GCR) operating below dewpoint pressure, introduce nonlinearities into the diffusivity 7 

equation, making the use of single-phase techniques questionable, and potentially producing 8 

erroneous parameter estimates. A common approach to linearizing the system is by the use of 9 

pseudovariables which account for the two-phase effects in addition to the pressure-10 

dependence of fluid properties. 11 

In this study, GCR production data generated using homogeneous fine-grid compositional 12 

simulation models, were first analysed using a well-known conventional (single-phase) 13 

modern PDTC technique, namely the Blasingame type curves for radial flow around a 14 

vertical well in a circular drainage area. The conventional techniques were then modified 15 

using an equivalent single phase concept, which was employed in the computation of two-16 

phase pseudovariables for use with the single-phase PDTC. To compute these two-phase 17 

pseudovariables, pressure-saturation/kr relationships are required. These were determined 18 

using a technique, which employs fluid component weight fractions and gas fractional flow 19 

of a fluid with constant fixed total composition. Sensitivities were conducted on reservoir 20 

fluid richness (maximum liquid dropout from 1% to 42%), relative permeability curves, 21 

degree of reservoir undersaturation and well operating pressures, to examine their impact on 22 

production decline response and subsequent conventional PDTC analysis, as well as their 23 

impact on the effectiveness of the equivalent single-phase based approach used in this study. 24 

                         
1 PDTC = production data type curve; GCR = Gas Condensate Reservoirs; GTR = gas to total gas plus 
condensate flow rate; CCE = constant composition expansion, TCM = type curve match 
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The paper first highlights the impact of two-phase flow conditions in GCRs on 25 

conventional PDTC analysis, in terms of the quality of the type curve match (TCM) and 26 

estimates of permeability, drainage radius and skin. Then it is shown that, in GCR analysis 27 

where the impact of two-phase effects are important, significant improvements can be 28 

obtained, both in the quality of the TCM and subsequent parameter estimates, through the use 29 

of pseudovariables computed using equivalent single phase concepts. The results also identify 30 

conditions under which, depending on the fluid richness and/or the degree of undersaturation, 31 

two-phase effects, although present, may not significantly impact the quality of interpretation 32 

of long-term production data from GCRs, using conventional single-phase PDTC techniques. 33 

 34 

Keywords: equivalent single phase; gas condensate reservoirs; production decline type 35 

curves; rate transient analysis; two-phase production data analysis. 36 

 37 

1.0 Introduction 38 

Traditional decline curve analysis, a branch of production data analysis, has been used, 39 

since its introduction by (Arps, 1945), for forecasting production performance and expected 40 

ultimate recovery (EUR) of wells and fields. Production data type curve (PDTC) analysis (a 41 

subset of rate transient analysis), in addition to production forecasting and EUR estimation, 42 

allows for the estimation of reservoir and well productivity parameters such as effective 43 

permeability (k), skin (s), average reservoir pressure and fluid-in-place. 44 

Most modern PDTC techniques (Palacio and Blasingame, 1993, Agarwal et al., 1998), 45 

were developed on the assumption of single-phase Darcy flow, which implies laminar flow 46 

with pressure gradient proportional to the fluid superficial velocity, given that the resistance 47 

to flow (i.e. the ratio of fluid viscosity to matrix permeability, µ/k) remains constant, in 48 

accordance with Darcy’s law. Under two-phase conditions resulting from retrograde 49 
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condensation in gas condensate reservoirs (GCR), parameter estimates obtained using such 50 

techniques become unreliable, typically producing permeability estimates that are lower than 51 

the absolute permeability and in some cases, underestimating the drainage radius (re) as well. 52 

A number of researchers have recently examined this problem using various production 53 

data analysis techniques – straight line analysis (Sureshjani and Gerami, 2011, Sureshjani et 54 

al., 2014, Behmanesh et al., 2015) and type curve analysis (Sarisittitham and Jamiolahmady, 55 

2014, Sarvestani et al., 2016). Such work have focused on modifications of the 56 

pseudovariables employed in the data analysis to account for two-phase effects in GCRs.  57 

In this study, we employed the Blasingame type curves (Palacio and Blasingame, 1993, 58 

Doublet et al., 1994) for radial flow around a vertical well in a bounded reservoir with a 59 

circular drainage area. To handle two-phase effects in GCRs, a pseudovariable modification 60 

based on the equivalent single phase concept (used by Saleh and Stewart (1992) for pressure 61 

transient analysis in GCRs, and by Jamiolahmady et al. (2006) in the development of a 62 

correlation for predicting near-wellbore gas condensate relative permeability), was used. The 63 

pressure-saturation/relative permeability relationships used in the computation of the 64 

modified pseudovariables were obtained using an approach which employs component 65 

weight fractions and gas to total (gas plus condensate) flow rate (Jamiolahmady et al., 2007), 66 

and which also assumes that near-wellbore two-phase steady state conditions are valid. This 67 

and other similar techniques are described in detail in Section 2.3.3.  68 

This study demonstrates how the use of a combination of two-phase pseudopressures 69 

(Jones and Raghavan, 1988) and the equivalent phase material balance pseudotime, presented 70 

in detail in this paper, for PDTC analysis of data from GCRs can produce better quality of 71 

data analysis under a range of reservoir and well operating conditions. For this purpose, 72 

synthetic production data from fine-grid compositional simulation models were generated, 73 

which ensures that the prevailing conditions in the theory can be honoured where required, 74 
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i.e. real data would be associated with impact of a large number of unknown 75 

parameters/effects. 76 

This paper begins with a brief background of PDTC techniques, followed by a description 77 

of the equivalent single phase approach. Type curve analysis to determine k, re and s for 78 

twenty cases selected from the over fifty scenarios simulated are then presented, first using 79 

the conventional single-phase techniques, and then using the equivalent single phase 80 

approach. These are followed by discussions of the results and their potential implications for 81 

field applications. 82 

 83 

2.0 Background/Theory 84 

Arps (1945), presented the first systematic approach to decline curve analysis. His 85 

methods, which are still popular in industry today, involve fitting historical production rate 86 

data from the boundary dominated flow (BDF) regime to an empirically derived function (Eq. 87 

1), on the basis of which future production performance of wells could be predicted. 88 

� = ������	�
��  (1) 89 

Fetkovich (1980) later developed semi-analytical type curves, which combined 90 

analytically derived transient flow regime stems with Arps’ empirically derived BDF 91 

hyperbolic decline stems, and laid the foundation for modern PDTC.  92 

Modern PDTC, developed in the late 1980s to late 1990s are analytically-based, and make 93 

use of both rate and well flowing pressure data. Such techniques, like the Blasingame type 94 

curves (Palacio and Blasingame, 1993) which are used in this study, make use of a 95 

superposition time function to handle varying rate/varying pressure conditions, and 96 

pseudopressure functions to account for the pressure-dependence of fluid properties. Most of 97 

these PDTC techniques were however originally developed for analysis of single-phase flow.  98 
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Fraim and Wattenbarger (1988) presented some of the earliest studies on PDTC analysis 99 

for multiphase flow. Their work focused on solution-gas drive reservoirs for which they 100 

converted the mass flow rates of the individual phases into volumetric flow rates of a single-101 

phase slightly compressible liquid for analysis using the Fetkovich type curves.  102 

In this study, we focus on gas condensate reservoirs (GCR), for which the presence of 103 

two-phase flow conditions complicates the flow behaviour, by introducing severe 104 

nonlinearities in the diffusivity equation because not only the fluid properties are a strong 105 

function of pressure, but also mobility changes with saturation, pressure and velocity. Under 106 

such conditions, the use of single-phase techniques for the estimation of reservoir and well 107 

productivity parameters becomes questionable. Effective linearization should account for the 108 

two flowing phases present, in addition to the pressure dependence of fluid properties, to 109 

allow the liquid solutions to the diffusivity equation to be applied to the gas condensate 110 

system. 111 

 112 

2.1 Single-Phase and Two-Phase Pseudopressures 113 

The single-phase real gas pseudopressure function, Eq. 2, was defined by Al-Hussainy et 114 

al. (1966) to account for the strong pressure-dependence of gas properties for gas reservoir 115 

well test analysis and for gas reservoir calculations. For two-phase conditions in GCRs, 116 

Fussell (1973) put forward Eq. 3, based on two-phase "steady state" assumptions, similar in 117 

form to the single-phase pseudopressure integral (Eq. 2). Jones and Raghavan (1988), 118 

building on the work of Fussell (1973) , defined the two-phase pseudopressure sandface 119 

integral, Eq. 4, which they used in pressure transient analysis in GCR. 120 

���� = 2� �������������   , where Pb is a low base pressure  (2) 121 

�� = 2� � �������� �1 + ��������������  (3) 122 
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�� = 2� � ������� + �������� ������  (4) 123 

Fevang and Whitson (1996) defined a three-part multiphase pseudopressure function (Eq. 5) 124 

based on three flow regions (region 1, nearest to the wellbore, where both gas and condensate 125 

are present and mobile, region 2, where gas is mobile and condensate is immobile, and region 126 

3, furthest from the wellbore, where only mobile gas is present), for use in gas condensate 127 

well deliverability calculations. 128 

∆�� = � � ���!"��� + ���!��� #$� ���∗�&' + � ���!"��� ���"(&�∗ + )*+�,-.� � �!"��� ��/0�"  (5) 129 

In the current study, for two-phase flow conditions, a two-zone radial composite model, 130 

like that employed by some researchers for well test analysis (Marhaendrajana et al., 1999, 131 

Raghavan et al., 1999, Xu and Lee, 1999, Osorio et al., 2005), and more recently by 132 

Sarisittitham and Jamiolahmady (2014)  for production data analysis using type curves, was 133 

assumed. Such a model can be justified on the basis that critical condensate saturation can be 134 

quite low (i.e. close to but not zero), as has been demonstrated experimentally (Danesh et al., 135 

1991, Henderson et al., 1998, Jamiolahmady et al., 2009).  136 

In the outer zone of this model, where pressures are above the dewpoint pressure (pdew), 137 

only gas is present and flows; while in the inner zone (closer to the wellbore), where pressure 138 

is below pdew, both gas and condensate are present, and both phases are assumed to be mobile. 139 

Although this approach is different from the three-zone model employed in literature (Fevang 140 

and Whitson, 1996, Sureshjani and Gerami, 2011, Sarvestani et al., 2016) it should be noted 141 

that in our two-zone model, what may be considered as the transition zone (as per the three-142 

zone model) is captured by the initially very low condensate mobility due to its very low 143 

relative permeability (kro) at low condensate saturations. On the basis of the two-zone model, 144 

the pseudopressure drop expressed by Eq. 6 was employed in the two-phase analysis. The 145 
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pseudopressures were normalized using fluid properties at initial reservoir conditions 146 

(Meunier et al., 1987) prior to their use in the PDTC analysis. 147 

∆�� = 2� � ������� + �������� ���/"(&�&' + 2� �����������/�/"(&  (6) 148 

 149 

2.2 Single-Phase Material Balance Pseudotime (MBPT) 150 

In their development of the material balance time function for use in variable rate reservoir 151 

limit testing, Blasingame and Lee (1986) presented the complete solution to the equation 152 

describing the behaviour of flowing well pressure (pwf) as a function of time for a single well 153 

producing with variable rate in a bounded reservoir, Eq. 7a. 154 

��1�&'�2 =155 

70.6 !��7 ln :;<=>?*&@ + 0.2339 !∅7DE; F2�2 −156 

141.2 !��7 IJ∑ L�M1�MN�O2MP� ∑ Q�RST�&�( UST@Q�@�ST�VW/X1WT@Y�Z.ZZZJ[\]� ^∅_`E?L
1
MN�OabTP� �2 		d  (7a) 157 

In order to employ this equation for straight line analysis of data from the boundary 158 

dominated “stabilized” flow (BDF) regime, the infinite series (i.e. the transient component) 159 

was assumed to be negligible, producing Eq. 7b. A plot of 
∆��2 versus e̅ (the material balance 160 

time) using data from the BDF regime yields a straight line with a slope from which the 161 

drainage area can be determined. 162 

∆��2 = 70.6 !��7 ln :;<=>?*&@ + 0.2339 !∅7DE; e̅  (7b) 163 

e̅ = F2�2 (7c) 164 

Blasingame and Lee (1988) later extended this approach to gas reservoirs using a modified 165 

gas flow equation. Palacio and Blasingame (1993), gave an analytical proof of the modified 166 

gas flow equation presented by Blasingame and Lee (1988), using material balance and 167 
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pseudosteady state gas flow equations, and provided the most useful form of the flow 168 

equation for performing production data analysis under variable rate/variable pressure 169 

conditions, Eq. 8. 170 

��L�g�1�g&'Ohi,�$$ = ���� 2kk,gll�
̅k (8) 171 

In Eq. 8,  �i = �mDE�, hi,�$$ = 141.2 ���!����7 n�J ln R :;<=>?*&@Uo, �� are real gas pseudopressures, 172 

and ei̅ is the single-phase material balance pseudotime (MBPT) integral which is defined as: 173 

ei̅ = ���DE��� � ������̅�DE��̅�
Z �e (9) 174 

The development of Eqs. 7b and 8 assumes stabilized BDF, making them strictly valid for 175 

post-transient flow. Palacio and Blasingame (1993) pointed out that Eq. 8 should trace the 176 

path of a harmonic decline on the Fetkovich type curves because it is identical to the Arps 177 

hyperbolic decline relation (i.e. Eq.1, with h = 1).  178 

The MBPT integral and the Blasingame type curves used in this study are those presented 179 

by Palacio and Blasingame (1993) and Doublet et al. (1994), who built on earlier work by 180 

Blasingame and Lee (1986), Blasingame and Lee (1988), McCray (1990) and Blasingame et 181 

al. (1991). In this study, Eq. 8 was sometimes found to be inadequate for the analysis of GCR 182 

production data, therefore requiring modifications to account for two-phase conditions. 183 

 184 

2.3 Equivalent-Phase Material Balance Pseudotime 185 

Saleh and Stewart (1992), in their work on well test interpretation for GCR, made mention 186 

of a real condensate pseudotime function (Eq. 10). The viscosity term, p
�, in this equation 187 

was referred to as "total two-phase viscosity". 188 

ei,
� = �pq
�. � r
�EgDE
Z          (10) 189 

Recent work (Sureshjani and Gerami, 2011, Sureshjani et al., 2014, Sarvestani et al., 190 

2016) have presented attempts to include two-phase considerations in pseudotime and 191 
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material balance pseudotime (MBPT) functions for both straight line and type curve based 192 

production data analysis. Such attempts have however employed expressions that are 193 

relatively more involved than those used in this study.  194 

Behmanesh et al. (2013) incorporated the equivalent single phase concept (Jamiolahmady 195 

et al., 2006, Jamiolahmady et al., 2009) into the pseudotime function, resulting in a 196 

formulation of two-phase pseudotime, similar to that of Saleh and Stewart (1992), which they 197 

used in straight line analysis of the transient linear flow regime of production data from 198 

hydraulically fractured shale gas condensate wells operating with constant pwf. The equivalent 199 

phase concept had however not yet been employed in the MBPT integral for PDTC analysis. 200 

Initial attempts to employ the equivalent phase concept in modern PDTC in GCRs were 201 

briefly introduced by Johnson and Jamiolahmady (2016), and is now presented in detail in 202 

this paper. 203 

In the present work, authors extend Eq. 9 and present an equivalent phase MBPT function 204 

(Eq. 11), which is computed using an equivalent phase viscosity and a total compressibility 205 

that account for the presence of the condensate phase. The fluid properties in the integral are 206 

evaluated at average reservoir pressure (�̅), meaning that when �̅ > pdew, the integral becomes 207 

the same as Eq. 9. 208 

ei̅,
� = ���>���� � ���(sgtkl(��̅�DE�E��̅�
Z �e (11) 209 

The appeal of this equivalent single-phase approach lies in the adaptation of the single-210 

phase MBPT integral which, when used in combination with the two-phase pseudopressure, 211 

allows the single-phase type curves, and associated parameter estimation equations to be 212 

employed in the analysis of production data obtained under two-phase conditions.   213 

 214 
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2.3.1 Two-Phase Viscosity using the Equivalent Phase Concept 215 

To obtain the equivalent-phase viscosity used in Eq. 11, the mass flow rate of the 216 

equivalent single phase was assumed to be equal to the sum of the mass flow rates (based on 217 

Darcy’s equation) of the individual phases present, resulting in Eq. 12, from which the 218 

equivalent phase viscosity is obtained. Equation 12 is based on momentum balance, and 219 

assumes the presence of only gas and condensate, isothermal conditions, as well as negligible 220 

capillary pressure and gravity effects.  221 

�.��Eg;uEg�Eg r/rv = �.���;u��� r/rv +	�.��wuw;�w r/rv  (12) 222 

If the relative permeability of the equivalent phase ()*
�� is assumed to be 1, the two-223 

phase viscosity presented by Saleh and Stewart (1992) is obtained. Saleh and Stewart (1992) 224 

mentioned that the use of the two-phase pseudopressure function incorporates the effects of 225 

two-phase flow, so that pressure transient analysis yields the absolute permeability and the 226 

equivalent single phase skin factor. As such, we consider that where two-phase 227 

pseudopressures are employed, it is justifiable to assume )*
� = 1 in the definition of 228 

properties for the corresponding equivalent single-phase fluid. The two-phase density term 229 

(x
�) can be defined as a gas fractional flow (GTR) weighting of the gas and condensate 230 

densities (Jamiolahmady et al., 2010), yielding the final form of the equivalent phase 231 

viscosity, Eq. 13, employed in this study. 232 

p<��7i$< = myz.u����1myz�uw^��_� u��^�w_w uw  (13) 233 

x{ and x+ in Eq. 13 are  oil and gas densities, krl and krg are base relative permeabilities of the 234 

liquid (condensate) and gas phases, respectively.  235 

Most recently, in parallel and independent research by Behmanesh et al. (2017), the 236 

equivalent phase concept has been used for straight line analysis of  data from the BDF 237 
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regime in GCRs. In the work presented by Behmanesh et al. (2017), the equivalent phase 238 

viscosity defined by Saleh and Stewart (1992) was employed.  239 

In the work presented here, the viscosity of the equivalent single phase has been defined 240 

on the basis of mass flow rates, as done by Saleh and Stewart (1992), and combined with 241 

equivalent phase density as defined by Jamiolahmady et al. (2010). It can be demonstrated 242 

that this definition of equivalent phase viscosity can be expressed simply as the inverse of 243 

total mobility, making it practically attractive because it is simple to evaluate and employ in 244 

the subsequent two-phase data analysis. Although the equivalent phase viscosity is not 245 

expected to have a physical meaning, its use in the MBPT integral is shown to produce 246 

consistent improvements in PDTC analysis under two-phase conditions.  247 

 248 

2.3.2 Total Compressibility 249 

Equation 14, 15 and 16 (Lake and Walsh, 2003) were used to compute the total 250 

compressibility, q
|
��̅� in Eq. 11. 251 

q
|
 = ,+q+ + ,-q- + ,|q| + q}  (14) 252 

q| = �!� n1r!�r� + rzlr� �!�1z~!���1zlz~� o (15) 253 

q+ = �!� n1r!�r� + rz~r� �!�1zl!���1zlz~�o (16) 254 

Equations 15 and 16, which were used to calculate the condensate compressibility (q|) and 255 

the gas compressibility (q+), require the so-called modified/extended black oil parameters. 256 

These were obtained using the approach of Whitson and Torp (1981). 257 

To compute the two-phase pseudovariables (i.e. Eqs. 6 and 11), a pressure versus 258 

saturation/kr relationship is needed. A two-phase steady state based approach, much like 259 

those of O'Dell and Miller (1967) and Fetkovich et al. (1986), was used.  260 

 261 
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2.3.3 Pressure-Saturation Relationships for Two-Phase Analysis 262 

O'Dell and Miller (1967), presented a two-phase steady state theory for performance 263 

prediction of single-well gas condensate systems, based on which Eq. 17 could be used for 264 

predicting pressure-saturation behaviour in the two-phase region around the wellbore, with 265 

the assumption that the composition of the produced wellstream is the same as the original 266 

single-phase reservoir fluid entering the two-phase region around the wellbore (i.e. initial 267 

reservoir pressure, pi, remains significantly above pdew). 268 

������ = ��������  (17) 269 

In Equation 17, �| and �+ are oil (condensate) and vapour (gas) volume fractions obtained 270 

from constant composition expansion (CCE) experiments. Later work provided theoretical 271 

proofs of this expression (Chopra and Carter, 1986, Jones and Raghavan, 1988). Eq. 18 272 

(Jones and Raghavan, 1988), which includes the mole fractions of liquid (�) and vapour (�) 273 

in equilibrium at a given temperature and pressure, is the expression commonly seen in 274 

literature.  275 

������ = vu����u���  (18) 276 

 Fetkovich et al. (1986)also introduced a gas-oil relative permeability ratio (Eq. 19) for use in 277 

volatile oil reservoirs, which was employed in gas condensate deliverability studies by 278 

Fevang and Whitson (1996).  279 

������ ��� = � zg1zl�1z~zg� ��!�"��!�   (19) 280 

The approach used in this study employs the weight fractions of the jth component in the 281 

reservoir fluid mixture, ��, expressed in Eq. 20 and the gas fractional flow (GTR), expressed 282 

in Eq. 21 (Jamiolahmady et al., 2007). At near wellbore conditions and when the two-phase 283 

steady state assumption is valid, total mass remains constant (i.e. �� 	= constant), although 284 

there can be mass exchange between the gas and condensate phases. 285 
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�� = u�F��M�uwFw�Mu�F��uwFw = q���e��e (20) 286 

��# = F�F��Fw = n^�_ o�n^�_ ow�n^�_ o� (21)  287 

In Eqs. 20 and 21, Q is the volumetric flow rate,	�� and �� are the weight fractions of 288 

component � in the liquid phase (�) and the gas (�) phase, respectively, obtained from CCE of 289 

the original fluid at reservoir temperature.  290 

Eqs. 20 and 21 can be combined to obtain Eq. 22, an expression of GTR in terms of ��, ��, 291 

�� and the gas and condensate densities, which together with Eq. 21 and the gas condensate kr 292 

curves and PVT data, allows pressure-saturation/kr relationships to be established for two-293 

phase analysis.  294 

��# = u��M1u��Mu��M1u��M1u��M�u��M (22) 295 

The pressure-saturation predictions obtained using the approach proposed in this work (i.e. 296 

Eqs. 21 and 22) were compared to those obtained using Eqs. 18 and 19, and found to produce 297 

the same results. However, the use of component weight fractions makes our approach more 298 

suited for compositional-based modelling studies. 299 

 300 

2.4 Limitations of the Two-phase Steady State Assumption 301 

Two-phase steady state pressure-saturation prediction methods are most reliable when 302 

most of the reservoir is still undersaturated, i.e. �̅ is above the saturation pressure, and 303 

original fluid is still present in the reservoir (Fussell, 1973). 304 

For pressure transient analysis in GCRs operating with pwf below pdew, Raghavan et al. 305 

(1999) pointed out that the kr ratio of O'Dell and Miller (1967) works best when the pressure 306 

differentials (�. − �r<-) or (�̅ − �r<-) and (�r<- − �-}) are large (i.e. �̅ is maintained above 307 

pdew). They indicated that when this condition is violated, the predicted kro are higher and the 308 
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predicted krg are lower than the actual values in the two-phase region around the wellbore, 309 

resulting in lower skin factor estimates obtained from two-phase analysis. 310 

Estrada and Settari (2006) also noted that for �̅ ≤ �r<-, well test analysis using Fussell's 311 

two-phase pseudopressure (Eq. 3) failed to accurately predict permeability thickness and skin 312 

– an observation they attributed to changes in the composition of the flowing fluid. They 313 

highlighted the point that Fussell's pseudopressure is applicable to well test analysis when 314 

little depletion has occurred, making it unreliable for long term deliverability estimation.  315 

These observations all suggest that two-phase steady state based pseudovariables would 316 

potentially be inadequate for analysing depletion scenarios for long-term production data 317 

from GCRs, where �̅ falls below pdew, thereby violating the two-phase steady state constant 318 

composition assumption. While there have been extensive works (Jones and Raghavan, 1988, 319 

Jones et al., 1989, Raghavan et al., 1999, Gringarten et al., 2000, Estrada and Settari, 2006) 320 

on the impact of reservoir and well operating conditions on well test analysis of short-term 321 

data in GCRs using two-phase steady state assumptions, similar in-depth studies on long-term 322 

production data analysis using PDTC is relatively limited. This paper therefore examines this 323 

area. 324 

 325 

3.0 Methodology 326 

3.1 Reservoir Simulation Model 327 

Production data for this study was generated using a commercially available finite 328 

difference based compositional reservoir simulator. A depletion drive operating mode was 329 

assumed. The reservoir was assumed to be of uniform thickness, with a closed outer 330 

boundary, and a homogeneous and isotropic matrix. Isothermal conditions (250ºF), the 331 

absence of an aquifer, negligible capillary pressure, negligible gravity effects, and zero 332 

interstitial water saturation were also assumed. 333 

 334 
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Table 1: Radial model 335 

Parameter  Simulation Model Input  
External reservoir radius 1242 ft (378.6 m)  for cases 1 and 2, 1200 ft (365.8 m) for remaining cases 
Well bore radius 0.35 ft (0.11m) 
Interval thickness 70 ft (21.3 m) for cases 1 and 2, 100 ft (30.5 m) for remaining cases 
Permeability 0.1 md 
Skin -5.16 
Matrix Porosity 0.06 
Rock compressibility 3 x 10-6 psi-1 at 4175 psia 

 336 

The 1-dimensional radial model used (summarized in Table 1) was made up of 100 337 

cylindrical grid cells, with logarithmically increasing grid-sizes to minimize numerical 338 

dispersion and approximation errors, and so ensure that rapid pressure and saturation changes 339 

in the near-wellbore regions were modelled as accurately as possible. The negative skin of a 340 

stimulated wellbore used in this radial model was implemented as an effective wellbore 341 

radius, as done by Fetkovich et al. (1987). 342 

Initial reservoir conditions ranging from just saturated to severely undersaturated were 343 

considered. The simulations were run, at constant pwf < pdew, from initial conditions until an 344 

arbitrarily chosen minimum gas production rate (1 MSCF/day) was attained. The average 345 

reservoir pressure (�̅) by the end of the production period for all cases was well below pdew.  346 

 347 

3.2 Fluid Model 348 

Binary mixtures of methane and n-decane, shown in Table 2, with a wide range of fluid 349 

richness variations (maximum liquid dropout, MLDO, from 0.86% to 41.5%) were used. 350 

Fluid thermodynamic properties were computed using the modified 3-parameter Peng-351 

Robinson equation of state and the Aasberg-Peterson viscosity correlation in a commercially 352 

available pressure/volume temperature (PVT) calculator.  353 

 354 

Table 2: Gas condensate fluids.  355 

 
C1/C10 % mole 

ratios 
Dewpoint Pressure 

(psia) 
MLDO % (from 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 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT
 

Page 17 of 38 
 

Rich 88.5/11.5 5288.5 28.01% 4300 
Very Rich 86.5/13.5 5332.1 41.50% 5200 

 356 

The RC1b kr curves (Fig. 1) and TC kr curves (Fig. 2), obtained from a database of gas 357 

condensate kr of actual cores measured by the Heriot-Watt Gas Condensate Research Team, 358 

were used. A manually modified version of the RC1b kr curves, with enhanced kro 359 

(incorporated into Fig. 1), was also employed in some of the simulation cases. It should be 360 

noted that these are base kr curves. In other words, velocity-dependent permeability effects 361 

(Danesh et al., 1994, Henderson et al., 1997, Jamiolahmady et al., 2000), which cause 362 

reductions in effective permeability (i.e. inertia) with increasing flow velocity or 363 

enhancement in effective permeability under two-phase conditions with increasing velocity 364 

and/or decreasing interfacial tension (i.e. coupling), are ignored. These effects are known to 365 

be important in gas condensate reservoirs, however, in this study they were found to be less 366 

significant for long-term production decline response in the low permeability reservoir 367 

models employed. 368 

 369 

 
 

 

Fig.  1: RC1b & RC1b-Mod (Enhanced kro) gas-condensate  
relative permeability curves. 

Fig.  2: TC gas -condensate  relative permeability curves.  

 370 

The equivalent phase viscosities (computed using Eq. 13) used in the two-phase analysis 371 

are shown in Fig.3 and Fig. 4 for the RC1b kr curves, using a lean fluid (MLDO = 7.39%) 372 
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and a rich fluid (MLDO = 28.01%), respectively. Those computed using the TC kr curves 373 

with the lean fluid and rich fluid are shown in Fig. 5 and Fig. 6, respectively. 374 

It is noted that, for the lean fluids (Fig. 3 and Fig. 5), the equivalent phase viscosities lie 375 

between the oil and gas viscosities; however, for the rich fluid (Fig. 4 and Fig. 6), the 376 

equivalent phase viscosities generally exceed the oil viscosities. The equivalent phase 377 

viscosity is the inverse of the total system mobility, and represents an equivalent single phase 378 

fluid property for which kr = 1. Hence, a significant decrease in the gas and condensate 379 

mobility and thereby that of the total system, must necessarily translate into a higher 380 

equivalent phase viscosity. As the total mobility improves, the computed viscosities also 381 

decrease. In other words, because the relative permeability of the equivalent phase is unity, at 382 

very low total mobilities, it is possible for the computed equivalent phase viscosity to exceed 383 

that of the most viscous phase present (in this case, that of the condensate). This is what is 384 

observed for the cases with rich fluid, which are associated with more significant reductions 385 

in total mobility. 386 

 
Fig. 3: Viscosity Computations – Lean Fluid, RC1b kr Curves. 
 

 
Fig. 4: Viscosity Computations – Rich Fluid, RC1b kr Curves.  
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Fig. 5: Viscosity Computations – Lean Fluid, TC kr Curves.  

 
Fig. 6: Viscosity Computations – Rich Fluid, TC kr Curves.  

 387 

 388 

3.3 Type Curve Matching (TCM) Procedure 389 

The pressure normalized rate �� ∆�⁄ �, its integral �� ∆�⁄ �., and its integral derivative 390 

�� ∆�⁄ �.r are plotted together against the MBPT to produce what is referred to as the data 391 

plot, which is then superimposed on the type curves and shifted to obtain a match, taking care 392 

to ensure parallel axes and equal log cycle sizes on both plots. The TCM exercise produces a 393 

match-point (MP), the coordinates of which are read from the data plot and the type curves 394 

and used in the relevant equations (Palacio and Blasingame, 1993) to determine k, s, and re.  395 

The TCM operations in this study were implemented in a spreadsheet software, to allow 396 

the flexibility needed to implement our pseudovariable modifications. To account for the total 397 

fluid volumes produced from the reservoir, the condensate production rates were converted to 398 

gas equivalent rates and added to the gas production rates. The production data was analysed 399 

using conventional type curve techniques, i.e. single-phase pseudopressure (1PSP) and 400 

single-phase material balance pseudotime (1MBPT), and then using Eq. 6 (2PSP) and Eq. 11 401 

(2MBPT). The computation of the MBPT integral requires knowledge of �̅ at each time step 402 

which, in this study, were taken from the simulation output. 403 

 404 
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4.0 Results and Discussion 405 

Table 3 is a summary of TCM results for twenty cases obtained using single-phase and 406 

equivalent phase techniques. The pressure-saturation/kr relations used for the two-phase 407 

analysis presented are based on the GTR approach described in Section 2.3.3. In Table 3: 408 

- ,D,�&'% = �`,g&'�myz�1�`,g&'������`,g&'����� ∗ 100: is used as an indicator of how closely the 409 

predicted condensate saturations match the simulated values during the transient flow 410 

period. ,D,�&'���#� is the condensate saturation at the given pwf obtained from the GTR 411 

pressure-saturation prediction, and ,D,�&'�,��� is the condensate saturation observed in 412 

simulation blocks nearest to the wellbore, during transient flow, with block pressure at 413 

pwf. 414 

- t2phase (days): time at which the entire reservoir becomes two-phase. 415 

- tBDF (days): time at which stable boundary dominated flow (BDF) is established. It 416 

should be noted that stable BDF, as used here, is a time well after the “time of arrival” of 417 

the pressure disturbance at the external boundary.  418 

We now discuss selected cases from this table. 419 

Table 3: Summary of simulation cases analysed using  Blasingame type curves. 420 

 Fluid kr  
Pi 

(psia) 
Pwf 

(psia) 
Error ��,���% 

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/∆p=0.11 

tca=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/∆p=0.11 

tca=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/∆p=0.05 

tca=114 

k=0.056 
re=1,204 
S=-5.20 

reD=17 
q/∆p=0.1 

tca=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/∆p=0.09 
tca=80 

k=0.105 
re=1,205 
S=-5.15 

reD=18 
q/∆p=0.28 

tca=29 

k=0.313 
re=1,235 
S= -5.28 

5 Lean 
(95/5) 

RC1b 5,500 4,000 2% 1633 1740 
reD=20 

q/∆p=0.09 
tca=64 

k=0.104 
re=1,210 
s=-5.15 

reD=20 
q/∆p=0.09 

tca=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/∆p=0.09 
tca=80 

k=0.105 
re=1,205 
S=-5.15 

reD=15 
q/∆p=0.37 

tca=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/∆p=0.0095 

tca=440 

k=0.016 
re=1,171 
S=-5.22 

reD=9 
q/∆p=0.077 

tca=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/∆p=0.01 

tca=410 

k=0.017 
re=1,174 
S=-5.23 

reD=10 
q/∆p=0.086 

tca=52 

k=0.108 
re=1,227 
S=-5.86 
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9 Rich 
(88.5/11.5) RC1b 5,289 4,000 2.7% 44 10191 

reD=20 
q/∆p=0.11 
tca=400 

k=0.019 
re=1,201 
S=-5.14 

reD=10 
q/∆p=0.08 

tca=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/∆p=0.013 

tca=350 

k=0.022 
re=1,237 
S=-5.28 

reD=10 
q/∆p=0.08 

tca=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/∆p=0.04 

tca=50 

k=0.072 
re=945 

S=-4.90 

reD=20 
q/∆p=0.061 

tca=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/∆p=0.048 

tca=35 

k=0.093 
re=1,069 
S=-5.03 

reD=20 
q/∆p=0.055 

tca=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/∆p=0.05 

tca=30 

k=0.102 
re=1,108 
S=-5.06 

reD=20 
q/∆p=0.055 

tca=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/∆p=0.055 

tca=38 

k=0.107 
re=1,193 
S=-5.14 

reD=20 
q/∆p=0.055 

tca=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/∆p=0.032 

tca=130 

k=0.049 
re=1,169 
S=-5.41 

reD=10 
q/∆p=0.5 

tca=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/∆p=0.052 
tca=90 

k=0.090 
re=1,238 
s=-5.18 

reD=18 
q/∆p=0.22 

tca=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/∆p=0.055 

tca=38 

k=0.107 
re=1,193 
S=-5.14 

reD=20 
q/∆p=0.055 

tca=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 11753 

reD=20 
q/∆p=0.035 

tca=110 

k=0.049 
re=1,044 
S=-5.00 

reD=20 
q/∆p=0.08 

tca=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/∆p=0.018 
tca=240 

k=0.031 
re=1,190 
S=-5.14 

reD=10 
q/∆p=0.06 

tca=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/∆p=0.04 
tca=42 

k=0.078 
re=1,069 
S=-5.02 

reD=20 
q/∆p=0.057 

tca=37 

k=0.111 
re=1,224 
S=-5.16 

 421 

4.1 Impact of Two-phase Conditions on the Shape of the Production Profile. 422 

Fraim and Wattenbarger (1988), in their work which focused on solution-gas drive reservoirs, 423 

noted a "small step" in the decline curve at the beginning of BDF, which was attributed to the 424 

decreasing ratio of total mobility to total compressibility as the pressures in the reservoir 425 

approached the bubble point pressure, pb.   426 

They suggested that the magnitude of this step (which disappears when the initial reservoir 427 

pressure, pi, is equal to pb, is directly proportional to the difference between the pi and pb (i.e. 428 

the degree of undersaturation). This study found similar observations, with regards to the 429 

presence of a "small step" in the decline curve, to be true for gas condensate reservoirs 430 

(GCR). These are discussed next. 431 

The production profiles for each of the cases simulated were first examined on rate-time 432 

log-log plots. Fig. 7 shows a rate-time log-log plot, comparing the gas production rates for 433 
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four cases (Cases 10, 11, 12 and 13), all of which employ the rich fluid (MLDO = 28.01%). 434 

For these cases, pwf is constant at 4,000 psia, while pi ranges from 5,500 psia to 12,000 psia 435 

from Case 10 to 13. 436 

 437 

 438 

 439 
Fig. 7: Log-log plot of gas production rates for si mulation cases 10, 11, 12 and 13. The arrows in thi s figure indicate 440 

the point in time at which two-phase conditions are  established in the entire reservoir. 441 
 442 

For Case 10, the least undersaturated case, the entire reservoir becomes two phase at the 443 

point indicated by the arrow (in Fig. 7), which is before stabilized BDF is established. For 444 

this case, there is almost no visible discontinuity on the curve. However, for Cases 11, 12, 445 

and 13 there is a clear kink in the production profile at a time when two-phase conditions are 446 

established in the entire reservoir. This kink occurs later in time and becomes more 447 

prominent as the degree of undersaturation increases. Similar plots for the very lean fluid 448 

cases (Cases 1 and 2) and lean fluid cases (Cases 3 and 5) did not show such noticeable 449 

kinks. 450 
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It was also noted that while these kinks were observed for cases using the RC1b kr curves, 451 

they were less evident for analogous cases using the TC kr curves. A significant difference 452 

between these two kr curves is seen in the behaviour of krg. As condensate saturation increases 453 

beyond zero, the RC1b kr curves show a sharply declining krg, while the TC kr curves show a 454 

less drastic decrease in krg. In other words, total mobility is initially not as adversely affected 455 

for TC as for RC1b cases. The trend in krg is of particular importance, because initial kro 456 

values are typically low. The observations from this study showed that the kink is most 457 

prominent for cases involving rich fluids, at high degrees of undersaturation, and with kr 458 

curves which exhibit sharply decreasing krg at the onset of two-phase conditions. 459 

Another important impact of two-phase effects on the shape of the decline curve, which 460 

was seen for some cases, e.g. Case 15, was an observed steepening of the transient stem, as 461 

mentioned by Sarisittitham and Jamiolahmady (2014). This is attributed to increasing total 462 

skin with the growth of the condensate bank, and also has the potential to impact the quality 463 

of type curve analysis, to which we now turn our attention.  464 

 465 

4.2 PDTC Analysis of Simulated Cases 466 

The results of the conventional type curve analysis are shown in columns 9 and 10 of 467 

Table 3, and the equivalent phase based type curve analysis, in columns 11 and 12. For 468 

equivalent phase based analysis, the saturations and kr used to compute Eq. 6 and Eq.11 were 469 

predicted using the GTR approach, described in Section 2.3.3, which is based on near-470 

wellbore two-phase steady state assumptions. In our studies, this near wellbore region was 471 

found to be within 10% of the drainage radius (i.e. the reservoir radius, for the single-well 472 

cases considered in this study).  473 

Under two-phase steady state conditions, the constant bottomhole pressure production 474 

constraint assumed in this study would correspond to a unique “steady state” saturation value 475 

at the sandface. Upstream regions/blocks will be at higher pressures and hence different 476 
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saturations. However, as long as the two-phase steady state assumptions are valid in the near 477 

wellbore region, the condensate saturation corresponding to any given pressure (below pdew) 478 

at any point in that region would match the predicted condensate saturation.  479 

Here, a pseudopressure integral, which accounts for changes in saturation and kr with 480 

radial distance from the wellbore, i.e. the reservoir integral presented by (Jones and 481 

Raghavan, 1988), would be most applicable. However, for practical applications, the 482 

sandface pseudopressure integral computed on the basis of the steady state theory (i.e. Eq.4) 483 

was shown by (Jones and Raghavan, 1988) to produce good estimates of flow capacity (kh), 484 

during transient flow even for constant pressure production. This pseudopressure integral is 485 

employed in our study which involves the analysis of long-term production data for which 486 

both transient and boundary dominated flow regimes are present.  487 

 488 

4.2.1 Very Lean Gas Condensate Systems – Single-phase Analysis 489 

The Blasingame type curve match (TCM) results for Case 1 (with MLDO of 0.86%), 490 

shown in Fig. 8, indicates that the parameter estimates obtained using single-phase 491 

pseudovariables agree well with the model input parameters. For this case, two-phase effects 492 

were not significant enough to impact the results obtained using the single-phase techniques. 493 

It is also worth noting that for this case t2phase was found to be greater than tBDF, and there was 494 

no prominent kink. Similar results were obtained for Case 2. 495 
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 496 

Fig. 8: Blasingame TCM single-phase analysis for Ca se 1 (simulation inputs: k =0.1 md, re = 1242 ft, s = -5.16, pi = 5,500 497 

psia, pwf = 2,000 psia, RC1b kr curves, very lean fluid with pdew=2,441 psia and CCE maximum liquid dropout= 0.86%).  498 

 499 

For subsequent cases employing progressively richer fluids (MLDO of 7% to 42%), the 500 

impact of two-phase effects on the parameter estimates obtained using single-phase analysis 501 

became more evident, producing lower permeability estimates. Such trends would be 502 

consistent with the fact that the use of single-phase techniques assumes that the primary 503 

phase (which in this case is gas) is the only mobile phase. Significant errors in parameter 504 

estimates resulting from the use of single-phase PDTC techniques under two-phase 505 

conditions in GCRs have been well documented in literature (Sarisittitham and 506 

Jamiolahmady, 2014). If the objective for analysing such data is to determine the absolute 507 

permeability of the reservoir, then the use of single-phase techniques alone would produce 508 

unsatisfactory results. Single-phase and two-phase analysis (based on the equivalent phase 509 

concept) for selected cases (from Table 3) with increasing fluid richness are now examined, 510 

beginning with undersaturated cases. 511 

 512 
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4.2.2 Case 3: Lean Fluid, Pi = 5,500 psia, Pwf = 2,500 psia 513 

This case employs the lean fluid (MLDO = 7.39%). The single-phase analysis of this case 514 

showed a 44% reduction in the k estimate. The use of two-phase pseudopressures and the 515 

equivalent phase MBPT produced parameter estimates consistent with the model inputs, as 516 

can be seen in Table 3. 517 

 518 

4.2.3 Case 5: Lean Fluid, Pi = 5,500 psia, Pwf = 4,000 psia 519 

For this case, the impact of two-phase effects was far less significant compared to Case 3. 520 

The single phase analysis of this case produced reliable estimates of k, re and s. This can be 521 

attributed to the higher pwf, and the associated lower condensate saturations around the 522 

wellbore as well as the more delayed onset of two-phase effects in the entire drainage 523 

volume. The two-phase analysis of this case again gave parameter estimates which were very 524 

consistent with the model inputs. 525 

 526 

4.2.4 Case 8: Rich Fluid, Pi = 5,500 psia, Pwf = 2,500 psia 527 

The only difference between this case and Case 3 is the change of the fluid richness. Here, 528 

single-phase analysis resulted in a permeability estimate that was 83% less than the absolute 529 

permeability simulation input. Two-phase analysis produced a k estimate consistent with the 530 

simulation input, re estimate within 2% of the input, and s estimate within 0.7 units of the 531 

mechanical skin. Case 10 (rich fluid MLDO = 28.01%, pi = 5,500, pwf = 4,000 psia), 532 

produced very similar results. For these two cases, the entire reservoir became two-phase 533 

long before stabilized BDF was established, as can be seen by comparing t2phase with tBDF for 534 

each case. 535 

 536 
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4.2.5 Case 11: Rich Fluid, Pi = 7,000 psia, Pwf = 4,000 psia 537 

The single-phase analysis for Case 11, which has a higher degree of undersaturation 538 

compared to Case 10, is shown in Fig.9. Here a deviation in the harmonic decline stem during 539 

BDF, corresponding to the kink discussed in Section 4.1, is evident on the data plot. For this 540 

case, this event occurs right at the onset of stabilized BDF (i.e. just after the transition). 541 

 542 

Fig. 9: Blasingame TCM single-phase analysis for Ca se 11 (simulation inputs: k =0.1 md, re = 1200 ft, s = -5.16, pi = 543 

7,000 psia, pwf = 4,000 psia, RC1b kr curves, rich fluid with pdew=5,289 psia and CCE maximum liquid dropout= 28.01%) . 544 

 545 
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 546 

Fig. 10: Blasingame TCM two-phase analysis for Case  11 (simulation inputs: k =0.1 md, re = 1200 ft, s = -5.17, pi = 547 

7,000 psia, pwf = 4,000 psia, RC1b kr curves, rich fluid with pdew=5,289 psia and CCE maximum liquid dropout= 28.01%) . 548 

This deviation in the harmonic decline stem creates some uncertainty in the TCM, which 549 

is found to be most significant when it occurs closer to the beginning of stable BDF, than 550 

when it occurs much later. It is also worth noting that the decline stem after the deviation, 551 

still preserves the harmonic trend (i.e. a negative unit slope), and that such deviations in the 552 

harmonic decline stem are not unique to two-phase effects, as similar deviations were 553 

observed for multi-well interference effects (Marhaendrajana and Blasingame, 2001).  554 

Examining the parameter estimates obtained using single-phase techniques for Case 11, it 555 

is observed that the type curve match produces permeability estimates that are significantly 556 

less underestimated (i.e. error of -27%) than Cases 10. 557 

The two-phase analysis of the same case is shown in Fig. 10 where, with the use of the 558 

equivalent-phase MBPT, the deviation in the harmonic stem is resolved, resulting in a much 559 

more confident TCM, and improved parameter estimates. 560 

Cases 12 and 13, as well as Case 20, which employed the very rich fluid (MLDO 42%), 561 

showed trends similar to those seen for Case 11, i.e. for the same pwf, with increasing degree 562 
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of undersaturation, single-phase analysis produced permeability estimates that were 563 

progressively closer to the absolute permeability, and the use of the equivalent phase MBPT 564 

resolved the deviation in the harmonic stem, where present. For severely undersaturated cases 565 

where this deviation in the harmonic decline stem was either absent or less prominent e.g. for 566 

cases 14 and 17 (for the reasons discussed in Section 4.1), the use of the equivalent phase 567 

MBPT was not so critical, although its use still gave accurate results. It is worth noting that 568 

for these severely undersaturated cases, the steepening of the transient stem due to increasing 569 

total skin, as mentioned in Section 4.1, was less significant.  570 

As already mentioned, for cases where the entire reservoir becomes two-phase during 571 

transient flow, the discontinuity/kink in the production profile is not very evident on the log-572 

log rate-time plot. For such cases however, the rate integral derivative curve �� ∆�⁄ �.r, 573 

which is most sensitive to changes, exhibits a disturbance which can negatively impact the 574 

quality of the TCM (e.g. Cases 8 and 10). 575 

The saturated reservoir scenarios presented in Table 3 are cases 4, 6, 7, 9, 15, 16, and 19. 576 

Single-phase analysis of some of these cases, namely cases 4, 6, and 16, produced good k 577 

estimates. The two-phase analysis of these cases are examined in detail in Section 4.2.7. 578 

In general, our results indicate that for a gas condensate reservoir, operating with pwf < pdew 579 

the extent to which permeability estimates from single-phase analysis are impacted by two-580 

phase effects is dependent not only on the condensate saturation levels that occur around the 581 

wellbore during the transient flow regime, but also on the timing of the point at which the 582 

entire drainage volume becomes two-phase.  583 

For cases like 1, 2, 4, 5, 6, and 16, single-phase analysis produced k estimates consistent 584 

with the input because the average condensate saturations in the two-phase region during 585 

transient flow did not exceed levels for which krg dropped below 0.7-0.8. Generally, for cases 586 

where the average condensate saturation exceeded such levels, the k estimate began to reduce 587 
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significantly (i.e. more than 10% underestimation). However if, for such cases, the onset of 588 

two-phase conditions in the entire reservoir was delayed (due to higher degrees of 589 

undersaturation), then once again single-phase analysis began to produce reasonably good 590 

estimates of k, e.g. cases 12, 13, 14, and 17. 591 

 592 

4.2.6 Undersaturated Cases: Use of Two-Phase Steady State Pressure-Saturation 593 

For cases 3, 5, 8, 10, 11, 12, 13, 14, 17, 18, and 20, two phase analysis using the GTR 594 

based pressure-saturation relations produced parameter estimates consistent with the model 595 

inputs. As can be seen from Table 3, these were cases for which the Scpwf% was within ±10%. 596 

As mentioned earlier, Scpwf% is a computed measure of the closeness of the predicted 597 

saturation at the wellbore to those observed in the simulation models. These cases for which 598 

the use of two-phase steady state pressure-saturation prediction produced good results were 599 

generally those for which pi-pdew was sufficiently high, which agrees with trends suggested in 600 

literature (Fussell, 1973, Raghavan et al., 1999). In other words, for higher degrees of 601 

undersaturation, the predicted pressure-saturation response matched more closely with those 602 

in the simulation, because such conditions honoured the two-phase steady state constant 603 

composition assumptions.   604 

It is interesting to note that for initially undersaturated reservoirs, two-phase steady state 605 

based pseudovariables produce reliable type curve matches and parameter estimates, even 606 

though the two-phase steady state constant composition assumption is violated at some point 607 

in the production period (i.e. when �̅ falls below pdew). These results suggest that even though 608 

two-phase steady state theory does not adequately capture the pressure-saturation response 609 

during BDF (with �̅ < �r<-), it is adequate for the purpose of estimating kh and re and s from 610 

long-term production data affected by two-phase flow, as long as it adequately captures the 611 

pressure-saturation response around the wellbore during transient flow for constant pressure 612 
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production. This is a useful observation, given that two-phase steady state pressure-saturation 613 

responses like the one employed in this study are particularly attractive because they are 614 

simple to compute if kr data and fluid PVT data are available as described in Section 2.3.3.  615 

 616 

4.2.7 Saturated Cases: Use of Two-Phase Steady State Pressure-Saturation 617 

For saturated cases like Case 4, Case 6, Case 15, Case 16 and Case 19, the use of two-618 

phase steady state pressure-saturation/kr in the two-phase analysis generally did not produce 619 

reliable parameter estimates. From Table 3, it can be seen that for these cases, the predicted 620 

pressure-saturation responses were not sufficiently representative of the actual responses, as 621 

evidenced by the Scpwf %. For cases 4, 6, 15, and 16, two-phase analysis produced an 622 

overestimated k. This occurs because for these cases, the two-phase steady state based 623 

approach overestimates the condensate saturations around the wellbore. Under such 624 

conditions, the two-phase pseudopressure integral, Eq. 4, tends to be lower than it should be, 625 

with the result that the absolute k from two-phase analysis is overestimated. 626 

Similarly, under such conditions, the equivalent phase MBPT integral is much lower than 627 

it ought to be, impacting the TCM on the time axis, and making the re estimate less reliable. 628 

In such cases, re could be overestimated to varying degrees, and in some cases might be less 629 

affected, because the TCM equation for estimating re includes the k estimate (Palacio and 630 

Blasingame, 1993). 631 

For Case 19, which employed the kr curves with enhanced kro (shown in Fig. 1), the use of 632 

the two-phase steady state methods gave condensate saturations which were lower than the 633 

actual values occurring around the wellbore, as evidenced by the very negative Scpwf %. For 634 

this case, the two-phase analysis produced underestimated k. This scenario might be 635 

associated with rocks which exhibit high kro.  636 

Cases 7 and 9, which are both saturated reservoir cases, are exceptions to the observed 637 

trends for saturated cases, because for these cases, owing to the particular combination of 638 
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fluid richness and kr curves, the condensate saturation levels around the wellbore were found 639 

to be relatively independent of the degree of undersaturation. 640 

It is useful to note from the two-phase analysis results of these saturated cases, that the 641 

extent of overestimation or underestimation in the absolute k is not necessarily directly 642 

proportional to Scpwf %, as the overall impact is dependent on the kr characteristics.  643 

 Clearly, for saturated cases, the use of the two-phase steady state pressure-saturation 644 

response in the data analysis generally produced less satisfactory results. For such cases, the 645 

use of other sources of pressure-saturation/kr data, such as CCE curves, together with the 646 

equivalent phase concept, is examined and to be presented in subsequent studies.  647 

 648 

5.0 Conclusions 649 

This study examined production data analysis using type curves (PDTC) in gas condensate 650 

reservoirs operating at constant well flowing pressure (pwf) below dewpoint pressure (pdew). 651 

Varying degrees of reservoir undersaturation, different gas condensate fluid richness and 652 

relative permeability curves were considered, highlighting their impact on the equivalent 653 

phase approach to two-phase PDTC analysis. Using simulated production data, the results 654 

demonstrated that: 655 

− The severity of the impact of two-phase effects on the quality of type curve match 656 

(TCM) and parameter estimates was dependent on condensate saturation levels occurring 657 

around the wellbore as well as the point at which the entire reservoir became two-phase 658 

(which depended on the degree of undersaturation). 659 

− Two-phase analysis using a combination of two-phase pseudopressures and a material 660 

balance pseudotime (MBPT) integral computed using equivalent phase fluid properties 661 

produced good TCMs and accurate parameter estimates, as long as sufficiently 662 

representative pressure-saturation responses were employed. In this study, where two-663 

phase steady state based pressure saturation predictions were employed, good results 664 
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were obtained when Scpwf% (i.e. a computed measure of the closeness of predicted 665 

saturations to actual saturations in the simulation during the transient flow period) was 666 

within ±10%. 667 

− For initially undersaturated reservoirs, even though two-phase steady state theory does 668 

not adequately capture the pressure-saturation response in the reservoir during boundary 669 

dominated flow (BDF), with �̅ < �r<-, it proved adequate for the computation of two-670 

phase pseudovariables for estimating kh, re and s, from long-term production data. This 671 

is valid, when using PDTC, and as long as such pressure-saturation predictions are 672 

sufficiently representative of the actual response around the wellbore during the transient 673 

flow regime. 674 

At higher degrees of undersaturation (i.e. pi >> pdew): 675 

− Two-phase steady state pressure-saturation predictions became more representative, and 676 

therefore produced more reliable two-phase analysis results. 677 

− If sufficient stabilized BDF was attained before the entire reservoir became two phase 678 

(with a resultant discontinuity/kink in the decline curve), then a reasonable TCM might 679 

still be obtained with relatively reliable parameter estimates using single-phase analysis. 680 

However, deviations in the harmonic decline stem resulting from the presence of the kink 681 

could make the TCMs less certain, impacting the quality of re and s estimates. The use of 682 

the equivalent phase MBPT resolved such deviations, producing more confident TCM 683 

and parameter estimates. 684 

At low degrees of undersaturation (i.e. pi ≈pdew): 685 

− Two-phase conditions were established in the entire reservoir before stable BDF, and 686 

the impact of two-phase effects on the decline curve appeared to be most significant, 687 

particularly for the rich fluids, producing lower k estimates from single-phase analysis. 688 
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− The use of two-phase steady state pressure-saturation/kr in the two-phase analysis of 689 

such cases could overpredict or underpredict the saturations that actually occurred 690 

around the wellbore, causing overestimated or underestimated absolute k, and less 691 

reliable re estimates. For such cases, the use of alternative sources of pressure-692 

saturation data, together with our equivalent phase approach ought to be explored. This 693 

is the subject of our subsequent studies to be presented in future papers.  694 

 695 

Nomenclature 696 A = area, ft2 697 ¢ = formation volume factor, RB/MSCF 698 h = Arps decline factor, dimensionless 699 hi,�$$ = pseudosteady state flow constant, dimensionless 700 q
|
	 = saturation weighted total compressibility, psi-1 
701 £; = reservoir shape factor 702 q	 = compressibility, psi-1 
703 ¤. = Arps initial decline rate, day-1 704 ℎ = producing interval thickness, ft 705 ¦Z = zero order Bessel function of the first kind 706 ¦� = first order Bessel function of the first kind 707 ) = effective permeability, md 708 )* = relative permeability, dimensionless 709 � = liquid mole fraction (CCE experiments) 710 ���� = real gas pseudopressure, psi2/cp 711 �i = a constant in Eq. 8 712 �̅ = average reservoir pressure, psi 713 � = pressure, psi. 714 �∗ = pressure at the outer boundary of region 1, in Eq. 5, psia 715 �r<- = dewpoint pressure, psia 716 �-} = well flowing pressure, psia 717 § = volumetric flow rate for gas or oil 718 §¨ = cumulative liquid production at time t, variable-rate case, STB/day 719 �	 = surface production rate at time t, MSCF/day 720 �¨	 = liquid flow rate at time t, variable-rate case, STB/day 721 #$	 = solution gas oil ratio, scf/STB 722 #�	 = producing gas oil ratio, scf/STB 723 #©	 = solution oil gas ratio, STB/scf 724 ª< = external reservoir radius, ft 725 ª- = wellbore radius, ft 726 ª-i = effective wellbore radius, ft 727 , = saturation  728 ,-. = irreducible water saturation in Eq. 5  729 
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� = near well true skin factor, dimensionless 730 e	̅ = material balance time, days 731 e	̅i = material balance pseudotime (MBPT), days 732 ei,
� = real gas condensate pseudotime, days 733 ei̅,
� = equivalent phase MBPT, days 734 � = vapour mole fraction (CCE experiments) 735 �| = oil volume fraction (CCE experiments) 736 �+ = vapour volume fraction (CCE experiments) 737 «¬ = root of 1st order Bessel function of the first kind 738 �� = weight fraction of jth component in condensate phase 739 �� = weight fraction of jth component in gas phase 740 �� = weight fraction of jth component in reservoir fluid 741 � = compressibility factor 742 r/rv = pressure gradient, psi/ft 743 ∆�� = pseudopressure drop, psi. 744  = 0.577216, Euler’s constant 745 p = viscosity, cp 746 p<��7i$< = equivalent phase viscosity, cp 747 x = fluid density, lbm/ft 748 ∅ = porosity 749 

 750 

Subscripts 751 �� = dry gas 752 � = gas 753 ® = initial 754 � = liquid 755 � = oil (condensate) 756 e = total 757 e� = two-phase 758 ¯ = water 759 
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Highlights:  

• Use of single-phase decline type curves for gas condensate analysis can be 

unreliable 

• Significant two-phase impacts are seen in saturated rich gas condensate reservoirs 

• Two-phase impacts are less significant at higher degrees of reservoir undersaturation 

• An equivalent phase approach to two-phase decline type curve analysis is introduced 

• The equivalent phase method improves two-phase decline type curve analysis 

 

 

 


