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ABSTRACT

When pressure in gas reservoirs fall below the dew point, condensate banking occurs around the
wellbore which alters the fluid flow behavior. The state of the knowledge on this flow behavior is yet not
fully-developed; which leads to severe problems in field. In this study, the Al-Hussainy, Ramey, and
Crawford Solution Technique has been modified to accurately resemble the real gas flow behavior for this
condition. First, a primary investigation was conducted to observe the severity of the problem in three
condensate banked reservoirs. Then this study involved Constant Composition Expansion tests for
determining the dew point, Prode Properties software for modeling the reservoir fluid properties,
Flowing Material Balance (or Dynamic P/Z Material Balance) for identifying the pressure distribution of
the selected reservoirs. The real field data along with the determined (analytical, computational, and
experimental) data were incorporated to check the validity of the models. The modification proposes a
Dimensionless Correction Factor (Cp) for any condensate banked reservoir and identifies parameters such
as the Perforation Factor (Pf) and Heterogeneity Factor (n). It is found that the Modified Al-Hussainy,
Ramey, and Crawford Solution Technique successfully models the actual flow characteristics of the

stated condition.

© 2021 Southwest Petroleum University. Publishing services by Elsevier B.V. on behalf of KeAi
Communications Co. Ltd. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Gas condensate reservoirs commence with a pressure well
above the saturation pressure (dew point at reservoir conditions)
and represent a single-phase flow till the initial stage of production
prevails. Nevertheless, with the depletion of gas, reservoir pressure
falls below the dew point (Pp), and hence, condensate begins to
drop out from the gas mixture into the pores spaces. Thus, a two-
phase flow occurs in the near-wellbore vicinity where the pres-
sure is minimum, and condensation is to the maximum extent. This
accumulation of condensate near the wellbore region due to
retrograde condensation is termed as Condensate Banking [1—3].
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This phenomenon was first signified in gas cycling operations by
Muskat [4].

The dropped out condensate liquids have different mobility
behavior due to the increasing saturation (Sgc) towards the well-
bore [5]. As illustrated in Fig. 1, the condensate saturation in the
further distances from the center of the wellbore is lower than the
critical saturation Sy (saturation above which condensate becomes
mobile); thus, the condensate is immobile and only single-phase
gas flows. The dropped out condensate starts to become mobile
in the most damaged region, where saturation is above the critical
value [6]. This phenomenon causes severe problems as the accu-
mulation of condensate restricts gas flow such as well deliverability
reduction, improper production forecasts, rapid pressure decline,
and well abandonment [7]. Further, when the condensate starts to
flow it reduces the effective permeability (Kefr) of gas within the
damaged region and reduces the well deliverability as a result [8,9].
Fig. 2 indicates the decline of the Productivity Index (PI) due to
condensate accumulation near the wellbore vicinity. Condensate
accumulation of only 1.1% can severely damage the well produc-
tivity even if lean gas is flowing as in the Arun field in Indonesia
[10-12].
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Underestimating the condensate banking phenomenon can lead
to severe problems in the exploitation of the reservoirs as
mentioned before. The Arun Gas Field had a production loss of
more than 50% [13]. The Khuff reservoirs in the Middle East, Cal
Canal field in California, and the Cupiagua field in Colombia are
known for the losses due to condensate banking problems [14—16].
Hence, it is rudimentary to develop an exact model that can predict
the gas flow behavior in the near-wellbore region below the dew
point.

Several mitigating methods can be found in the existing litera-
ture [17—19]. By drilling horizontal wells, the contact area between
the well and the reservoir can be increased, and thus, the pressure
drop can be minimized, which, as a result, delays the occurrence of
this critical problem. The pressure drawdown decreases with the
increase of the length of the horizontal section [20,21]. Hydraulic
fracturing is another efficient way of increasing the performance of
gas condensate wells. The conductive paths created by this tech-
nique increase the connectivity within the reservoir, which mini-
mizes the pressure drawdown but cannot prevent condensate
banking [22]. Gas cycling is another method of mitigating this
problem, which can increase the condensate productivity by up to
75% [23]. In addition, a combination of methods such as wettability
alteration, horizontal drilling, and gas cycling can be successfully
implemented to combat this problem [24,25].

Reservoir fluid flow modeling under the condition of condensate
banking has also been discovered in several previous studies. W.
Boom et al. proposed the model approach for the assessment of
improved gas to condensate mobility in the near-wellbore region
and have validated the model approach by comparing the
laboratory-derived results with the field data. They also studied the
impact of connate water in this condition [26]. Al-Shaidi et al.
modelled the gas condensate flow and relative permeability corre-
lations in the near-wellbore region and found the impact of the
Forchheimer effect, interfacial tension, and positive rate effect on
well deliverability [27]. Bustos et al. studied the effect of pore size
distribution on the relative permeability of gas and condensate un-
der various phases and pressure conditions with gravitational forces.
Through the results, they have demonstrated that the condensate
relative permeability for a specific condensate saturation is related to
the pore size distribution of the formation [28]. Wheaton et al.
changed the Pressure-Volume-Temperature (PVT) properties of the
fluid and studied its effect on the condensate bank. They also
developed an analytical model to introduce a new parameter called
relative mobility [29]. Giamminonni et al. used a 3D dynamic model
to represent the phenomenon physically and to provide a better
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Fig. 1. Three regions of a typical condensate banked reservoir.
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means of forecasting the well behavior. They analytically interpreted
the well behavior followed by a Local Grid Refinement (LGR), which
was used to numerically reproduce the Drill Stem Test (DST) [30].
However, according to the current state of knowledge, no exact
analytical solution has been developed to provide an accurate un-
derstanding of the flow behavior during this condition.

The objective of the study was dedicated to checking the
applicability of the conventional gas flow equations in a condensate
banked media, and to develop a modified analytical equation that
accurately models the flow condition. It considers three gas fields of
Bangladesh, i.e., Fenchuganj, Saldanadi, and Shahbazpur gas field,
which are identified with a severe productivity decline (Fig. 2) due
to condensate banking [31].

2. Materials and methods

In practice, the Al-Hussainy, Ramey, and Crawford Solution
Technique, which introduces the pseudo-pressure term, m(P),
provides the analytical model of real gas flow through porous
media [32]. In order to check the efficacy of the solution technique
to resemble the well behavior of the condensate banked reservoirs,
real field data was incorporated in the Al-Hussainy et al. equation.
For this purpose, reservoir, fluid, and production data along with
fluid samples were obtained from three condensate banked reser-
voirs. Further analysis were conducted to determine the additional
parameters such as dewpoint pressure, phase diagram and pres-
sure distribution model.

2.1. Reservoir and fluid property models

2.1.1. Dew point pressure determination

Constant Composition Expansion test (also known as P—V test)
is undertaken to understand the fluid behavior for various pressure
and temperature. In this CCE test, the gradual step-down approxi-
mation method was used to determine the dew point of the fluid
samples. At first, the fluid samples were pressurized well above the
dew point at reservoir temperature (Table 2); afterward, it was
carefully stirred until stability was ensured. Then the pressure was
gradually reduced at constant reservoir temperature, during which
the change in volume was obtained. Since retrograde condensation
occurs when the pressure drops below the dew point, the dew
point pressure was marked at the average of the two pressures
where the difference of a mist droplet formation and disappearing
was less than approximately 1.45 Psia.

With the constant temperature at 579, 588, and 700 °R, the test
started at 2650 Psia and reached dew point (Pp) at 2239.6, 2277.2,
and 2251.23 Psia for the Fenchuganj, Saldanadi and Shahbazpur
fluid samples respectively (Fig. 3).
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Fig. 2. Primary investigation results from generalized time series well production data
— PI reduction.
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Fig. 3. Constant Composition Expansion (CCE) test results for dew point pressure.

2.1.2. Computational model

Fluid properties were computationally modelled in the Prode
Properties software for two reasons; first, to obtain the phase en-
velope to re-confirm the dew point results taken from the CCE tests
and to enhance the understanding of the drop out phenomenon
between the phase envelope conditions in the reservoir. Hence, the
T-P Flash module was considered in order to represent the in-situ
reservoir system for the computational environment. The ‘input
data: acquired reservoir fluid composition’ is shown in Table 1.

The phase envelope of the fluid samples is illustrated in Fig. 4,
which indicates the dew point pressures for the specific reservoir
temperatures. On the phase diagrams, for the reservoir tempera-
ture at 579, 588, and 700 °R, the dew point (Pp) is located at 2233,
2271, and 2241 Psia for the Fenchuganj, Saldanadi and Shahbazpur
field samples respectively. Hence, from the computational results, it

Table 1
Parameters for fluid property modeling.

Components Mole Fractions (%)
Fenchuganj Saldanadi Shahbazpur
Nitrogen 0.254 0.24 0.38
Carbon dioxide 0.6428 0.788 0.91
Methane 97.6711 96.049 94.9
Ethane 1.28 1.6 3.01
Propane 0.1515 047 0.55
Iso-Butane 0.0005 0.05 0.16
n-Butane 0.0001 0.56 0.06
Iso-Pentane 0.0 0.173 0.02
n-Pentane 0.0 0.07 0.01
Table 2

Parameters used in Flowing Material Balance (Constant Rate) equation for the
pressure distribution model.

Parameters Reservoir Specifications (Field Units)
Fenchuganj Saldanadi Shahbazpur
m (P;) 172850508.1 83926926.55 89799517.21
m (Pys) 157173387.3 83147434.39 84268561.91
Pp 2239.6 2277.2 2251.23
n 0.2501 0.269 0.0493
Ce 0.00134815 0.091 0.01634
Z 0.854 1.07 1.05
q 20740.3 9218.7 15038.1
G 37212.52 10117.06 1344491185
ta 1794.52 1097.44 894.056
K 109 139 131.45
h 173.88 105 95.12
T 579 588 664.1
T'wa 0.217 0.42 0.167
IeD 17.21 23.18 15.81
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Fig. 4. Phase diagram of the reservoir fluids for (a) Fenchuganj, (b) Saldanadi, and (c)
Shahbazpur fluid samples.

is evident that the experimental results are acceptable for the
analytical model.

Liquid Mole fractions concerning P-T properties have been
modelled within the phase envelope region (Fig. 5). Initially, the
liquid fraction in the fluid mixture increased rapidly as the reservoir
pressure declined, and then, at a certain point, it started to
plummet back that ended with an insignificant residual value. For
the temperature change, it increased gradually and stayed constant
for a certain period and then dropped back at a different residual
value. This is a computational evidence of condensate banking in
the reservoirs [24,25]. For both the pressure and temperature al-
terations, the behavior showed a slight hysteresis response with a
negligible retentivity.

2.1.3. Reservoir pressure distribution model
The pressure distribution model was developed from Flowing
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Fig. 5. Liquid Mole Fractions of the reservoir fluids for in-situ P-T conditions (within
the phase envelope).

Material Balance (Constant Rate) Equation using the reservoir pa-
rameters. The Semi-Steady State FMB equation for gas is as follows.

2qPpt
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From the Flowing Material Balance equation, the pressure dis-
tribution was modelled analytically (Fig. 6). Damage radius, rep, was
determined at the point where dew point pressure was reached,
any radius, r < rp, and reservoir pressure at r, Pr < Pp prevails. This
indicates that the region is under dewpoint pressure, which is the
damaged region or the “Condensate Banked Region,” where
retrograde condensation has been taking place.
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2.2. Modification of the Al-Hussainy et al. Equation

At first, a primary investigation was conducted using the ob-
tained data to check the severity of the problem, which involves the
well production history for 250 days in Fig. 2. Then, the Constant
Composition Expansion (CCE) test was conducted to determine the
dew point pressure of the fluid samples. Further, the results obtained
from the CCE test were re-checked by computaional modeling of the
fluid behavior in Prode Properties software. Thereafter, the pressure
distribution models for the reservoirs were developed using Flowing
Material Balance (FMB) method that revealed the point in the
reservoir at which dew point was reached; this was marked as the
condensate banked region where the pressure is lower than the dew
point (Pp) of the reservoir fluids [33].

Furthermore, the pressure distribution data acquired from the
FMB model was converted to pseudo-pressure data. The radius of
investigation was reduced from exterior boundary (re) to the
condensate banked region (rp). Then, the 30 months time series
data for the three reservoirs which includes the pseudo-pressure
data, and data acquired from the analytical, computational and
experimental analysis, were incorporated in Al-Hussainy, Ramey,
and Crawford Solution Technique that generated bottomhole
flowing pressure data (P, Al-Hussainy at al.) for the mentioned
duration. Fig. 7 shows the suggested Al-Hussainy et al. solution
technique that has been followed for the study. The Al-Hussainy,
Ramey, and Crawford Equation is,
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Fig. 6. (a) Radius of investigation (rp), and Pressure distribution model for (b) Fenchuganj, (c) Saldanadi, and (d) Shahbazpur gas field.
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on saturation but also on the capillary number, viscosity ratio,
. PdP Pug PdP PdP wettability, and flowrate ratio [35—37]. Hence, specific in-situ pa-
m (P) —-m (ow> =2 J 7 2 J 7= 2 J v (3) rameters alter the fluid flow through porous media behavior within
P, K P, * Py i the radius of investigation. These parameters are considered in the

The objective was to check if the equation could model the flow
behavior within the damaged region. Hence, for the specific flow
rate time series of each gas reservoirs, these generated Pys were
plotted and compared with the actual P, Thereafter, the de-
viations observed from the analysis were recorded as the ‘error
function’ of the model.

The expression of error function was defined using the physics
of two-phase flow conditions and analytically determining the gas
relative permeability. Then the error function was addressed in
Model Fitting method using the minimization routine of MATLAB'’s
‘fminsearch’ function that incorporated only those parameters that
generated the best fit into the modified model. These new pa-
rameters are identified as the critical parameters that altered the
flow behavior in the condensate banked condition from the
normalized condition. The newly incorporated parameters were
grouped as; Klinkenberg Effect (b) to tune the pressure distribution
phenomenon, and as Dimensionless Correction Factor (Cp) to tune
the permeability phenomenon.

Finally, a modified model is developed for the condensate
banked region by implying Klinkenberg effect and the Dimen-
sionless Correction Factor (Cp) in the Al-Hussainy, Ramey, and
Crawford Solution Technique. The validation of the modified Al-
Hussainy, Ramey, and Crawford equation has been checked
following the same solution technique demonstrated in Fig. 7. More
than 4100 data from the three gas reservoirs were calculated,
handled, and incorporated for this study in order to avoid any
calculation errors and ensure a perfect fit while tuning the modified
model for the different reservoir conditions.

3. Derivation of modified Al-Hussainy, Ramey, and Crawford
Solution Technique

3.1. Incorporated parameters

It has been found that the relative permeabilities depend not only

298

modified equation and are termed as the New Parameters, as
mentioned earlier. The Dimensionless Correction Factor has been
incorporated in the effective permeability (Kefr), which represents
the synergism among the parameters. The newly incorporated pa-
rameters contribute to the flow mechanism, as mentioned below.

The radial distance from the center of the wellbore to the point
where reservoir pressure reaches the dew point is considered as
dew point radius (rp) or damaged region; which is the radius of
investigation.

According to Klinkenberg (1941), effective gas permeability at a
finite pressure is given by,

)

Here, ‘b’ is the Klinkenberg factor. Hence, for the solution tech-
nique, ‘b’ is added with the pressure data (P) [38].

Gravity drainage (g) plays a role in facilitating recovery from
extremely permeable condensate reservoirs with unfractured
strata. From the gravity drainage principle, it can be derived that
fluid inflow can be increased by finishing the wells at the lower
portion of the pay region [39].

As indicated in the gravity drainage mechanism, perforation
depth affects the fluid flow in this condition. The elevation head
(Zelevation) influences the fluid inflow from an external point to the
wellbore due to the elevation difference. Hence,

Kg =Ko (b + (4)

(Dy — Dp)*

(Dr — Du)' 2

Perforation Factor, P;=

where, Dy, is the depth of the bottom layer of the pay zone (Ft); Dy is
the depth of the perforation zone of the well (Ft); Dy, is the depth of
the upper layer of the pay zone (Ft).

According to Brooks-Corey relative permeability correlation, gas
saturation affects gas relative permeability (K;) depending on the
reservoir heterogeneity (n) [27]. Fluid density (p) acquired from the
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composition of the reservoir fluids was analyzed, and owing to the
gravity drainage mechanism, fluid density influences the fluid flow
behavior [29,40]. Interfacial tension (c) is defined as the work
which must be expended to increase the size of the interface be-
tween two adjacent phases, which do not mix completely with one
another. It was observed that moving closer towards the wellbore,
the effect of Interfacial Tension gradually increases due to the in-
crease of liquid mobility [41]. Wettability has been measured by the
contact angle (0) of the fluid in contact with the solid phase. In this
study, the solid phase is the rock mineral surface, and the liquid
phase is gas [42].

3.2. Modified Al-Hussainy, Ramey, and Crawford Solution Technique

By using the principles of mass conservation, fluid compress-
ibility, and Darcy’s Law, we can write the fundamental equation for
single-phase fluid flow through a porous media as follows:

oP

Kp r(SP
W or QDCPE

This equation is known as the radial diffusivity equation.
Assuming that viscosity is independent of pressure, compressibility
is small (C, « 1) and permeability is constant, the relationship
becomes

)

However, the equation is inappropriate to model the flow of real
gas since gas viscosity is mostly dependent on pressure, and gas
compressibility can be expressed as

10
¥ or

(6)

19
r or

duc oP

=K ot (7)

(8)

“=p

Eqn. (8) contradicts the assumption mentioned above [34]. To
solve the problem, Al-Hussainy et al. developed an analytical so-
lution incorporating pseudo-pressure term, which is shown in Eqn.
(2).

Further, this study has revealed that Eqn. (2) is not suitable for
representing the real gas flow behavior in near-wellbore region
when the pressure is below the dew point (Fig. 8).

Hence, two-phase flow condition prevails within the near-
wellbore region during the condensate banking condition, and
thus study on two-phase flow has been conducted, and the relative
permeability has been modelled analytically to incorporate the
defining parameters to represent the real gas flow behavior.

So, incorporating the Klinkenberg effect in Eqn. (2), we obtain

P Py

(P + b)dP (P+b)dP 1422QT [, re 3
2[ 2 —2J 7w (me-+s) @
P, P,

Now, to model the flow behavior for the damaged region in the
near-wellbore vicinity, we confine the radius of investigation in
Eqn. (9) at rp where the dew point pressure Pp is reached; there-

fore, we get
+s)

(10)

Py Pus

2J (P+b)dP_2J
uz
Py Py

(P+b)dP 1422 QT
uwZ  Kh

3

' >
4

(ln
T

w

By incorporating the Dimensionless Correction Factor in Eqn.
(10) to accurately tune the gas permeability during condensate
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Fig. 8. Deviation of theoretical Pwf (Al-Hussainy et al.) from the actual Py for (a)
Fenchuganj, (b) Saldanadi, and (c) Shahbazpur gas fields.

banking condition, we find

P, Py

N f (P+bydP [f (P+bydP_1422QT (| 1p 3
. /~LZ il ,LLZ o KabsCDh Tw 4
Py Py

(11)

The expression of Cp is determined using Model Fitting method
that incorporates the defining parameters into the model. Hence,
we found

3048 p.g Pr.(1— Sgc — Sy )"
B 0.cosl../p

Now, Effective Permeability can be considered as

Cp (12)
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Kef = Kabs-Cp (13)

Considering Eqn. (13), we can re-write Eqn. (11) as below,

Py Py

(P+b)dP [ (P+bdP 1422QT [, rp 3
2J = 2J Z o (Mgt
Py Py

(14)

Finally, implying the pseudo-pressure theory from Eqn (3) in
Eqn. (14), we get the modified equation,
+s)

(in

This is the Modified Al-Hussainy, Ramey, and Crawford equa-
tion, which is valid only when condensate is banked around an
affected well.

1422QT
~ Kyh

p 3

w 4 (15)

m(Pp) —m(Pu)

4. Results and discussions

To check the validity of the model for condensate banked wells,
data derived from the model (Pys Al-Hussainy et al.) have been
compared with the actual data (Pyr actual). In Fig. 8, the Py values
derived from the model are compared with the corresponding field
data that indicate significant deviations in the results (bottom hole
flowing pressure, Pys). It is evident from the results that the model
is not applicable or reliable for gas well testing if condensate is
banked around the well. Hence, a modification of the equation has
been proven rudimentary to yield a better understanding of the
condensate banked well behaviors. It is also evident that the de-
viations are more significant for wells with higher condensate
banking problems (Fig. 8 (b)).

The modified model is validated with the field data, which in-
dicates a good agreement with the real scenario. Hence, the
modified Al-Hussainy et al. model successfully generates data with
negligible deviations. The average error percentage of Al-Hussainy,
Ramey, and Crawford Solution Technique is approximately 6.9, 31.7,
and 12.8 for Fenchuganj, Saldanadi, and Shahbazpur gas field
respectively (Fig. 8). Meanwhile, the modified Al-Hussainy, Ramey,
and Crawford Solution Technique proposed in this study minimizes
the average error percentage to approximately 0.37, 0.83, and 0.22
for Fenchuganj, Saldanadi, and Shahbazpur gas field, respectively.
Hence, a considerable overlapping of the theoretical Pys (from
Modified model) and field Py values have been achieved (Fig. 9).
Thus, the modified model successfully predicts the gas flow
behavior during the stated condition with high accuracy.

Further, effective permeability with respect to gas saturation (in
the damaged radius) has been modelled to demonstrate the accu-
racy of the modified solution that can also be useful for the
permeability forecasting of the gas wells. The Heterogeneity Factor
(n) ranges from 15 to 17, depending on the reservoir heterogeneity
(Fig. 10). The gas saturation in the near-wellbore region during
condensate banking conditions ranged approximately from 0.29%
to 0.35% for the studied gas reservoirs.

Hence, the modified model can predict the gas flow behavior
accurately, which can be used for forecasting the well behavior,
production optimization, and well-testing purposes for the
condensate banked wells. Moreover, this model can be used to
confirm that a ‘condensate bank’ is prevailing around a gas well.

5. Conclusions

The Al-Hussainy, Ramey, and Crawford Solution Technique fails
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to predict the gas flow characteristics when the pressure in the
near-wellbore region declines below the dew point pressure of the
reservoir fluid. It was evident that critical parameters such as
density, wettability, porosity, saturation, and interfacial tension are
not considered in Al-Hussainy et al. equation that plays essential
roles in influencing the flow behavior under this critical condition
in the near-wellbore region. Moreover, the deviation of the gener-
ated data and the field data increases with the increase of
condensate saturation in the near-wellbore region. Hence, a
modified model has been developed by incorporating the physics of
the two-phase flow. The modified model has been successfully used
on the studied reservoirs, which predicts the well behavior with
high accuracy. A Dimensionless Correction Factor has been pro-
posed in the modified model to provide a better analytical solution
of the gas effective permeability. The incorporation of Dimension-
less Correction Factor (Cp) has been validated by checking the re-
sults of the modified model in the case of all the three gas fields of
Bangladesh (Fenchuganj, Saldanadi, and Shahbazpur). A hysteresis
nature of condensate formation with a negligible retentivity for
both the pressure and temperature alterations were observed.
Moreover, heterogeneity drastically influenced the sensitivity of
effective permeabilty towards gas saturation. For future studies, the
value of Cp can be generalized for a given condensate banked
reservoir which will allow us to easily determine the well pro-
duction forecast without the repetition of this cumbersome cal-
culations. Moreover, dynamic properties such as Interfacial Tension
and Heterogeneity Factor influences the well behavior differently at
different time and position of the reservoir, which was generalized
for the ease of this study. A further definition of this effects should
enhance the understanding of the fluid behavior when condensate
banking conditions prevail.
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Abbreviations

BHFP Bottom-hole Flowing Pressure, psia
CCE Constant Composition Expansion
FMB Flowing Material Balance

PI Productivity Index
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PVT Pressure, Volume, & Temperature
DST Drill Stem Test

LGR Local Grid Refinement

List of symbols

b Klinkenberg Factor, dimensionless
Cp Correction Factor, dimensionless
Ce Isothermal Compressibility, psi~!
g Gravity, ft/s?

Gj Gas initially in place, mscf

h Pay Thickness, ft

K Permeability, mD

Kabs Absolute Permeability of Gas, mD
Keff Effective Permeability of Gas, mD
m(P) Pseudo-pressure, psia®/cp

m(P;) Pseudo-pressure of reservoir pressure at r distance, psi?/
cp

m(Pys) Pseudo-pressure of bottom-hole flowing pressure, psi?/
cp

n Heterogeneity Factor, dimensionless

Np Bond Number, dimensionless

P Average Pressure, psia

Pp Base (arbitrary) Pressure, psia

Pp Dew Point Pressure, psia

Ps Perforation Coefficient, ft

P; Initial Reservoir Pressure, psia

PI Productivity Index, dimensionless

P; Pressure at any point r, psia

Pws Bottom-hole Flowing Pressure, psia

Q Production Rate, Mscf/d

Ip Damaged Radius, ft

Te Exterior Boundary Radius, ft

I'w Radius of the Wellbore, ft

T'wa Apparent Wellbore Radius, ft

Sg Gas Saturation = (1 — Swj — Sgc), %

Sec Gas Condensate Saturation, %

Sor Critical Saturation of Condensate, %

Swi Water Saturation, %

T Reservoir Temperature, °R
ta Pseudo-time, day-psi/cp
Z Compressibility Factor, dimensionless
APp Pseudo-pressure Difference, psi®/cp
(©) Wettability angle, °

[ Viscosity, cp

0] Porosity, %

p Compositional Fluid Density, g/ft>

c Interfacial Tension, dyne/ft
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