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Abstract. In the petroleum production industry wells are mostly cased and perforated in
the producing formation. Perforation characteristics such as size, length, number of per-
foration tunnels and their arrangements as well as fluid and rock properties determine
fluid flow behaviour in the wellbore region, hence, well productivity. Flow of gas and con-
densate around a perforation tunnel (including the damaged zone) has been studied by
performing steady-state core experiments and simulating the results numerically, using a
finite element modelling approach. The model allows for the changes in fluid properties
and accounts for the coupling of the two phases and the inertial effect using a fractional
flow based correlation. The results indicated that different sets of thickness-permeability
(h−k) values obtained from matching single-phase flow performance could be assigned to
the damaged zone around perforation to represent the two-phase flow performance. The
status of the tip of the perforation for two extreme cases of totally closed and fully open
was investigated and found to have a minimal effect on the performance of the system.

Key words: two-phase flow, gas-condensate, relative permeability, inertia, rate effect, per-
foration, perforated rock.

Nomenclature
D non-Darcy coefficient (m).
h thickness (m).
k absolute permeability (m2 or mD).
k(Swi) permeability at Swi (m2 or mD).
ke effective permeability (m2 or mD).
kr relative permeability.
Lc core length (m).
Lp perforation length (m).
P pressure (Pa).
Pc capillary pressure (Pa).
Q flow rate (m3 s−1).
r radial dimension of radial coordinate system, (m−1).
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Rc core radius (m−1).
Rp perforation radius (m−1).
Swi immobile water saturation.
V velocity (m s−1).
Y weight function for interpolation of kr.
xj weight fraction of component j in liquid.
yj weight fraction of component j in gas.
zj total weight fraction of component j in mixture.
z axial dimension of radial coordinate system (m−1).

Greek symbols

β single-phase inertial factor (m−1).
β(Swi) single-phase inertial factor at Swi (m−1).
φ porosity of porous medium.
µ viscosity (kg ms−1).
ρ density (kg m−3).

Subscript

ave average value.
b base value.
cr crushed zone.
g gas phase.
in core inlet.
iner inertia included.
L liquid (i.e., condensate).
m miscible case.
meas measured value.
mod predicted value.
out core outlet.

Abbreviations

GTR gas fractional flow.
i-D i (i = 1–3) dimensional system.
IFT interfacial tension.
Exp experimental value of.
Mod predicted value.

Operators

|| absolute value.
� difference operator.
∇. divergence operator.
∇ gradient operator.

1. Introduction

The fluid flow behaviour around cased and perforated wells is different
from that around openhole completions. Considerable effort has been
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directed towards understanding and modelling this subject by many inves-
tigators. Muskat (1943) presented the first analytical treatment of the
problem in 1943 representing perforation tunnels as point sinks in his anal-
ysis. Other early investigators used finite difference modelling approaches to
examine the flow in perforated completions (e.g., Harris, 1966; Hong, 1975;
Bell et al., 1972). Later investigators applied finite element methods, which
model the geometry of the perforation with greater precision (e.g., Koltz et
al., 1974; Locke 1981; Tariq, 1987). Most of the practical perforated well
productivity estimations for single-phase flow carried out today are based
on Tariq’s work (1987). However, there are some criticisms about the lack
of generality (e.g., Ichara, 1987; Brooks, 1997; Dogulu, 1998) and accuracy
of his results, especially at large perforation lengths and in the non-Darcy
flow region (e.g., Behie and Settari, 1993; Jamiolahmady et al., 2004).

Compared to single-phase flow, the problem of multi-phase flow in a
perforation has received much less attention. The limited literature available
on multi-phase flow in the perforated region usually involves major over-
simplifications in representing the actual flow behaviour (e.g., Behie and
Settari; 1993; Saleh and Stewart, 1996).

In gas condensate reservoirs the process of condensation around the well-
bore, when the pressure falls below the dew point, creates a two-phase region
in which the flow of gas and condensate phases is controlled by the viscous,
capillary and inertial forces. The gas-condensate flow mechanisms in this near
wellbore region are different from those of gas-oil and also gas-condensate
in the reservoir bulk. The improvement of relative permeability of condens-
ing systems at low interfacial tension (IFT) due to an increase in velocity,
referred to as the “positive coupling effect”, was first reported by Danesh
et al. (1994). Since then many investigators have worked on this flow behav-
iour both experimentally (e.g., Henderson et al., 1996; Chen et al., 1997) and
theoretically (Jamiolahmady et al., 2000, 2003 and 2005). The coupling effect
has also been shown to be in strong competition with that of inertia, which
tends to reduce relative permeability at very high velocities (Henderson et al.,
2001). Jamiolahmady et al. (2003) have recently developed a generalised rel-
ative permeability correlation, which accounts for the opposing effects.

In this paper the governing equations describing the two-phase flow of
gas and condensate around a perforation tunnel surrounded by a dam-
aged zone are solved using the Femlab mathematical package (version 2.3,
2002), which is based on the finite-element method. The model allows for
the changes in fluid properties and accounts for the combined effects of
coupling and inertia on relative permeability of gas-condensate systems. It
successfully simulates gas-condensate flow behaviour at different velocity
and fractional flow values in unperforated sandstone and carbonate core
samples as measured in the laboratory. It also reproduces, with reasonable
accuracy, measured data in a perforated core sample when the damaged
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zone is included in the simulation. The physical properties of the dam-
aged zone are those estimated by matching the single-phase flow perfor-
mance. The effect of the status of the tip of the perforation for two extreme
cases of totally closed and fully open is also investigated. The results
highlight the significance of relevant parameters affecting the perforation
performance. In particular they are useful for simulating and comparing
performances of open-hole and perforated wells.

2. Flow Measurements

A high-pressure core flood facility was used to measure the gas and con-
densate relative permeabilities by the steady state method. The core is sat-
urated by the gas above its dew point pressure and then depleted to a
selected pressure below the dew point allowing an initial condensate sat-
uration to form by condensation. The gas and condensate, C1 and nC4
at 310 K, equilibrated at the test pressure are then injected simultaneously
into the core at a constant gas volumetric fractional flow (GTR) at the
test pressure. When the steady state conditions are achieved, the relative
permeabilities of both phases are determined by using the flow rates and
measured differential pressure across the core. The injection rates are then
increased, at constant GTR, to detect the effect of velocity on relative per-
meability. The same procedure is repeated at lower GTR values to generate
data over a wide saturation range. Further details on the test facility and
experimental procedures can be found elsewhere (Henderson et al., 1996).

Two core samples, Texas Cream, a carbonate rock and Clashach, a sandstone
rock were used in this study. Clashach had a permeability of 553 md, porosity of
0.177 and single-phase inertial factor (β) of 1.035E8 m−1. The corresponding
values for the Texas cream core were 9.4 mD, 0.209 and 3.927E9 m−1, respec-
tively. Relative permeability measurements were conducted on the rock sam-
ples prior to perforating them. A single slim hole was drilled in the centre of
the rock, with its dimensions relative to those of the core bulk selected such
that the combined perforated and non-perforated sections simulate the flow
characteristics in real cases, as closely as possible in a linear system. The Texas
cream core sample had a radius of 2.495 cm and length, Lc, of 24.2 cm, which
was then perforated by drilling a hole with Rp = 0.6 and Lp = 15 cm in it. The
outlet of the core matrix was blanked off, allowing outflow only through the
perforated hole. The perforation improved the rock permeability from 11 to
16.9 and from 550 to 870 mD for the Texas Cream and Clashach cores, respec-
tively. Relative permeability measurements were carried out on both perforated
rocks at IFT values of 0.15 and 0.85 mNm−1 corresponding to average pressure
of 10.79 and 12.34 MPa, with velocities ranging from 6 to 725 mday−1. These
velocity values are the average total velocity, i.e., the total flow rate divided by
the total pore area at the inlet to the core. Relative permeabilities are calculated
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using Darcy’s equation with the pressure difference across the core and the
fluid properties at the average test pressure. The experimentally measured gas
and condensate density values at Pave of 10.79 and 12.34 MPa were 132.6 and
404.0 kg m−3, respectively. The corresponding measured viscosity values were
0.0172 and 0.0601 mPa· s.

Figures 1 and 2 show the gas and condensate relative permeability mea-
sured for the Clashach core at seven velocities, for two IFT values of 0.85
and 0.15 mN m−1, respectively. The velocities were calculated by dividing
the total flow rate by the total pore area at the core inlet. The relative
permeability variation with velocity is due to a combination of the cou-
pling and inertial effects. At lower rates whereby inertia is not significant
(i.e. velocities up to 56 md−1) the increase in relative permeability with
an increase in rate is evident at higher condensate to gas flow rate ratio
(CGR). However at higher rates there is a decrease in relative permeabil-
ity with an increase in rate at lower CGR due to inertia but the dominant
effect of coupling is still evident at higher CGR. Similar observations are
noted for measurements on the Texas Cream core, Figures 3 and 4.

3. Flow Simulation

The experiments were simulated numerically as follows.

3.1. geometry of the system

The perforated porous medium is a homogenous core sample with absolute
permeability k, length Lc and radius Rc. It has a perforated section with
length Lp and radius Rp, Figure 5(a). The perforation was made by drilling
a hole in the core and then sealing the rest of the core face to ensure that
outflow was only through the perforation tunnel. The model was first used
to simulate the experiments conduced on two un-perforated cores to confirm
its integrity. The same set of equations written for a perforated core sample
also applies to an un-perforated core sample and the only difference between
the two models is the definition of their geometries and boundary condi-
tions. Figure 5b shows the geometry of an un-perforated core. The boundary
conditions for the two geometries are discussed below in Section 4.

3.2. main assumptions

The main assumptions leading to the development of the models are as follows:

(1) The system is at steady-state conditions.
(1a) Mass transfer takes place between the two flowing phases as they

travel through the porous medium but the total mass flowing in and
out of the system is equal.
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(a)

(b)

Figure 1. Measured relative permeability of perforated Clashach core at IFT =
0.85 mNm−1 and seven velocity levels for (a) gas (b) condensate.

(1b) The total mass flow rate of each component in the flowing mix-
ture remains constant, that is, there is no chemical reaction in the
core. This assumption does not prohibit local variations of total and
individual components in place as saturations of gas and condensate
phases change.
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(a)

(b)

Figure 2. Measured relative permeability of perforated Clasach core at IFT =
0.15mNm−1 and seven velocity levels for (a) gas (b) condensate.

(1c) The flow rate of each phase, i.e., gas and condensate, varies with
position but is fixed at any point in the system.

(2) The porous medium is homogenous.
(3) The phases are at thermodynamic equilibrium conditions.
(4) The system is isothermal.
(5) Gravitational segregation is minimal as the core was rotating during

the experiments.
(6) Capillary pressure is neglected due to low gas-condensate IFT.
(7) Darcy’s Law is extended to two-phase flow with relative permeability

accounting for the velocity effects, i.e., coupling and inertial effects.
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(a)

(b)

Figure 3. Measured relative permeability of perforated Texas Cream core at IFT = 0.85 m
N m−1 and six velocity levels for (a) gas (b) condensate.

(8) The pressure inside the perforation tunnel is uniform due to its high
conductivity compared to that of the porous medium. In a sensitiv-
ity study the viscous pressure drop across the perforation tunnel was
calculated using the theory of homogenous flow in pipes and found
to be minimal compared to that across the porous medium.

(9) Physical properties of damaged zone have been uniformly impaired
due to the perforation process.

(10) The continuity of velocity and pressure at the boundary of this
sub-domain with the main domain has been maintained.
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(a)

(b)

Figure 4. Measured relative permeability of perforated Texas Cream core at
IFT = 0.15 mN m−1 and six velocity levels for (a) gas (b) condensate.

3.3. boundary conditions

3.3.1. Perforated Core

The boundary conditions for the perforated core are

(1) Velocity of each phase at the inlet of the core is known and is the same
over the entire inlet cross-sectional area of the core, Vin = known con-
stant for all values of r at z=0.
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(a)

(b)

, 

, 

Figure 5. Geometry of the system in cylindrical co-ordinates (a) Perforated (b) un-
perforated core sample.

(2) No radial inflow or outflow at the outer surface of the core all along the
core axis for both phases, i.e., Qg =QL =0 for all values of z at r =Rc.

(3) No outflow from the unperforated section of the core outlet, i.e., Qg =
QL =0 for all values of r >Rp at z=Lc.

(4) The value of pressure inside the perforation tunnel is known.

Due to the symmetry of flow around the core longitudinal axis, we solve
the above problem for one half of the 2D cross-section of the core in
the (r − z) coordinate system. Therefore, there is an additional boundary
condition of no flow crossing the longitudinal axis of the core in the ver-
tical plane as shown in Figure 5(a).

In some of our sensitivity studies we have also evaluated the impact of
the status of the perforation tip for two extreme case of fully open and
totally closed. In the latter case the no flow boundary condition, similar
to that of boundary condition number 3, was applied to the perforation tip
surface.
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3.3.2. Un-Perforated Core

The boundary conditions (1) and (2) are still applicable for an un-
perforated core but boundary conditions (3) and (4) are replaced by a
different boundary condition defined as,
(3) uniform pressure at the outlet end of the core, i.e., P =Pout for any r

at z=Lc.

3.4. governing equations

The continuity equation in our system takes the following form:

∇.
(
[ρV ]g + [ρV ]L

)=0, (1)

where ∇. is divergence operator, ρ is the density, V is the velocity and sub-
scripts (g) and (L) refer to gas and condensate (liquid), respectively.

Darcy’s Law is extended to two-phase flow, assumption (7), as
[
V = kkr∇P

µ

]

j

j =L,g, (2)

where ∇ is the gradient operator, P is the pressure, µ is the viscosity and
k is the absolute permeability.

The relative permeability, kr, in general is considered to be a function of
velocity accounting for effects of inertia and coupling.

Substituting Equation (2) into Equation (1) and dividing by k leads to

∇.

({[
ρkr

µ

]

g
+
[
ρkr

µ

]

L

}

∇P

)

=0. (3)

Considering assumption (1b) we can write

zj = ρgQgyj +ρLQLxj

ρgQg +ρLQL
= ρgGTRyj +ρL(1−GTR)xj

ρgGTR+ρL(1−GTR)
= constant, (4)

where zj , yj and xj are mass fraction of component j in the mixture, gas
and liquid phases, respectively. Q is the volumetric flow rate and GTR is
the gas fractional flow.

All the parameters in the equations presented here and implemented in
the simulator are in consistent (SI) units.

3.5. fluid properties

The fluid properties of equilibrated phases of a fixed overall composi-
tion depend only on pressure at a given temperature. This also implies
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that fractional flow is only a function of pressure at constant tempera-
ture, Equation (4). The fluid properties can be calculated using an equa-
tion of state based compositional model or just by simply relating them
to pressure using empirical correlations. A binary mixture of C1 (methane)
and n-C4 (normal butane) was used as a model gas-condensate fluid in the
core experiments. The values of composition, density (ρ), viscosity (µ) and
interfacial tension (IFT) of C1-nC4 mixtures measured in this laboratory
as well as literature data (Sage et al., 1940; SUPERTRAPP User’s Guide,
1992; Weinaug and Katz, 1943) at 311 K over a wide pressure range were
implemented in the model in a tabular form. The Hermite cubic spline
interpolation sub-programme from the Matlab mathematical package (ver-
sion 6.1, 2001) was used to obtain the data without oscillations.

3.6. relative permeability

In Equation (3), gas relative permeability (krg) is estimated using a frac-
tional flow based correlation developed recently (Jamiolahmady et al.,
2003). In this formulation krg is interpolated between a base curve and
the miscible-fluids curve using an interpolation function Yg, which also
accounts for the effect of micro-pores. The base curve is measured at a high
value of interfacial tension and low velocity (commonly measured data),
which then is adjusted for the effect of inertia. The miscible gas relative
permeability curve is also modified to include the inertial effect. The con-
densate relative permeability krL is related to krg by the definition of frac-
tional flow. A summary of the formulation involved in this correlation can
be found in Appendix A.

3.7. mathematical solution technique

In the set of equations described in the previous sections, there is one
main equation, Equation (3), and one auxiliary equation, Equation (4).
Although all variables can be expressed in terms of pressure, we solve these
two equations for pressure and gas fractional flow (GTR). That is, the
fluid properties are only a function of pressure. The krL expression, Equa-
tion (A.3), involves P , GTR and krg. The interpolation for krg, Equation
(A.1), requires a base curve krgb, a miscible curve krgm and the interpola-
tion parameter Yg. krgm and Yg involves rock properties, P and GTR. krgb,
Equation (A.5), also includes the tabulated experimentally measured values
of (krgb)meas as a function of GTR.

In the core experiments, the pressure difference measured at any
fractional flow of the two phases is reported at an average pressure,
(Pave)meas. This pressure is the arithmetic average pressure between the
inlet and outlet pressure. The fluid properties are estimated at (Pave)meas,
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which are then used together with the pressure difference for kr calcula-
tion of each phase. The kr calculation is performed using the Darcy law,
Equation (2).

The resulting set of highly non-linear partial differential equations
(PDE) and the confining boundary conditions are solved iteratively using
the Femlab finite element package. Lagrange-Quadratic elements were
selected to ensure the error associated with results is less than 1%. The sim-
ulation starts with an initial guess for the two main independent variables,
P and GTR, and the closer these guessed values are to the true solution
the faster the iterative procedure converges. The initial guesses are (Pave)meas

and the inlet value of gas fractional flow (GTRin). (Pave)meas and GTRin are
also the input values, which together with an assumed pressure difference
(�P ) give the required boundary values (i.e., outlet pressure, total compo-
sition and inlet velocities). That is, (Pave)meas and �P give the outlet and
inlet pressure values (i.e., Pout and Pin, respectively). GTRin and fluid prop-
erties at the assumed Pin gives the mass flow rate (inlet velocity) and the
total composition.

When the simulation has converged, the fixed Pout and new Pin esti-
mated by the model, (Pin)mod, which is an average areal pressure at the
inlet, are used for calculating new values of Pave and �P . This extra round
of iteration is continued till the difference between (Pave)mod and (Pave)meas

and that between two consecutive (Pin)mod values are within the acceptable
tolerance range (less than ±0.1%). However, to ensure faster convergence,
the initial guess of P and GTR for the current round of simulation is the
solution from the last round of simulation.

3.8. model results

First, experiments conducted on two unperforated core samples, i.e., Clah-
ach and Texas Cream, were simulated.

Figure 6 is the plot of pressure difference across the Clashach core sam-
ple at the three different velocity levels, measured in the laboratory and
estimated by the model. The results indicate that the deviations between
the measured and predicted pressure differences are reasonable. The devi-
ation is less at lower velocity values as krg values at the lowest velocity
are the input (krgb)meas values whereas at higher velocities the krg values
are calculated using the implemented krg correlation, hence an additional
error is introduced. The deviations in Figure 6 at higher velocities were
verified to be within the error band of krg correlation. The same findings
were observed for measurements at other IFT values.

Figure 7 compares the corresponding krg values in the same experiment,
calculated by writing Darcy’s equation for the perforated rock, using the
pressure difference across the core together with the fluid properties at the
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Figure 6. Measured and predicted pressure difference across Clashach core at IFT =
0.85 mN m−1 and three velocity levels.

average test pressure. Similarly to the findings in Figure 6, there are hardly
any differences between the results of core experiments and those estimated
by the model at the first velocity level. At the other two velocity levels
the differences are more pronounced, but they were confirmed to be in
the range of accuracy of the krg correlation. It should also be remem-
bered that in this model krL is tied to krg by the definition of fractional
flow hence, their accuracy is similar (see Figure 3(b)). Similar findings were
observed in the tests conducted on Texas cream, as shown in Figure 8.
These results demonstrate that the model properly solves all the governing
equations describing the two-phase flow of gas and condensate including
phase change and velocity effects.

The model was then used to simulate the experiments conducted on the
perforated Texas cream core. Figure 9 is a plot of pressure difference across
the perforated Texas Cream core sample measured experimentally and pre-
dicted by the model at three velocity levels. The model clearly underesti-
mates the pressure difference across the core relative to the measured ones
at all velocity and GTR values tested. This is believed to be due to the
damage caused by the perforation process, which was not accounted for in
the mathematical model.

Therefore the model was further developed to include a sub-region,
whose physical properties have been uniformly damaged due to the perfor-
ation process. The integrity of the procedure was verified by successfully
predicting the same result as that of one region if the same physical prop-
erties, as those of the virgin formation, were assigned to this sub-region.
The unknown physical properties of the crushed zone affecting flow are the



MEASUREMENT AND MODELLING OF GAS CONDENSATE FLOW 337

(a)

(b)

Figure 7. Measured and predicted relative permeability of Clashach core at IFT = 0.85 mN
m−1 and three velocity levels, for (a) gas (b) condensate.

thickness, permeability and inertial factor. The single-phase flow data can
be used to determine these properties. For a selected crushed zone thick-
ness hcr, the measured single-phase permeability without inertia (absolute
permeability) is matched to fix the permeability of the damage zone, kcr.
The single-phase inertial factor for the crushed zone, βcr, is then linked to
porosity, φcr, and permeability using Geertsma’s correlation (1974), which
when written for both the crushed zone and the virgin formation and
dividing the two gives,
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Figure 8. Measured and predicted pressure difference across Texas Cream core at
IFT = 0.85 mN m−1 and two velocity levels.

Figure 9. Measured and predicted pressure difference across the perforated Texas
Cream core sample measured at IFT = 0.85 mN m−1 and three velocity levels with
no damaged zone.

βcr

β
=
(

kcr

k

)−0.5(
φcr

φ

)−5.5

, (11)

where subscript (cr) refers to the value of the quantity for the crushed zone.
In this exercise for any given values of hcr and kcr the porosity, which

gives the lowest devaiation between the predicted and measured permeabil-
ity values at all rates that are affected by inertia, is selected as the optimum
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Table I. The deviation of predicted pressure drop and gas relative permeability of the
perforated Texas Cream core from measured data at different crushed zone physical
properties

Index hcr/cm kcr/k φcr/φ AAD%-�P AAD%-krg Constants of Eq. (12)

(a) thickness-permeability-porosity (k −φ −h)
1 0.3 0.0704 0.65 16.4 17.2 0.174
2 0.2 0.0500 0.65 16.4 17.3 0.174
3 0.1 0.0271 0.60 16.4 17.3 0.176
4 0.05 0.0142 0.55 16.4 17.3 0.177
5 0.03 0.0087 0.55 16.6 17.4 0.178

(b) thickness-permeability (k −h) values
1 0.3 0.0564 1.0 14.7 17.2 0.139
2 0.2 0.0397 1.0 14.7 17.3 0.138
3 0.1 0.0212 1.0 14.6 17.3 0.138
4 0.05 0.0110 1.0 14.6 17.3 0.137
5 0.03 0.0067 1.0 14.5 17.4 0.137

value. A simpler approach is to relate the inertial factor to permeability
only, and determine the damaged permeability by match all single-phase
flow data in a single optimisation exercise. We evaluated the impact of the
two approaches on the results of the gas-condensate flow system under
study. Table 1 demonstrates that the deviations of predicted values for the
two h − k − φ, Table 1a, and h − k sets, Table 1b are almost the same. A
comparison of the average absolute deviations (AAD%) in Tables 1(a) and
(b) indicates that neglecting the porosity damage results in a slight reduc-
tion in error values, which is mainly attributed to the effect of change of
physical properties on the implemented kr-correlation. The assumption of
no damage results in deviations of 34.9% and 50.3% in predicted pressure
drop and gas relative permeability respectively.

It should be noted that assuming radial flow through the damaged zone,
the set of damaged permeability-thickness could be estimated from

kcr

ln(1+hcr/Rp)
= constant, (12)

where the constant can be determined by matching the single phase flow
data. The last columns in Table 1a and 1b demonstrate that this is a
reasonable assumption and Equation (12) can give the set of damaged
permeability-thickness with reasonable accuracy compared to numerical
simulation conducted using single-phase flow data. However it should be
noted Equation (12) is more suitable for h − k sets in Table 1b with less
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deviation compared to h−k −φ sets in Table 1a whereby the value of con-
stant has been affected by porosity damage.

Figure 10 compares the results of the model with at a damaged thick-
ness of hcr = 0.3 cm with measured values at all velocity levels. The cor-
responding kcr and φcr values are those of the case indexed (1) in Table
1a, (i.e., k/kcr = 0.0704, φcr/φ = 0.65). In this Figure there is also an extra
plot corresponding to the case when the tip of perforation is totally closed
at a velocity of 191 md−1. This set of data demonstrates that the model
correctly predicts a higher pressure-drop for the case of closed-tip perfora-
tion compared to open-tip. However, the difference between the two cases
is around 1.5%, which is negligible. The same finding was observed for
other intermediary velocities not shown in Figure 10. The same trends were
observed for measurements at IFT of 0.15, Figure 11. It should be noted
that the differences between the measured and predicted values are more
pronounced compared to those at the base IFT of 0.85 mN m−1 but they
are still within the range of accuracy of the krg correlation at this IFT
value.

Figure 12 displays contours of P and the arrows showing the flow lines
with pressure gradient components (representing velocity value) in the r

and z directions as its coordinates. There are three plots corresponding to
(a) the crushed zone has the same physical properties as the virgin forma-
tion; (b) the physical properties of the damaged zone are the values of the
case indexed (1) in Table 1b with the tip of perforation fully open; (c) sim-
ilar to case b, but the tip of perforation is totally closed. All these three
plots are the results of the model at a velocity of 191 md−1 and GTR of
0.7143. In this Figure the core inlet is situated at the top of each plot and
the white rectangular area is the perforated section drilled out of the core.
The axis extending from left to right on the plots is the r-axis, representing
the variation of the parameter of interest from the centre of the core along
its radius at any cross-section along the axis of the core. The axis extending
from bottom to top is the z-axis, representing the variation of the param-
eter of interest from outlet to inlet along its axis at any given radius. As
it was mentioned in the previous section due to the symmetry of the core
sample rotating this image by 360 degrees depicts the full 3D core.

It should be noted that there is one order of magnitude difference
between the scales of the two axes in Figure 12, hence the area around per-
foration for the plots of Figure 12 has been magnified as shown in Figure
13. From the pressure profile and flow lines one can conclude that little
flow occurs in the part towards the exit away from the tip of perforation,
0<z<0.1. Furthermore, there is no sudden or significant pressure drop as
fluids enter the perforation tunnel and as a result one can safely assume
that the temperature change due to the Joule–Thomson effect is minimal.
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Figure 10. Pressure difference across perforated Texas Cream core sample measured
in the laboratory and estimated by the model at IFT = 0.85 mN m−1 and three
velocity levels with the damaged zone properties case one Table 1a.

Figure 11. Pressure difference across perforated Texas Cream core sample measured
in the laboratory and estimated by the model IFT = 0.15 mN m−1 and at three
velocity levels with the damaged zone properties case one Table 1a.

When physical properties of the sub-region around the perforation are
impaired, Figures 12(b), (c) and 13(b), (c) show that bigger changes occur
in this region. Some form of discontinuity is noticed in the profiles between
the two regions due to major differences between their physical proper-
ties. The experimentally measured pressure difference for this case was 474
kPa whilst in Figure 12(a) this value is estimated to be 395 kPa and in
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Figure 12. Distribution profile of pressure and flow lines in the model at
IFT = 0.85 mN m−1, Velocity = 191 md−1 and GTR = 0.7143 for cases of:
(a) the damaged zone has the same physical properties as the virgin forma-
tion; (b) the physical properties of the damaged zone are the values of case
number one in Table 1 with the tip of perforation fully open; (c) similar to case
(b) but the tip of perforation totally closed.
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Figure 13. Distribution profile of pressure and flow lines around perforation in the
model for the data of Figure 12.
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Figure 12(b) this value is raised to 527 kPa, which is much closer to the
measured value. The corresponding value, when the tip of the perforation
was totally closed, Figure 12(b), increased slightly to 534 kPa. The corre-
sponding profiles remained almost the same except for flow diversion near
the tip of the perforation as shown in Figure 13c.

In summary, it can be concluded that two-phase flow of gas and con-
densate in a perforated core can be successfully simulated by considering a
damaged zone with uniformly altered physical properties, which are deter-
mined by matching the results of single-phase flow. It is also important to
highlight that although the krg correlation implemented in the model was
originally developed for unperforated cores, nevertheless it is adequately
providing krg values for the perforated core.

4. Conclusions

Using a finite element modelling approach, flow of gas and condensate
around a perforation tunnel (including the damaged zone) was studied by
both performing steady-state core experiments and simulating the results
numerically. The model allows for the changes in fluid properties and
accounts for the coupling and inertial effects using a fractional flow based
correlation.

The integrity of the model has been successfully demonstrated by com-
paring the predicted gas and condensate flow performance for unperforated
Clashach and Texas Cream core samples with the corresponding experi-
mental observation. The deviations between the predicted and measured
relative permeability values were in the range of accuracy of the imple-
mented relative permeability correlation. The model was also used for pre-
dicting some relative permeability values for a perforated Texas Cream core
sample including the damaged zone. The estimated values were lower com-
pared to the measured values if physical properties similar to those of the
virgin formation were assigned to the sub-region around perforation. How-
ever, when a damaged sub-region was considered by uniformly impairing
its physical properties more realistic results were obtained. The results indi-
cated that different sets of thickness-permeability-porosity (h − k − φ) or
thickness-permeability (h − k) values obtained from matching single-phase
flow performance including inertial flow could be assigned to the uni-
formly damaged zone around perforation to represent the two-phase flow
performance.

The status of the tip-end of the perforation for two extreme cases of
totally closed and fully open was investigated and found to have minimal
effect on the performance of the system.
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Appendix. Relative Permeability Expression

In this section a summary of the kr correlation used in the current work
is presented. The gas relative permeability, krg, is interpolated between the
base curve and the miscible-fluids curve using an interpolation function
Yj

krg =Ygkrgb + (1−Yg)krgm. (A.1)

The miscible and the base curve in Equation (A.1) are based on the
fractional flow, as the main variable. The fractional flow definition used in
this study is the ratio of gas rate to total flow rate (GTR) expressed as

GTR= Qg

Qg +QL
=

[
kr
µ

]

g[
kr
µ

]

L
+
[

kr
µ

]

g

. (A.2)

Solving the above equation for krL gives

krL =
[
µLkrg

µg

][
1−GTR

GTR

]
. (A.3)

Therefore, when krg is determined as a function of GTR this equation auto-
matically gives the corresponding krL at the same GTR.

The base curve, krgb, is measured at a high value of interfacial ten-
sion and low velocity (commonly measured data), (krgb)meas, which is then
adjusted for the effect of inertia using the following equation:

(
krgb

)
iner =

⎛

⎜
⎝

(
krgb

)
meas

1+ βρavek(krgb)meas

GTRµg
|V |T

⎞

⎟
⎠ . (A.4)

ρave is the density value averaged based on the fractional flow of the two
flowing phases.

The miscible gas relative permeability curve, which is modified to
include the inertial effect, is calculated as follows:

krgm =

⎛

⎜⎜
⎝

2GT R

1+
√

1+4βρm

(
k

µm

)2 |∇P |

⎞

⎟⎟
⎠ . (A.5)

In Equation (A.5) the required miscible fluid properties (i.e., density, ρm,
and viscosity, µm) are the arithmetic average between the fluid properties of
gas and liquid at any given pressure, in the vicinity of the miscible pressure.
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It should be noted that although Equations (A.4) and (A.5) are for
Swi = 0, the same relations are valid for Swi > 0, with keg(Swi) and βg(Swi)

replacing k and β, respectively. The interpolation parameter Yg mainly
depends on the rock properties (i.e., k, φ and β), interfacial tension (IFT),
pressure gradient, GTR and the base capillary number as described else-
where (Jamiolahmady et al., 2003).
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