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The state-of-the-art of gas condensate well tests for pressures below the dewpoint are basically based 
upon a two-zone composite radial model, which consists of a near-wellbore region having liquid 
condensation and a monophasic flow zone with no gas condensate saturation.

Information obtained from laboratory tests suggests the presence of three zones having different fluid mo-
bilities: (1) a far region from the well with initial liquid condensate saturation of zero, (2) a near wellbore 
zone having an increased condensate saturation and a reduced gas mobility, and (3) an intermediate zone 
from the well with both high capillary and increasing gas relative permeability which leads to gas mobility 
restoring due to condensate blocking. The gas condensate saturation is higher than its critical value, then 
the condensate phase is mobile.

In this study, both the rapid flow and capillary number effects on gas condensate reservoirs from well pres-
sure test data are dealt with. We observed that the nondarcy effect originates additional pressure drop which 
is proportional to the flow rate while, the capillary number causes a reduction of condensate saturation in 
the near wellbore area and the reservoir providing a negative skin factor which contributes to fluid mobil-
ity, and therefore, production. Besides that, we also included the possitive coupled effect, defined here as 
the simoultaneous action of nondarcy flow and capillary number; which is more relevant at relatively low 
gas rates. We found out that the capillary number dominates the nondarcy effect leading to a reduction in 
condensate saturation. 

Keywords: nondarcy flow, interfacial tension, capillary phenomenon, gas condensate reservoir.
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Los trabajos publicados para el análisis de pruebas de presión en yacimientos de gas condensado 
cuando la presión cae por debajo de la presión de rocío son basados fundamentalmente en un modelo 
radial compuesto de dos zonas, el cual representa la región de formación de líquido alrededor del 

pozo y una zona de flujo monofásico con saturación de líquido condensado igual a cero.

Los experimentos de laboratorio sugieren que existen tres zonas con diferente movilidad: 1) una zona lejana al 
pozo, con saturación inicial de líquido condensado, 2) una zona cercana al pozo, en donde se incrementa la 
saturación de condensado y disminuye la movilidad del gas  y 3) una zona inmediata a la vecindad del pozo 
con alto número capilar e incremento en la permeabilidad relativa al gas, resultando en una recuperación 
de la movilidad del gas debido al bloqueo por condensado. La fase de condensado es móvil, la saturación 
de condensado es mayor que la saturación crítica de condensado.

En este trabajo se investigan los efectos de flujo no darcy y número Capilar en yacimientos de gas condensado 
a partir de pruebas de presión. Se determinó que el efecto de flujo turbulento causa una caída de presión 
adicional proporcional al caudal de flujo; el efecto de número capilar reduce la saturación de condensado 
alrededor del pozo y en el yacimiento. Adicionalmente se analiza el efecto positivo acoplado (Flujo no darcy 
y número Capilar) el cual es más relevante cuando se tienen caudales relativamente bajos de gas, el efecto 
de número capilar domina el efecto de flujo no darcy reduciendo la saturación de condensado.

Palabras clave: flujo no darcy, tensión interfacial, fenómenos capilares, yacimientos de gas condensado.
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NOMENCLATURE

Nondarcy flow coefficient, rapid flow coefficient, day/bbl
Reservoir thickness, ft
Interfacial tension, dynes/cm
Effective gas permeability, md
Oil effective permeability, md
Relative gas permeability
Relative oil permeability
Pseudopressure function, psi2/cp
Capillary number
Pressure, psi
Boundary reservoir pressure, psi
Bottomhole flowing pressure, psi
Total flow rate, Mscf/D or BPD
Radius, ft
Reservoir radius, ft
Nondarcy flow radius, ft
Wellbore radius, ft
Total skin factor
Apparent skin factor
Nondarcy flow skin factor 
Condensate saturation, fraction
Critical condensate saturation, fraction
Oil saturation, fraction
Initial water saturation, fraction
Time, hr
Molar volume, ft3/lb - M

D
h
IFT
kg
ko	
krg
kro
M(p)
Nc	
P	
Pe	
Pwf
qt	
r	
re	
rnD
rw	
S	
S’	
SnD	
scond
Scrit	cond
so
Swi
t	
v	

GREEK SUFFICES

β  Nondarcy flow coefficient, ft-1

Ø  Porosity, fraction
Øeff Effective porosity, fraction
Μ  Viscosity, cP
Ρ  Fluid density, lbm/ft3

I Initial
G Gas phase
O Oil phase
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INTRODUCTION

The existence of the two-phase system leads to a 
complex behavior of gas condensate reservoirs (Xu & 
Lee, 1999a; Xu & Lee, 1999b; Raghavan et	al., 1995; 
Gringarten et	al., 2000). Besides, three markly different 
regions possessing a defined contrast of fluid mobilities 
are formed in this type of systems when liquid forma-
tion takes place once reservoir pressure falls below the 
dewpoint pressure as sketched in Figure 1. The farthest 
region from the well presents an initial liquid satura-
tion. A sharp change in liquid saturation, although still 
immobile, with a consequent gas relative permeability 
reduction is presented in the intermediate region. In 
the near wellbore region, both liquid and gas phases 
flow simultaneosly with constant composition since the 
critical liquid saturation is reached. These three regions 
can be identified from a well test as three zones with 
different permeabilities. 

During a well test interpretation for condensate 
reservoirs, the rapid flow effect is closely related to the 
high flow velocities in the near-wellbore zone, where the 

highest pressure drop takes place originating nondarcy 
flow which causes an additional pressure drop, reflected 
as a skin factor. Capillary forces control the behavior of 
the condensed fluid around the wellbore. Low interfa-
cial tensions originate an increment in the amount of oil 
recovered and a decrement of oil saturation, even below 
the critical value. Therefore, capillary number controls 
relative permeability, at least, in the range of saturation 
where the relative permeability is low.

This paper deals with the effect of both nondarcy 
flow and capillary number effects on well test inter-
pretation for gas condensate reservoirs. We present 
a synthetic example generated with a compositional 
commercial simulator to verify the existence of the 
three zones with different fluid mobilities as described 
in previous works (Fevang & Whitson, 1995; Li & En-
gler, 2001) by pressure transient analysis considering 
the identification of the relative permeability behavior 
in the near wellbore area.

RAPID FLOW EFFECTS

Nondarcy flow effect is represented as a rate-de-
pendent pseudoskin, in conventional analysis, defined 
by Jokhio (2002):

																																																										(1)

Being D a constant known as nondarcy flow coef-
ficient, given by Jokhio ( 2002):

																																																									(2)
Figure 1. Reservoir saturation zones

Bbl x 1,589 873 E - 01 = m3

cp x 1,0* E - 03 = Pa-s
ft x 3,048* E - 01 = m
ft2 x 9,290 304* E - 02 = m2

psi x 6,894 757 E + 00 = kPa

S.I. METRIC CONvERSION FACTORS
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																										(10)

By an analogy with the application of  Darcy’s law, it 
is posible to observe that the last term on the right-hand 
side of Equation10 represents an additional pressure 
drop caused by rapid flow.

																											(11)

The nondarcy flow coefficient can be expressed as:

																																					(12)

In oilfield units, D is given by:

																																										(13)

D is given in day/bbl. The inertial coefficient, ß (ft-1), 
can be predicted by:

																																																					(14)

																																											(15)

Being Scond the condensate saturation. 

Capillary number effect
Relative permeability of a given phase flowing 

through a porous medium is a function of its satura-
tion, capillary number, wettability and pore structure. 
Besides, relative permeability and critical saturation 
are sensitive to both flow rate and interfacial tension 
(Jokhio, 2002). High interfacial tension causes a de-
creasing in relative permeability with an increasing in 
fluid saturation.

The capillary number relates fluid velocity and viscos-
ity (viscous forces) to interfacial forces, according to: 

The total skin, S, takes into account the mechanical skin 
plus the apparent skin factor, such as (Jokhio, 2002):

																																																						(3)

Where S and D have to be estimated from two differ-
ent flow tests. In cases of existing only a single pressure 
test, β is estimated by means of empirical correlations 
(Li & Engler, 2001) and the nondarcy flow coefficient 
is found from Equation	2. Finally, pseudoskin is cal-
culated using Equation	3.

Applying Forchheimer’s	 Equation to flow of a 
condensate gas with nondarcy effect, the resulting 
relationship is:

																													(4)

Where:

																																																						(5)

																																																						(6)

(7)

Integration of Equation	7 between rw and re:

																					(8)

The last right-hand side term in Equation	8 is in-
tegrated between rw and rnD (nondarcy flow radius) 
because this region is affected by rapid flow effects. 
Then, Equation	8 becomes:

												(9)

Since rnD	>>	rw, then, Equation	9 reduces to:
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																																																											(16)

Relevant capillary numbers on well deliverability 
are dependent of flow rate, fluid type, and well-flowing 
pressure, Pwf. Typical capillary numbers range from 
10-6 to 10-3.

The flow rate dependence with relative permeability 
can be explained based upon the relationship between 
capillary and viscous forces. Wells with higher pressure 
drop drain more condensate. 

Another capillary number definition can be obtained 
from the rock properties as:

																															(17)

Being P an experimental threshold pressure for fluid 
invading the porous medium and r is the drainage radius. 
High capillary number values, Nc	> 1, is an indication 
of viscous forces dominating the flow. 

RESULTS OF THE COMPOSITIONAL 
SIMULATION STUDY

Here, a synthetic example generated by a compo-
sitional simulation model is presented to both verify 
the existence of three zones with different mobilities 
as described by previous researchers (Fevang & Whit-
son, 1995; Li & Engler, 2001) and predict the pressure 
derivative behavior expected from a transient pressure 
well test. To achieve this goal, the commercial simulator 
generates PVT properties (Figures 2 and 3) using the 
Peng-Robinson Equation of State (EOS). Additionally, 
the variation of the gas and liquid relative permeabili-
ties as a function of rapid flow and capillary number is 
included. The initial set of relative permeability curves 
is provided in Figure 4.

The simulation model consists of a single vertical well 
located at the center of a radial, homogeneous reservoir 
which characteristics are provided in Table 1. The model 
possesses 150 logarithmic cells with a 5000 ft reservoir 
radius to reduce the boundary effects on the well pres-
sure behavior. A local grid refinement was applied in 
the near-wellbore region to precisely capture the liquid 

formation. The model does not consider neither wellbore 
storage nor skin effects.

PARAMETER VALUE

Reservoir thickness, (ft) 100

Absolute permeability, (md) 8

Porosity, (%) 12

Inicial reservoir pressure, (psia) 5080

Top reservoir depth, (ft) 15000

Reservoir radius, (ft) 5000

Well radius, (ft) 0,29

Reservoir temperature, (°F) 310

Table1. Simulation parameters

Figure 2. Phase densities

Figure 3. Phase viscosities

The simulation runs were designed to observe the 
reservoir behavior under different flow conditions 
(Figure 5). For all cases, the initial reservoir pressure 
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Figure 4. Input inicial relative permeability curve

Figure 5. Pressure vs. time plot for different flow rates

Figure 6. Capillary number effect on well pressure behavior for 
Qg = 6,5 MM scf/d

Figure 7. Condensate saturation profile at different production times 
with and without capillary number effects

is higher than the dewpoint pressure to guarantee the 
existence of a monophasic flow zone (region III). It 
can be observed there that the pressure drop is directly 
proportional to the flow rate. A possitive effect of the 
capillary number on the pressure can be seen in Figure 
6; a low pressure drop is obtained. 

Figure 7 shows the liquid accumulation around the 
well as a function of oil saturation with and without capil-
lary number effects. Condensate saturation around the 
well and the reservoir is reduced by the capillary number 
effect. The same dewpoint pressure is obtained for each 
time level no matters the effect of capillary number. As 
production time increases, the condensate bank also 
increases and the saturation forms a ring-shaped zone 
around the well. At point A, pressure is equal to dew-
point pressure and the gas condensate saturation has a 
zero value. The respective gas relative permeability is 
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capillary number effect. As expected, after the liquid 
reaches its critical saturation value and gas and liquid 
flow simoultaneously with constant composition, mo-
bility decreases when the capillary number effect is not 
taken into account. 

For high capillary number, the pseudopressure 
derivative displays three stabilization periods. In the 
provided example, differences among the stabiliza-
tions are very small as a consequence of the high flow 
capacity (kh); low capacity values are represented 
by high stabilization contrasts. The first stabilization 
period is observed at early times and corresponds to 
monophasic flow (zone III). The tiny pseudopressure 
derivative increment corresponds to region II where 
condensate saturation increases. At late times, the last 
stabilization, region I, is observed in which both gas 
and liquid phases are unmobile (Figure 9).

Figure 8. Relative gas permeabily distribution at different production 
times with and without capillary number effects

shown in Figure 8, where the maximum value (krg=1) 
corresponds to the monophasic flow zone. It is also ob-
served in this plot that relative gas permeability decreases 
as production time increases. The capillary number ef-
fect leads to an increase of the gas relative permeability 
around the well and the whole reservoir, as well.

The pressure and pressure derivative curves ob-
tained from the simulation are provided in Figure 8 in 
terms of two-phase pseudopressure with and without 

Figure 9. Parallel behavior of pseudopressure and its derivative with 
and without capillary number effects

Figure 10 compares pseudopressure and pseudopres-
sure derivative curves for different simulated flow rates. 
It can be observed that the higher the production rate, the 
lower the monophasic radial flow regime. Besides this, 
at low flow rates (5 MMscf/day, for the current example) 
reservoir pressure lies always above the dewpoint pres-
sure, therefore, no liquid condensation takes place.

Possitive coupled effect
For the last simulation runs the model was modified 

to include the comingle effect of both capillary number 
and nondarcy flow. Figure 11 displays the pressure vs. 
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Finally, Figure 14 allows for a comparison of pseu-
dopressure and pseudopressure derivative considering 
nondarcy flow, capillary and coupled effects. As ob-
served there, the capillary number effect compensates the 
negative effect on phase mobility associated with nond-
arcy (rapid) flow effects. The combination of these two 
effects generates a reservoir productivity balance which 
is reflected in the pseudopressure derivative curve.

Figure 10. Log-log plot of pseudopressure and pseudopressure 
derivative vs. time for different flow rates

Figure 11. Pressure vs. time plot for different factors  
affecting the fluid flow

Figure 12. Condensate saturation profile along the reservoir

Figure 13. Reservoir gas relative permeability profile

Figure 14. Parallel behavior of pseudopressure and its derivative 
including capillary number and rapid flow effects

time data for these two effects. There can be observed 
how the additional pressure drop caused by rapid flow 
effects is compensated by the capillary number effect. 
In this plot, a small variation among the curves with 
capillary number and coupled possitive effect (Capil-
lary number + nondarcy) can be noted.

The coupled flow effect due to high flow velocities 
is represented by the liquid saturation profile of Figure 
12 and the gas relative permeability curve of Figure 13. 
As a result of the high flow velocity, the condensate 
saturation is reduced in the near-wellbore region. This 
effect is overestimated when the capillary number ef-
fect is neglected.

The simulated example demonstrates the gas relative 
permeability dependence on the combined capillary and 
rapid flow effects. The gas mobility substantially im-
proves when the capillary number effect is considered 
as can be seen in Figure 13.



CT&F - Ciencia, Tecnología y Futuro  -  Vol. 3  Núm. 2      Dic. 2006

OSCAR-FERNANDO MUÑOZ et al.

82

CONCLUSIONS

• A reduction of condensate saturation around the 
wellbore and the whole reservoir is caused by the 
capillary number effect. As production time increas-
es, the condensate bank decreases and the saturation 
takes a ring-shaped form around the well. 

• Gas relative permeability depends upon the com-
mingled effects of capillary number and rapid 
(nondarcy) flow.

• In gas condensate reservoirs, the formed liquid 
bank around the well as the pressure falls below the 
dewpoint pressure creates three reservoir zones with 
different condensate saturation. High condensate 
saturation causes a reduction of effective gas per-
meability resulting in a severe production decline 
which can be also reduced by either producing at 
high flow rates and/or having low capillary forces. 
Low condensate saturations in the near-wellbore 
region causes an increase of gas relative permeabil-
ity (effect of capillary number). On the other hand, 
high gas flow rates induce inertial effects which also 
reduce well productivity. The combination of both 
effects (rapid flow + capillary number) has been 
called here as “Possitive Coupled Effect”.

• The synthetic example presents three different-
mobility stabilization regions as displayed on the 
pseudopressure derivative curve, as follows: a) a 
monophasic flow zone with Scond=0, b) a near well-
bore zone where condensate saturation increases 
and gas mobility decreases, and, c) an intermediate 
zone around the wellbore with high capillary number 
and increased gas relative permeability causing gas 
mobility restoration by condensate blocking. The ob-
served differences among the stabilization zones are a 
function of the flow capacity, kh. Low flow capacities 
are represented by high stabilization contrasts. 
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