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ABSTRACT

Gas Condensate Damage in Hydraulically Fractured Wells. (December 2003)
Adedeji Ayoola Adeyeye, B.S., University of Lagos

Co-Chairs of Advisory Committee: Dr. Robert A. Wattenbarger
Dr. J. Bryan Maggard

This project is a research into the effect of gas condensate damage in hydraulically
fractured wells. It is the result of a problem encountered in producing a low permeability
formation from a well in South Texas owned by the El Paso Production Company. The
well was producing a gas condensate reservoir and questions were raised about how
much drop in flowing bottomhole pressure below dewpoint would be appropriate.

Condensate damage in the hydraulic fracture was expected to be of significant effect.

Previous attempts to answer these questions have been from the perspective of a radial
model. Condensate builds up in the reservoir as the reservoir pressure drops below the
dewpoint pressure. As a result, the gas moving to the wellbore becomes leaner. With
respect to the study by El-Banbi and McCain, the gas production rate may stabilize, or
possibly increase, after the period of initial decline. This is controlled primarily by the
condensate saturation near the wellbore. This current work has a totally different
approach. The effects of reservoir depletion are minimized by introduction of an injector
well with fluid composition the same as the original reservoir fluid. It also assumes an

infinite conductivity hydraulic fracture and uses a linear model.

During the research, gas condensate simulations were performed using a commercial
simulator (CMG). The results of this research are a step forward in helping to improve
the management of gas condensate reservoirs by understanding the mechanics of liquid
build-up. It also provides methodology for quantifying the condensate damage that

impairs linear flow of gas into the hydraulic fracture.
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CHAPTER1

INTRODUCTION
1.1 Gas condensate reservoirs

Gas condensate reservoirs are receiving more attention in the petroleum industry because
they are becoming more commonplace as hydrocarbon exploration moves to deeper
geological strata, including offshore structures. In the North Sea, for instance, gas
condensate reservoirs represent a significant part of the total hydrocarbon reserves.
These reservoirs are usually encountered at high pressures and temperatures, and the fluid

system is found at near-critical conditions.

Wells in gas condensate reservoirs often experience rapid decline when the near wellbore
pressure goes below the dewpoint pressure. Radial compositional simulation models
were often used to investigate the problem of productivity loss'®. These models clearly
show that the loss in productivity was due to liquid drop out near the wellbore. This so-
called condensate blocking (increase in condensate saturation around the wellbore)
reduces the effective permeability to gas and results in a rapid decline in well

productivity once the near wellbore pressure drops below the dewpoint.

The effect of condensate blocking is more evident in low permeability reservoirs.
Barnum et al’ showed that the recovery factor of gas condensate radial wells is only
affected by condensate blocking if the well’s &k is less than 1,000 md-ft. For higher

quality reservoirs, productivity loss is not very severe.

This thesis follows the style of the SPE Reservoir Evaluation and Engineering Journal.



El-Banbi et al® showed that the well productivity of vertical wells in a moderately rich
gas condensate reservoir initially decreased rapidly and then increased as the reservoir
was depleted. This phenomenon was explained by compositional simulation. Initially,
when the wells go below the dewpoint, the productivity decreases because of the high
condensate saturation in the ring (areas around the wellbore), which severely reduces the
effective permeability to gas, thereby reducing gas productivity. However, the wells
showed approximately stable gas production after the period of an initial decline and a
subsequent increase in gas production rate. The gas flowing into the ring became leaner
causing the condensate saturation in the ring to decrease. This increased the effective
permeability of the gas and caused the gas productivity to increase as was observed in
field data. Their work was a tremendous help in understanding the dynamics of

condensate build-up around wellbores in gas-condensate fields.

1.2 Use of hydraulic fractures

Over the years, hydraulic fracturing has proven to be one of the most effective techniques
for improving the productivity of dry gas reservoirs. Hydraulic fractures are used to
overcome formation damage and to increase the conductivity of flow path of fluid to the
wellbore. It has also been found to be effective in improving the productivity of gas
condensate reservoirs. Kroemer et al’ showed that non-Darcy effects are minimized and

the well will suffer less productivity reduction once condensate blocking occurs.

The state of stresses of the formation governs which orientation the fracture will take.
Fractures will open in a direction perpendicular to the minimum stress. Normally,
vertical fractures will develop for formation depth greater than 2,000 feet and horizontal
fractures will develop for shallower formations'®. Linear flow perpendicular to the
fracture will be seen in the early time performance of any fracture configuration if the

fracture conductivity is high.



Al-Hashim and Hashmi'' showed that hydraulic fracturing is effective in improving the
productivity index (PI) of gas condensate wells both above and below the dewpoint
pressure by about three times as compared to the non-fractured wells. Hydraulic
fractures are also found to extend cumulative production above the dew point pressure.
As dimensionless fracture conductivity increases, the long-term performance of the gas
condensate reservoir is improved, and the improvement is more pronounced for longer
fractures. Once the dewpoint is reached, the flowing bottomhole pressure drops sharply
to the specified minimum flowing bottomhole pressure in fractured and non-fractured
wells. However, the drop is less severe in the fractured case. The sharp drop in the
flowing bottomhole pressure, results in reduction in the productivity of gas condensate

wells.

Long fractures are warranted for low-permeability reservoirs; wide but short fractures are
indicated for high permeability formations.'''® Romero et a/'* found that the fracture
face skin effect had a significant detrimental effect on the dimensionless productivity

index, especially for high-permeability reservoirs.

Wang et al'® presented a model that predicts the fractured well performance in gas-
condensate reservoirs, quantifying the effects of gas permeability reduction. However,
guidelines for the calculation of the appropriate pressure drawdown during production to

optimize well performance were not very clear.

1.3 Overview

This work is a result of a problem encountered in producing Smith #1, a well owned by
the El Paso Production Company. The well was producing a tight gas condensate
reservoir. Questions were raised about how much drop in flowing bottomhole pressure
below dewpoint would be appropriate, and the gas condensate damage in the hydraulic

fracture was expected to be of significant effect. With all the work done thus far,



previous authors tackled the problem from a radial model perspective. This current work
used a linear model to represent an infinite conductivity fractured well, and therefore
gives a more appropriate analysis of condensate damage extending from the hydraulic

fracture face.

Chapter II of this thesis presents a comprehensive review of the theory and latest
investigations regarding hydraulic fracturing, condensate damage, and reservoir fluid
characteristics, and how these factors may affect the fluid distribution in the reservoir and

the drawdown appropriate for producing wells.

In Chapter 111, the results of simulation are compared to analytical solutions for skin in a
single-phase system. It goes over rudimentary concepts and does a good job of validating
some very important analytical solutions for skin. It also serves to investigate geometry
effects, by comparing skin damage in a radial model, which represents the wellbore, to
that of a linear model, which is representative of a hydraulic fracture. The chapter helps
to quantify fracture face skin and also gives an idea of its relative magnitude of detriment

to productivity, compared to skin from the Hawkins’ approach.

Chapter IV covers the adaptation of a compositional fluid model in CMG’s data file
collection, and the construction of the 1-D linear model used in simulation, including the
definition of reservoir dimensions and grid-size. The 1-D linear model is quite analogous
to the hydraulic fracture, for an infinite conductivity fracture. For the purposes of this
research, it is used to investigate the effect of condensate build-up near hydraulic
fractures, as the reservoir pressure depletes and near wellbore pressure falls below the
dewpoint pressure. The goal is to quantify the damage that results from the condensate
build-up and note its effect on pressure drawdown, which eventually translates into gas
production. Finally, recommendations for future work are discussed, and conclusions are

reached in Chapters V and VI respectively.



CHAPTER II

LITERATURE REVIEW

2.1 Gas condensate reservoir fluid modeling

Gas condensate reservoirs are initially at a pressure above the dewpoint pressure,
therefore, the reservoir contains single-phase gas. As production begins gas flows
through the porous system, through the production wells, and finally to the separation
facilities, where liquids condense from the gas. As reservoir pressure falls below
dewpoint, in-situ condensation starts, and the liquid formed accumulates in the porous
network until it reaches the minimum saturation required to begin moving, which is

called the critical condensate saturation (S,.).

Once the condensate saturation reaches S,., it begins to flow through the porous system
towards the producers but it may be also pulled down because of gravitational forces,

depending on the vertical communication and the heterogeneity of the porous media.

In reservoir simulation, an equation of state is tuned to represent the thermodynamic
behavior of the reservoir fluids as a function of pressure and composition, which vary

both with depth and during production.

Metcalfe et al'’ used a field sample of gas condensate fluid to run several pressure,
volume and temperature (PV7T) laboratory tests, such as constant composition expansion
(CCE) and constant volume depletion (CVD), to show that the distribution of the heavy-
component cuts vary with respect to sampling depth. In addition, they compared the
results of the CCE obtained using a black-oil model and a compositional model with the
experimental results. They observed that black-oil model could predict dewpoints for

leaner systems, while the black-oil predictions deviate from the experiments for richer



systems. These results indicate that the proper procedure to model these fluids is by fully

compositional simulation.

Creek' calibrated the Peng-Robinson equation of state to predict the variation of
composition, solution gas-oil ratio, and saturation pressure within a reservoir affected by
compositional gradient. He also explained the variation in bubblepoint and dewpoint as a
consequence of the differences in composition. He demonstrated that the variation of

composition because of the force of gravity is stronger for rich gases.

Fevang et al'’ studied a variety of fluids ranging from medium rich gas condensate to near
critical fluids using black-oil and compositional models. They simulated production for
both injection and natural depletion production schemes and compared the results
obtained with both models. They concluded that gas condensate produced by gas cycling
above the dewpoint could be simulated accurately with a black-oil simulator. However,
they also found for the case of rich gas condensate where permeability increases with
depth, that black-oil simulators significantly over-predict oil recovery owing to
compositional effects that are not properly treated in a black-oil model. They concluded
that the black-oil model consistently over-predicts oil production because oil vaporization

1s over-estimated.

Fevang et al"’ recommended the use of compositional simulation models for gas injection
studies and limited the use of black-oil model only for reservoir fluids with minimal
vaporization, and lean gas condensate reservoirs undergoing cycling injection above the

dewpoint pressure.



2.2 Tight gas reservoirs

As the oil and gas industry matures, ongoing targets move towards more challenging
prospects commonly exhibiting low permeability and often low pressure. Considerable
effort has been expended in a number of areas in the Deep Basin area in Canada, the
powder River Basin in the Central United States and the Permian basin in the Texas area
in attempting to exploit gas reservoirs with average permeability in the less than 0.1 md
range. For the purpose of this research, the models under investigation will be tight gas

reservoirs.

Bennion et al”® discussed the issue associated with the identification of productive, low-
permeability gas producing formations and the successful completion and production of
these reservoirs. Criteria were presented for identifying economic absolute permeability
cutoffs for low permeability gas-bearing formations. Retention of fluids (phase trapping)
was presented as one of the major mechanisms of reduced productivity, even in
successfully fractured completions in these types of formations. In general, as
permeability and porosity are decreased, both the capillary pressure value and the value
of the irreducible water saturation tend to increase substantially. Often associated with
this increase in trapped initial liquid saturation is a significant reduction in net effective
permeability to gas caused by the irreducible and immobile trapped initial liquid present
in the porous media. In reservoir situations where exceptionally low permeability were
present, the authors found that if the reservoir is in a normally saturated condition (that is,
if the reservoir is in free contact and capillary equilibrium with mobile water and is at a
normal level of capillary saturation for the specific geometry of the porous media under
consideration), very high trapped initial liquid saturations tend to be present. It was
observed that in most cases where very low permeability gas reservoirs were potentially
productive, the reservoir sediments had been isolated from effective continual contact
with a free water source, which was capable of establishing an equilibrium and uniform
capillary transition zone. The authors suggested that a combination of long-term regional
migration of gas through the isolated sediments (resulting in an extractive desiccating

effect as temperature and pore pressure are increased over geologic time), may be



responsible for what they referred to as a “sub-irreducible” initial water saturation
condition. This condition is when the reservoir exhibits an average initial water
saturation less than the irreducible water saturation expected to be obtained for the porous
media at the given column height present in the reservoir above a free water contact
(based on a conventional water-gas capillary pressure drainage test). They noted that in
situations where exceptionally low matrix permeability is present in a gas-producing
reservoir, unless a sub-irreducibly saturated original condition is present, the reservoir
would exhibit insufficient initial reserves or effective permeability to be a viable gas-

producing candidate.

2.3  Relative permeability

Fluid-flow calculations in reservoir rocks require the use of effective permeabilities
which express the rock’s ability to flow a specific fluid through a porous medium when
more than one phase is present in the pore space. The effective permeability is usually
expressed as a ratio of the absolute permeability, which is commonly chosen as the base
permeability and this ratio is called the relative permeability. A judicious assignment of
the relative permeability model helps ensure that fluid movement in reservoir rocks is
reasonably modeled. A reliable representation of the fluid-flow throughout the reservoir
is obtained when there is a good match between the simulated and the actual production

history.

Relative permeability modeling has been one of the most important topics studied for gas
condensate reservoirs over the last decade because of the problems related to direct

measurements of relative permeability for these reservoirs.



Some researchers®' considered two different regions in gas condensate reservoirs based on
the flow regime, one near to the producer, and another far from the well in a radial case.
This region is usually subdivided into two sectors. Sector 4 is above the dew point
pressure, where only gas is flowing through the reservoir. This is characterized by low
flow rates and is affected by the gas injection process. The permeability in this sector is
evaluated as effective permeability using Darcy’s law. Sector B occurs where the flow
rate is still low but liquid drops out occurs because the system pressure falls below the
dewpoint. Fig. 2.1 illustrates the flow regions in a gas condensate reservoir producing by
depletion. Boundaries between sectors and regions are dynamic during the life of the

reservoir, and may also not be present, or disappear.
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Fig. 2.1 - Flow regions in gas condensate reservoir producing by depletion after Zapata™

For the purpose of this research, the effects of reservoir depletion are minimized by
introduction of an injection well with fluid composition the same as the original reservoir
fluid and bottomhole injection pressure at the initial reservoir pressure. The method of 3-

phase relative permeability calculation used is the Stone’s method I1.
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Fig. 3.2 — Radial model pressure profile schematic

The schematic in Fig. 3.2 shows that a plot of flowing bottomhole pressure against
logarithm of radius gives a straight line for a reservoir with no damaged zone. For parts
of the reservoir near the wellbore, where the permeability has been reduced, there is a
change in the slope of the line. Due to reduced permeability, the slope of the line in the
damaged zone is steeper than that in the undamaged zone. The pressure drop due to skin,

Ap; 1s the term substituted into dimensionless variables and used to compute skin factor.

Fig. 3.3 shows a different approach to analyzing the simulation results. It is a plot of
flowing bottonhole pressure against logarithm of time, and it shows that at infinite acting
state, simulation runs for both the damaged and undamaged cases have parallel straight
lines, which differ by the pressure drop due to skin. In the case of damage, for time less

than 0.1 days, the slope of the line is steeper due to the effects of transient flow.
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