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Abstract

Gas condensate reservoirs exhibiting classic “dew point”™ or
retrograde condensate dropout behaviour exist in many arcas in
the world. These reservoirs are unigue in that. as the reservoir
pressure is decreased. a centain volume of the heavy end fraction
of the gas is precipitated in liguid form from solution in the gas.
This condensate liguid may be temporarily or permancmly
trapped in the reservoir. causing severe reductions in gas pro-
duction rates amd the permancnt loss of a large portion of the
volatite and valuable condensate liguids (due 1o capillary pres-
surc-induced trapping cffects in the porous media).

This paper reviews the basic theory of gas condensate
dropout and describes. in detail. damage problems that may be
assaciated with production of reservoirs of this type. Technigues
for mitigating condensate dropout problems on a production
hasis. as well as stimulation techniques such as repressurization,
lean and rich gas injection. surfactamt and solvent injection. in
situ combustion and water/gas injection. are reviewed. and the
advantages and disadvantages of the techniques discussed.

Introduction

Rich gas or retrograde condensate gas reservoirs are common
on a worldwide basis.

Figufe | provides a pressure-composition diagram for a typical
hydrocarbon system at a fixed temperature level. The shaded por-
tion of this figure represents an area of two-phase equilibrium at
the specified composition and pressure condition. This is general-
ly a region where an immiscible hydrocarbon liquid and gas phase
co-exist in thermodynamic equilibrium. Outside this area is a sin-
gle phase region, where only one continuous and homogeneous
uniform phase exists.

Potential Problems Associated with Rich
Gas Condensate Systems

There are two main categories of problems commonly associat-
«d with rich gas reservoir systems:
1. Formation damage effects associated with the condensate
dropout.
2. Permanent loss of valuable light condensate liquids due to
trapping effects in the reservoir.
_ This paper addresses both of these issues and various tech-
nigues that can be used to reduce their impact on productivity and

recovery,

Formation Damage Issues in Gas
Condensate Reservoirs

The literature is replete with detailed discussions on formation
damage(!-). This paper does not address different types of damage
which can occur during conventional drilling, completion and pro-
duction operations, but concentrates solely on issues associated
with condensate liquid dropout.

The primary damage mechanism resulting in a reduction in gas
production rate in a rich gas-condensate reservoir is generally
associated with capillary pressure-motivated phase trapping
effects. These effects result in permanent reduction in the effec-
tive permeability to gas in the region affected by the condensate
dropout surrounding the wellbore. This phenomenon is illustrated
pictorially in Figure 2 and using a set of gas-condensate relative
permeability curves in Figure 3.

As the condensate drops from solution in the gas while still in
the porous media, capillary pressure effects are present [due to the
generation of a second immiscible phase which has a finite inter-
facial tension (IFT) between it and the gas phase). This capillary
pressure traps the discrete drops of condensate in the central por-
tion of the pore system and does not allow them to move until the
saturation increases to the point where the individual droplets of
condensed hydrocarbon liquid can accrete together and form a
continuous condensate “film” in the porous media. Once this
occurs, the condensate phase acquires finite relative permeability
and can then flow as a separate and distinct phase in the rock. The
value of the condensate saturation, which must build up before
mobility occurs, is commonly referred to as the “critical” or
“mobile” condensate saturation. It can have values ranging from
less than 1% (at low IFT conditions and in high permeability
rocks which have very low capillary pressure), to values in excess
of 40% in poorer quality porous media.

Techniques to Avoid/Reduce Condensate
Dropout Effects

Condensate dropout is a difficult problem to combat, simply
because it is a natural thermodynamic property of the reservoir
gas under consideration. As long as the reservoir temperature and
gas composition remain constant, producing at a bottomhole pres-
sure below the dewpoint will result in retrograde dropout.

One approach is pressure maintenance combined with reduced
drawdowns and production rates such that the flowing bottomhole
pressure around the production wells remains at all times above
the dewpoint value. This is generally impractical in most operat-
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FIGURE 1: Iustration of typical pressure-composition.

ing situations, as many gas condensate reservoirs at discovery
conditions are at or very near the dewpoint pressure of the gas.
Even modest drawdowns applied in order to achieve economic
production rates result in sub dewpoint pressure production
around the producing wells.

Drawdown can be reduced in many cases by increasing effec-
tive bottomhole flow area through the use of high density perfo-
rating, open hole completions, horizontal wells and, in some
cases, even by small fracture treatments (if fracturing will not
result in water/oil production) in order to increase bottomhole
flow area which can reduce drawdown and damage effects.

Mitigation Techniques

In most situations, a certain amount of damage due to conden-
sate trapping is unavoidable. This is even the case in a gas cycling
operation as, in general, although the bulk of the reservoir is
maintained at some pressure above the dew point value, the area
immediately adjacent to the wellbore is often subjected to high
drawdowns which still resuit in localized condensate dropout. In
good quality reservoirs where the value of the critical mobile samu-
ration is low, this dropout may not appreciably affect flow rates
(at least while reservoir pressure is high), and conventional prima-
ry production may be the economic and technical option of
choice. In many cases though, periodic treatments to attempt to
“remove” a portion of the trapped condensate liquids from around
the wellbore are often used to try to increase production rates.

There are a number of potential techniques that have been sug-
gested or used recently for this purpose with varying degrees of
success. They include:

. Static repressurization and imbibition
Lean gas injection

. Rich gas injection

. Solvent injection

. Mutual solvent injection

. In situ combustion

. Water injection/displacement.

NOoOWnaLEwN—

Static Repressurization and Imbibition

The tenant of this technique is based on the assumption of ther-
modynamic reversibility. Examination of Figure 1 indicates that,
theoretically, if production from the well is halted (shut in) and if
the bulk reservoir pressure is still high enough that over time the
pressure in the depleted region around the wellbore is increased to
above the original dew point pressure, the condensate liquids
which are trapped in the pore system should be “re-vapourized”
into the gas phase.

Unfortunately, this technique enjoys limited actual success in
porous media due to the limited interfacial area, the revapouriza-
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FIGURE 2: Pore scale mechanism of condensate trapping.

tion process is extremely mass transfer limited (diffusion motivat-
ed) and hence very slow. Also, since such a limited volume of gas
is in contact with a given volume of condensate in the pore space
(the condensate which is trapped having been precipitated out of a
huge volume of gas which has flowed through the pore space in
comparison to the relatively small volume present in contact with
it under static exposure), this once again severely limits the
amount of revapourization that can occur.

In a similar fashion, static imbibition (capillary pressure effects
*“wicking” the trapped condensate away from the wellbore deeper
into the formation) are only effective if the reservoir exhibits
strongly oil wet natural wetting tendencies. If the reservoir is neu-
tral or water wet, there will be no spontaneous imbibition affinity
present to move the trapped saturation away from the near well-
bore region. Since many gas reservoirs do not contain a liquid
hydrocarbon saturation initially, by default, in many cases, they
are water-wet in nature, and hence this negates imbibition as a
means of drawing retrograded condensate liquids away from the
wellbore.

Examination of Figure 1 also indicates for some reservoir situa-
tions that if the pressure is dropped low enough, condensate
begins to revapourize once again. In some instances, it is possible,
at very low pressures and high temperatures, to pass completely
out of the two-phase region (through the “bottom” dew point line
as illustrated in Figure 1). Practically, once again, this method is
limited in application. In most cases, the pressure at which sub-
stantive revapourization begins to occur is well below the eco-
nomic abandonment pressure of the reservoir. Even if this is not
the case, the re-vapourization process tends to be extremely slow
and mass transfer-dominated when occurring in a static situation
in porous media (in comparison to an agitated visual ceil system
in which the PVT measurements are normally conducted).

Lean Gas Injection

This technique enjoys more success, but generally requires rel-
atively high bottomhole pressure in order to be successful. Lean
gas injection is generally conducted using cither dry methane or
nitrogen gas and uses high pressure vapourizing miscibility to
extract the trapped condensate from the injection region surround-
ing the wellbore. In this case, because the injection gas is lean in
nature and contains no heavy end fraction, it has the capability of
extracting a considerable amount of heavy ends from the system.
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FIGURE 3: Typical gas-condensate relative permeability curve.

Since injection is occurring and new fluid is constantly moving
through the pore system, convective and constant mass transfer is
also possible in comparison to the previously discussed static shut
in methods. Hence, more rapid mass transfer and vapourization
effects are present.

The pressure required is highly dependent on the composition
of the trapped condensate and specific temperature and gas prop-
erties. Generally higher pressures, usually in the 40 - 50 MPa
region, are required for vapourizing miscibility with pure nitrogen
gas. Methane tends to have lower vapourizing miscibility pressure
with most condensates, often in the 30«40 MPa region.

This technique is commonly used as a periodic stimulation
method in many gas cycling operauons as a readily available
source of lean gas and compression facilities are already present
on-site. In many gas cycling operations, production wells are peri-
odically stimulated for a few days by dry gas injection to remove

accumulated condensate and increase production rates and reduce
drawdown pressures.

Rich Gas Injection

In many reservoir situations, insufficient pressure is present to
generate vapourizing miscibility with lean gas or nitrogen injec-
tion. In these cases, similar miscible extraction/displacement of
the condensate can be effected by the use of a higher molecular
weight injection gases such as ethane, propane or carbon dioxide
which have much lower miscibility pressures with the trapped
condensate. Although effective, these methods are fairly expen-
sive to apply and concerns exist in some situations with respect to
potential deasphalting of the condensate liquids by rich gas con-
tact. Compatibility tests between the proposed injection gas and
the reservoir condensate should be conducted to evaluate this
issue prior to executing a treatment of this type.

Solvent Injection

This process consists of the injection of a liquid phase hydro-
carbon solvent (generally toluene, xylene or distillate) into the for-
mation. Although this method is often effective for removing
wax/paraffin deposits that may be associated with condensate pro-
duction in some wells, as a method for removal of “trapped” con-
densate, the method is normally ineffective as one simply substi-
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tutes one miscible hydrocarbon phase for another. In many cases,
the IFT between the reservoir gas and an organic solvent, such a
xylene, is actually higher than that between the trapped conden-
sate and the reservoir gas, which may actually result in an increase
in trapped hydrocarbon phase saturation.

Mutual Solvent/Surfactant Injection

This includes the injection of high molecular weight alcohols
(i.e., butanol), other mutual solvents and surfactants. The objec-
tive is to reduce the gas-condensate IFT which makes it easier to
recover the trapped condensate (e.g., lowers the value of the cnti-
cal condensate saturation). Many alcohols have sludge and emul-
sion problems with condensates and careful compatibility testing
should be conducted. Often with many agents of this type, the
actual reduction in gas-oil IFT is relatively slight and the overall
stimulation effect may be marginal. Careful IFT and iab screening
should be conducted prior to execution to determine the effective-
ness of any agent of this type for condensate removal.

In Situ Combustion

This is a fairly novel technique which attempts to use air injec-
tion to ignite and “burm” the condensate saturation out of
the region in the near wellbore area. Most condensates are volatile
in nature and will spontaneously ignite at reservoir temperatures
over about 120" C.

Concemns with this method include high bottomhole tempera-
tures and cement degradation, effective propagation of the flood,
corrosion concerns and well flashback (explosion) concerns if all
of the injected oxygen is not consumed by combustion and
LTO/HTO oxidation reactions with the in situ crude oil.

Considerable research work is currently underway evaluating
the use of this method. Accelerated rate calorimetric studies(!? are
a common screening method, coupled with combustion flow tests,
to determine the suitability of this method for reservoir
application.

Water Injection

This has long been proposed as a technique to recover trapped
condensate liquids from a depleted gas condensate reservoir. The
motivation is in many reservoir cases, the irreducible condensate
saturation to water displacement is lower than the irreducible con-
densate saturation to gas displacement. It is thought that injected
water may mobilize a portion of the trapped condensate saturation
in the bulk reservoir matrix, allowing recovery of a portion of this
“trapped” resource.

Practical experience indicates that the value of the trapped con-
densate saturation must be very high for this to be practical. In all
cases where the author has evaluated this method as an EOR
method, very limited recovery was observed on a bulk reservoir
basis which suggests in most applications, the potential for suc-
cess is marginal.

Water injection has been used as a stimulation method in some
high permeability (10,000 mD plus) gas condensates to displace
the zone of high mobile condensate saturation away from the bot-
tomhole region in a situation where pressure has dropped to the
extent that the wells are loading and self killing with condensate.
This is then followed by gas injection to displace the water and re-
establish high gas saturation and permeability with the *“undam-
aged” portion of the reservoir. In lower permeability rocks, this
method is not advised, as trapping and capillary pressure effects
associated with the introduction of a water phase in the near well-
bore region may create additional damage effects.

Duration of Stimulation

It should be noted that all of the aforementioned stimulation
techniques do not solve the root cause of the damage, this being
the retrograde nature of the gas. In many cases, these treatments
must be repeated on a regular basis as, even though the conden-
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sate is removed from the near wellbore area, continued production
below the dewpoint pressure results in the recurrence of accumu-
lation problems. The economics of the treatment will thus be
highly dependent on the magnitude and length of the “flush” pro-
duction period that is created after the stimulation treatment is
completed.

Conclusions

The mechanism of condensate dropout from rich gases has
been discussed as one of the potential mechanisms reducing the
production rate and recoverable reserves of condensate liquids. In
general, the value of the critical condensate saturation in porous
media varies from 1 - 40% and is affected by pore geometry, wet-
tability, interfacial tension and capillary pressure and drawdow
effects. In most situations, porous media with in situ permeabili-
ties greater than 1,000 mD exhibit low (less than 5%) critical con-
densate saturation values. Formation damage and trapping issues
are generally more severe in lower quality (sub-100 mD) forma-
tions which exhibit more adverse capillary pressure characteris-
tics. Means of reducing dropout problems, as well as remediation
techniques such as represurization, lean and rich gas injection,
solvent injection and in situ combustion have been presented and
the specific advantages and disadvantages of each method
reviewed.
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