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Summary It was the objective of this study to investigate further the effect

High-pressure core flood experiments using gas condensate flissurface (capillary) and shear (viscous) forces on the relative
in long sandstone cores have been conducted. Steady-state rel@ff@eability of condensing fluids, using the steady-state method to
permeability points were measured over a wide range of condéignerate relative permeability data. The effect of an increase in
sate-to-gas ratios (CGR; volume of condensate per unit volume\focity and IFT on relative permeability was investigated. The
gas, both at test pressure and temperature), and the velocity #Aw rates used in the study were selected to approach the flow rates
interfacial tension (IFT) were varied between tests to observe tB¥pected in the wellbore vicinity of gas condensate reservoirs.
effect on relative permeability. The experimental procedures en-It was also the objective of the study to establish sound exper-
sured that the fluid distribution in the cores was representative igtental procedures for the measurement of gas condensate relative
gas condensate reservoirs. Hysteresis between drainage and il@imeability. Because the generation of accurate data was a pri-
bition during the steady-state measurements also was investigafdy, part of the study involved an investigation into the repeat-
as was the repeatability of the data. ability of the procedures used.

A relative permeability rate effect for both gas and condensate The number of relative permeability curves that can be generated
phases was observed, with the relative permeability of both phagédien measuring steady-state relative permeability at different ve-
increasing with an increase in flow rate. The relative-permeabilitjocities and values of IFT will be large, inasmuch as relative
rate effect was still evident as the IFT increased by an order Bermeability is known to change with IET*and has been reported
magnitude. The influence of end effects was shown to be negligitife vary with velocity when using condensing fluitiThese facts
under the IFT conditions used in the tests, with the Reynold@®tentially will result in the need for the requirement for numerous
number indicating that flow was well within the so-called laminafelative permeability curves to cover the range of flow rates and IFT
regime under all test conditions. The observed rate effect weglues within different reservoir flow regimes. There is, therefore,
contrary to that of conventional non-Darcy flow, where the effe@ clear need to develop a generalized correlation for relative
tive permeability should decrease with increasing flow rate. Aermeability. Work is currently in progress to develop a funda-
generalized correlation between relative permeability, velocity, af@ental and rigorous formulation between relative permeability,
IFT has been proposed. fluid velocity, and fluid properties (IFT, density, etc.). In the

The results highlight the need for appropriate experimentdleantime, to expedite the development of.such a corrgllatlon, an
methods and relative permeability relations where the distributigtempt has been made to relate the relative permeability to the

of the phases are representative of those in gas condensate reser¢gipdllary numberNl.), which incorporates both variables of IFT and
velocity. The capillary number was calculated for all steady-state

Introduction relative permeability points.

During th duci f d t irs. th .The findings highlight the need for the accurate measurement of
uring the production of gas condensate reservoirs, the resenviifative permeability for condensing fluids using the appropriate

pressure will be reduced gradually to below the dewpoint, giVin@xperimental procedures. Consideration also should be given to

“ie to {ﬁtrogtrad?n condensatl?jn. It_n the wmm:y ?f {)r:roqlucmg wellg bortant factors such as velocity and IFT, while also providing
where the rate of pressure reduction is greatest, the increase ingligyeines for future reservoir management,

condensate saturation from zero is accompanied by a reductiorr'in
gas relative permeability. The perceived effect of this local con- i
densate accumulation on the near wellbore gas and conden$@t@erimental Procedure
mobility is one of the main areas of interest for reservoir engineeidigh-Pressure Core Facility. A high-pressure core facility was
When generating relative permeability data in the laboratory tieveloped to allow steady-state relative permeability tests to be
be applied to the flow in gas condensate reservoirs, it is, therefoeenducted. Within the core facility, a fixed volume of gas and
important that the experimental procedures are representative oftb@densate can be circulated in a closed loop around the flow
condensing processes that occur in such reservoirs. Previous stugj@tem, which increased the accuracy of the calculated fluid sat-
have used conventional gas/oil drainage relative permeability prgrations in the core.
cedures at low IFT to generate data to be applied to gas condensatehe pumps used to circulate the fluid have a resolution of 0.01
reservoirs:® There are, however, major differences in the fluigm?, with the volumes of fluid displaced into the core being
distribution between the fluid systems, as the oil saturation reduagsecked independently using linear transducers with a resolution of
from 100% for conventional unsteady-state displacements, as Qpa1 cn¥. Fluid production from the core can be measured in a large
posed to increasing from zero for condensing fluids. Recent okightglass situated at the core outlet to within 0.0% awcuracy,
servations made during laboratory measurements of relative p@tich is equivalent to 0.03% of the hydrocarbon pore volume. The
meability in long cores have highlighted fundamental differencedifferential pressure was measured using two Quartzdyne (Edin-
that exist between the flow behaviors of condensing and convemnirgh, Scotland) quartz crystal high-accuracy transducers located
tional gas/oil fluids? These preliminary findings are considered tat the inlet and outlet of the core. The transducers provide stable
be significant, because they demonstrate clearly that the flow differential pressure data with a resolution of 0.01 psi during the
condensing fluids cannot be accurately represented in laboratenurse of the tests.
core tests using conventional procedures.

Core Properties. The core used in all tests was a Berea core, the
characteristics of which are shown ifable 1. The core was
mounted horizontally and was rotated continually through 360° for
Original SPE manuscript received for review 6 November 1995. Revised manuscript  the duration of the tests to minimize the influence of gravitational
received 21 January 1998. Paper peer approved 22 January 1998. Paper (SPE  fqcag on the fluid distributiofi. Tracer analysis of the core before

30777) first presented at the 1995 SPE Annual Technical Conference and Exhibition, A
Dallas, 22-25 October. the tests had indicated that the core was homogeneous. The core
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selected test pressure, allowing initial condensate saturations of
30.2% and 28.5% to be established by condensation at IFT's of 0.14
and 0.90 mN/m, respectively. It has been calculated that the value

TABLE 1—CORE PROPERTIES

Length Diameter  Porosity Sy katS,,

Core (cm) (cm) (%) (%) (md) of the initial condensate saturation in the core is accurate to within
- +0.24% of the pore volume of the core.
Berea 61 5.0 19.8 26.4 99 To establish steady-state flow, the gas and condensate were

injected at a selected CGR, with the fluids continually displaced
through the core until steady-state conditions were established, i.e.,
until the CGR at the outlet was the same as that of the inlet.

was known to be water-wet, and it contained a connate waterAfter steady-state conditions were established, the test was
saturation of 26.4%. The connate water saturation is believedt8ltéd and the core was isolated from the flow system. The new
have remained constant between tests, because the base-rel§fpgensate saturation in the core then was calculated from the
permeability remained unchanged. All fluids were kept in equiligh@nge in the total volume of condensate in the flow system (final
rium with water throughout the course of the tests. The reported geldensate volume relative to initial condensate volume). The
and condensate saturations for each test were normalized and v@&gracy of the measurement of the condensate saturation relative

reported as a percentage of the hydrocarbon pore volume. to the volume by depletion after each steady-state point was in the
region of =0.22% of the pore volume. The total error in the

. . . measurement of the condensate saturation in the core for each
TestFluid. The gas condensate fluid was a mixture of methane angs dv-state relati bilit intis. theref tmated at
normal butane, with a dewpoint of 12.9 MPa at a temperature sgoagg(ys ate relative permeability point 1s, therefore, estimated a
37°C. The liquid drop-out curve of the fluid can be seeffrig. 1 — o

and was measured in a pressure/volume/temperature (PVT) cell. . .

This fluid was selected because there was an initial high rate Mfasurement of Steady-State PointsSteady-state relative per-
liquid drop out, which would allow a condensate saturation of ui€ability curves were measured at selected CGR's, with the frac-
to 31% to be established in the core before the injection of ti@nal flow ranging from the lowest CGR used in the tests of 0.05,
condensate. This was considered to be an important aspect of YRd0 @ maximum of 0.40. Four velocities were used at each CGR,
tests, inasmuch as previous studies had shown that it was import@fging from 9.25 m/day to 74 m/day. ,
that the condensate saturation should be established by condensAt €ach CGR the flow rate was increased in four stages from a
tion as opposed to injectidh® An added attraction of the use of aMinimum to a maximum, before the rate was reduced in steps back
binary fluid is that the physical properties of the gas and condens#@ehe initial value, giving a total of seven steady-state points. The
phases would be constant at a given pressure and a fixed temj$! Sequence can be seeffable 2, where the flow rate is shown
ature below the dewpoint, regardless of the total fluid compositiot terms of cni/h and pore velocity (m/day). After this test sequence

The test pressures selected for the tests were 12.32 MPa, wii@s conducted at the lowest CGR of 0.05, the CGR was increased
corresponds to an IFT of 0.14 mN/m, and 10.79 MPa, which€Pwise, mostly in steps of 0.05, to generate imbibition steady-
corresponds to an IFT of 0.90 mN/m. The IFT values quoted wepate curves for each flow rate. When the maximum CGR of 0.4 was
obtained from the literature available for the test fluid used und&#ached, the CGR was reduced in steps back toward the initial value
the test conditiond Although the tests were conducted in the regioff 0-05, which generated the drainage steady-state relative perme-
of revaporization, the rate of revaporization under the test condpility curves at each flow rate. This test sequence was repeated for
tions was relatively low. A pressure change of approximately Aoth values of IFT. _ _
psi, which was the maximum differential pressure at the highest raten conventional gas/oil displacement experiments, the term “im-

during the course of the tests, would result in a variation of onfjibition” is used for the case where the wetting fluid is “imbibed”
0.3% in the liquid drop out. into the core from outside. However, in the case of condensing

fluid, the wetting-phase saturation increases from within the core
by the process of condensation during pressure reduction, without

gas condensate fluid at a pressure well above its dewpoint (1%?”9 imbibed from outside. In this study, we refer to any process

MPa) before each suite of tests was conducted at both IFT valu .WhiCh the wettin_g-phase_ saFuration in t.he core increases with
The pressure then was reduced to below the dewpoint to fie (by condensation or injection) as the imbibition process.

Experimental Procedure. The core was saturated initially with

Flow Regimes.The flow regime during injection is defined in
terms of the capillary number for the gas phase, the values of which

35 8 . ; -
are given in Table 2. The capillary number was calculated using
30
MgVsg
N, = e e Q)
_ Ogc
® 254
e
= 204
o
o TABLE 2—TEST SEQUENCE, CGR = 0.05
<)
&
A 151 Gas Condensate Pore
= Flow Rate Flow Rate Velocity Gas Capillary
2 (cm®/h) (cm®/h) (m/day) Number (Nc)
= 10
-
100 5 9.25 0.18E—-5
5 200 10 18.5 0.36E -5
400 20 37 0.72E-5
0 . T . T . 800 40 74 0.14E -4
10 11 12 13 400 20 37 0.72E-5
PRESSURE  (MPa) 200 10 185 0.36E — 5
Flg 1—Liquid drop out of binary fluid by constant composition 100 5 9.25 0.18E -5
expansion.
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where u is the gas viscosityg,. is the IFT between the gas and Relative Permeability Sensitivity to Velocityig. 3is a plot of
condensate, and,, is the superficial pore velocity of gas definedall steady-state points measured at each of the four velocities and

as of all the CGR’s used in the tests conducted at an IFT of 0.14 mN/m.
The relative permeability curves clearly show that a rate effect

Vo = q @) exists, with the relative permeability for both gas and condensate
9 AP(L—-Sy)] e phases increasing at higher velocities. Four distinct curves, corre-

. ) sponding to the four velocities, can be seen for the gas relative

The highest flow rate (74 m/day) that was used in the testyrmeapility, with the associated condensate relative permeability
corresponds to a distance of with8 m from the wellbore of a «,1ves also visible.
typical North Sea gas condensate reservoir. Relative Permeability Sensitivity to Velocityd plot of all

The calculated Reynolds number (Re) ranged from 0.3BE0  gieady-state points measured at each of the four pore velocities used
0.20 E-2, indicating that the flow was within the laminar flow i, the tests conducted at an IFT of 0.90 mN/m can be se6igin
regime, where Re is calculated as 4. The gas relative permeability curves clearly show that a rate

effect still exists at this higher IFT value. The effect of velocity on

(3) condensate relative permeability seems to be minimal at this
Mg increased value of IFT, compared to the curves generated at an IFT
of 0.14 mN/m, with all condensate steady-state points plotting more
or less on a single curve.

PgVsg\K

wherep, is the gas densityy,, is the superficial pore velocity of
gas,k is the permeability, angk, is the gas viscosity.

Hysteresis. The extent of hysteresis in the steady-state relative

. L ermeability points as a result of variations in flow rate at a fixed
Data Repeatability. Because one of the objectives of the resear GR, as well as the degree of hysteresis between imbibition and

was to provide high-quality relative permeability data applicable @ ainage relative permeability curves, was investigated at both
flow in the vicinity of the wellbore region of gas condensatg ;i es of IET

reservoirs, it was important that the test procedure and the resultar?{;ate Hyste.resis.The test sequence, as shown in Table 2, was

data should be shown to be accurate and repeatable, allowing g, cted at each CGR and at both values of IFT. During the course

data to be used with confidence. of this test sequence the extent of relative permeability hysteresis

Imbibition steady-state relative permeability data points genely 5 reqylt of the increase and subsequent decrease in velocity at
ated at an IFT value of 0.14 mN/m initially were measured at folf; -y cGR was investigated.

velocities, ranging from 9.25 to 74 m/day. To determine the quality Fig. 5is a plot of the gas and condensate steady-state relative
ofthe data, the same test sequence then was repeated by resatur, eability points generated at a CGR of 0.25 and an IFT of 0.14

the core with the single-phase gas condensate fluid above {fiRym "where the flow rate was increased then decreased by an
dewpoint, and subsequently depleting the core to the same ; ; ; :

Results

. datthe | locity of 9.25 m/d d easured with the velocity reducing was the saturation, because the

pomtstr)ne_asgrle; atthe ot\:vestve_ odC|tyo o 531 ay. Agood matgferential pressure, and hence the relative permeability values,

was obtained between the two independent data sets. ere similar. The greatest change in saturation observed in all tests
A similar match was achieved for the other three velocities usegh 4 cted was 0.3%, which is within the reported saturation error

which clearly demonstrated that the relative permeability CUNVgS, g The results were repeated at all CGR's, which suggests that

%de;itceudrg’;’:re reproducible, and that the experimental procedife hysteresis resulting from variation in velocity was minimal

during the course of the tests conducted at the low IFT of 0.14
mN/m.

Velocity Effect. The principal objective of this study was to The extent of rate hysteresis at an increased IFT of 0.90 mN/m
investigate the effect of velocity and IFT on the relative permeand a similar CGR of 0.25 can be seerfFig. 6. There is a greater
ability of condensing fluids. This investigation involved the gendegree of hysteresis at the higher IFT, because the relative perme-

eration of a series of steady-state imbibition relative permeabilifipility data points that were measured as the velocity was reduced
curves at increasing velocities, following the tests sequence shown

in Table 2.
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Fig. 3—Steady-state relative permeability curves: IFT = 0.14

Fig. 2—Repeatability of measured relative permeabilities. mN/m.
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Fig. 4 —Steady-state relative permeability curves: IFT = 0.9
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Fig. 6 —Rate hysteresis at CGR = 0.25 and IFT = 0.90 mN/m.
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' . Fig. 7—Hysteresis between imbibition and drainage relative per-
Fig. 5—Rate hysteresis at CGR = 0.25 and IFT = 0.14 mN/m.

meabilities: IFT = 0.14 mN/m.

show a consistently higher relative permeability at a higher cogjynificant variation of relative permeability with changes in ve-
densate saturation. This trend was observed at all CGR value§qity ot similar saturations. The sensitivity of gas condensate
Imbibition and Drainage HysteresisMinimal rate Nysteresis rg|ative permeability to velocity has been reported previously only
was observe_d In Fhe tests conducted at an IFT of Q:l4 MNAY the present authors during a sequence of unsteady-state dis-
bgtween the imbibition and_dramage relatlve_ permeablllty CUIVESiacements conducted using gas condensate fluids.
Fig. 7 shows that at a velocity of 37 m/day, with the CGR initially” "\ aiso have investigated rate sensitivity during conventional
increased (imbibition) then reduced (drainage), the extent of hygs/qil unsteady-state drainage displacements. The same core used
teresis Is m_|n|mal. o .in the present study was saturated with equilibrium butane and was
Hysteresis between the initial imbibition and subseq_uent draiy, placed with equilibrium methane, and unsteady-state relative
age curves was, however, more pronounced at the higher ”:Tgrmeability curves were generated at three different velodities.
0.90 mN/m. The gas relative permeability was observed 10 B g resyits of the conventional displacements are showiirs,
higher during drainage, with the condensate relative permeabiliy,4 they show clearly that the rate effect was minimal when using
being lower. The degree of hysteresis generally was reduced asﬂ,ﬁg procedure compared with tests conducted using condensing
velocity increased. fluids. The IFT at which the conventional tests were conducted was
) ) 0.14 mN/m, the same value as the low IFT gas condensate relative
Discussion permeability tests reported in this study (Fig. 3). The factors
Relative Permeability Rate Effect. The sensitivity of relative governing the reported relative permeability behavior for gas con-
permeability, measured by the steady-state method, to velocity ftensate fluids will now be discussed.
both the gas and condensate phases is the most significant findininfluence of End Effects. Variations in relative permeability
of this study. At each CGR, the increase in relative permeability fovith variations in flow rate have been reported previously and have
both phases with increasing velocity was accompanied by a retseen attributed to capillary end effeétsdowever, calculations
tively low increase in the condensate saturation. This indicates thased on a work conducted by Hassleal.,° as well as calculations
redistribution of fluids in the core would be required to explain thbased on mercury injection data generated from samples of the core
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06 efficient®° It has been reported that gas and condensate flow
Velocity 18.5 mJ/day together in all pore spaces, with both phases flowing as if they were
b krg a single phasé&! This is a significant variation from the flow
0.5 O ko behaviors and fluid distributions of conventional fluids, where oil
) Velocity 37 m/day flow into gas-invaded pores behind the gas front will be minimal.
= 04- n krg The fluid distributions that arise from the process of condensa-
£ o kro tion, which generate oil films throughout the porous medium that
2 Velocity 74 m/day result in the efficient flow of gas and condensate into the same pore
g 0.3 . krg space, are, therefore, believed to be responsible for the reported
K ° kro relative permeability rate effect.
o However, during conventional steady-state relative permeability
£ 0.2- tests, when the gas saturation in the core is initially 100%, the
] injection of oil with gas eventually may result in fluid distributions
similar to those of condensing fluids. If the oil has a positive
0.1 spreading coefficient and if IFT is low, the injected oil may
redistribute throughout the core with time to form oil films on all
00 surfaces. The simultaneous injection of oil with gas during the
" a0 70 steady-state tests will continually supply oil to the oil films on the

walls of the pores (unlike unsteady-state displacements where no
further oil is supplied to the oil films in the pores after gas invasion),
Fig. 8 —Conventional gas/oil relative permeability: IFT = 0.14 giving flow conditions that are similar to the fluid distributions in
dyne/cm (after Henderson et al.'"). gas condensate systems. A relative permeability sensitivity to
velocity for tests conducted using conventional steady-state gas/oil
procedures may, therefore, be detectable.

used in this study, indicate that the reported gas condensate rat€his view is supported by the results of the steady-state tests
effect is independent of capillary pressure at the end faces of tleported using gas condensate fluids in this study. It was observed
core. The calculated capillary pressures ranged from an averdigat the rate effect was most evident when the CGR was at its
value of 0.10 kPa, at an IFT of 0.14 mN/m, to an average value bighest, i.e., when the fractional flow of injected condensate was
0.48 kPa, at an IFT of 0.90 mN/m. These values were comparabiereased. If the process of condensation solely governed the
to the differential pressures measured across the core, which weslative permeability rate sensitivity, the injection of additional
two to three orders of magnitude greater than the calculatedndensate would be expected to reduce the rate sensitivity.
capillary end effects.

Variations Between the Mechanisms Governing the Flow of i i . .
Conventional and Gas Condensate Fluid®ifferent flow re- Correlating Relative Permeability to Capillary
gimes will exist in gas condensate reservoirs, where differefumber
combinations of forces govern the flow. In the heart of the reservolt,has been shown that the relative permeability of gas condensate
the main forces governing condensate mobility will be gravitationéids will vary when the velocity changes at a fixed IFT, and when
and capillary. As the vicinity of the wellbore is approached, ththe velocity is fixed and the IFT is changed. These conditions will
flow will become dominated increasingly by viscous and capillargesult in the need for numerous relative permeability curves being
forces. It is within this high-velocity flow regime in the vicinity of required to cover the range of flow rates and IFT values within
production wells that the reported increase in relative permeabilitijfferent reservoir flow regimes. To develop a generalized corre-
with increasing velocity for gas condensate fluids will be at itfation for relative permeability, the capillary numbét_J, which
greatest. This runs contrary to conventional non-Darcy flow theoriycorporates both the variables of IFT and velocity, was selected as
where the permeability reduces with increasing velocity when tliee correlating parameter. The capillary number was calculated for
flow becomes turbulent. The gas condensate core tests repod#idsteady-state relative permeability points measured at all flow
were modeled on the near-wellbore flow regime, where viscous arates and for both values of IFT. The definition of the capillary
capillary forces were dominant and gravitational forces were minumber used is shown in Eq. 1. The capillary number in this form
imized by continually rotating the core. required the superficial gas velocity to be used in association with

It has been shown that conventional gas/oil displacements, wheees viscosity at the test conditions. The correlation was, therefore,
the core is initially saturated with oil before gas injection, will shovconsidered to be more applicable to the gas relative permeability.
no relative permeability rate sensitivity® Such tests have been It can be seen frorfig. 9 that a correlation between gas relative
used previously to generate data to be applied to gas condengeaemeability and capillary number was identified for the tests
flow, which contains the assumption that the low IFT values usenducted. This is shown by the capillary number of the lowest rate
in the tests will make the flow mechanisms representative of thotsts (9.25 m/day) conducted at an IFT of 0.14 mN/m corresponding
in gas condensate systems. However, during conventional wo-the capillary number of the highest rate tests (74 m/day) con-
steady-state gas/oil displacements, gas and oil will flow in their owducted at the higher IFT of 0.9 mN/m. The value of the capillary
pore space. Gas will invade the largest accessible pores, displacingnber for both tests was in the region of 0.14 E-4. The contours
the oil, but will leave oil films on the pore walls surrounding theof the capillary numbers for all steady-state points follow similar
gas channels. The overall recovery from the remaining oil films willopes from top left to bottom right of the graph, with both sets of
be minimal as long as there are continuous oil networks in thtata from the two IFT values showing continuity.
smaller pore space. Gas will, therefore, flow into the pore spaceThe attempted correlation shows that for the tests reported there
where oil is mostly immobile, with oil flowing into the pore spaceseems to be a correlation between gas relative permeability and
not invaded by gas. This type of flow is described as channel flowapillary number. Future tests will be required to cover a wider
and normally it is applied to the Darcy-type flow of conventionatange of capillary numbers, and they will entail using different core
fluids. types and fluids.

The flow of gas condensate fluids, however, does not resemble
the distribution of conventional fluids. It has been shown from .
micromodel studies that when the process of condensation occf@nclusions
at and below the dewpoint, the condensate phase will wet alll. Steady-state relative permeability tests conducted using gas
surfaces, acting as an intermediate phase in a water-wet, thre@adensate fluids have shown that relative permeability was rate
phase system: wetting with respect to gas, nonwetting with respsensitive. The relative permeabilities of both phases were found to
to water'® Flow through the condensate wetting film can be verincrease as the velocity increased.

Normalised Oil Saturation (% HCPV)
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Fig. 9 —Correlation between gas relative permeability and capillary number.
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