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Summary of the reservoir fluids, but typical values might be 10 to 100 for
Well deliverability in many gas-condensate reservoirs is reducézhn condensates, 1 to 10 for rich condensates, and 0.1 to 10 for
by condensate banking when the bottomhole pressure falls belpear-critical fluids.
the dewpoint, although the impact of condensate banking may beThere are various ways of defining the capillary number, but in
reduced due to improved mobility at high capillary number in ththis paper we use the definition
near-well region.

This paper presents the results of relative permeability mea-y _Ydtg (1)
surements on a sandstone core from a North Sea gas-condensate’ o
reservoir, at velocities that are typical of the near-well region. T
results show a clear increase in mobility with capillary numb
and the paper describes how the data can be modeled with
pirical correlations which can be used in reservoir simulators.

Il% that the capillary number is proportional to the gas velocity and
€[nversely proportional to interfacial tensigHFT).

€MThe capillary numbers that are relevant for well deliverability
depend on the flow rate, fluid type, and well bottomhole pressure,
but as a general rule, values between é@nd 102 are most
important.

Introduction

Well deliverability is an important issue in the development of,,arimental Methods
many gas-condensate reservoirs, especially where permeabilit)(nisg

low. When the well bottomhole flowing pressure falls below thﬁNee
dewpoint, condensate liquid may build up around the wellborﬁ]eII
causing a reduction in gas permeability and well productivity. | .
extreme cases the liquid saturation may reach values as high as,

o ; -
or 60% and the well deliverability may be reduced by up to aﬁlwobility is usually less important, except in reservoirs containing

order of magnitude. ; . ) ! L
The loss in productivity due to this “condensate banking” ef Yy rich fluids. In the near-well region, both liquid and gas

fect may be significant, even in very lean gas-condensate reéahases are mobile, velocities are high, and the liquid mobility is

voirs. For example, in the Arun reservdithe productivity re- :(ﬁﬂ)/(l)(rtant because of its effect on the relationship betwegand
ro -

duced by a factor of about 2 as the pressure fell below thé?

dewpoint, even though the reservorr fluid was very lean with 8gpjetion Method. Relative permeabilities for the deep reservoir

maximum liquid drop out of only 1% away from the well. region are often measured in a coreflood experiment, where the
_Most of the pressure drop from condensate blockage OCCyf§iqs in the core are obtained by a constant volume depletion

within a few feet of the wellbore, where velocities are very hig VD) on a reservoir fluid sampie. Relative permeabilities are

There is a growing body of evidence from laboratory corefloofhaaqred at decreasing pressures from the fluid dewpoint, and
experiments to suggest that gas-condensate relative permeabiliiise sing liquid saturation. In this type of experiment, the liquid
increase at high velocities, and that these changes can be co

: : . . . Huration cannot exceed the critical condensate saturation or the
lated against the capillary numbf&t® The capillary number is a 1 ayimum value in a CVD experiment, so that it is not possible to
dimensionless number that measures the relative strength of Uy jire data at the high liquid saturations that occur in the reser-
cous and capillary forces. voir near to the well.

There are several gas-condensate fields where simulation withr,o “depletion” experiment provides relative permeability
conventional relative permeability models has been found {0 Ugz, that are relevant to the deep reservoir, but there can be prob-
derestimate well productivity™® To obtain a good match be- g jn interpreting the results due to the effects of IFT. Changes
tween simulation results and well-test data, it was necessaryirt]o“quid saturation are achieved by reducing pressure, which re-

increase the mobility in the near-well region, either empirically oLt jn a change of IFT. The increase in IFT as pressure falls may
through a model of the increase in relative permeability at higll, oo 5 large reduction in mobility, and Cresral 12 describe an

velocity. This effect can increase well productivity significantlyg,ampje where the condensate liquid relative permeability de-
and in some cases may eliminate most of the effect of condensgig, sas with increasing liquid saturation
blockage. '

gas-condensate reservoir, there are important differences be-
n the flow regimes in the regions close to and far from the
These different flow regimes are reflected in the require-
ts for relative permeability data for the deep reservoir and
r-well regions. Far from the well, velocities are low, and liquid

Steady-State Method.The steady-state technique can be used to
Experimental Data Requirements measure relative permeabilities at the higher liquid saturations that
Fevang and Whitsdi have shown that the key parameter in deoccur in the near-well region. Liquid and gas can be injected into
termining well deliverability is the relationship betwekp, and the core from separate vessels, allowing relatlve permeabilities to
the ratiok,q /k;, . When high-velocity effects are significant, thebe measured for a wide range of saturations. Results of gas-
most important information is the variation &fy with kg /K, condensate relative permeabilities 2rrgaeasured by thllgz. technique
and the capillary numbeN. . The relevant values d,q /k, are have been reported by Hendersetnal”> and Cheret al.

determined by the pressure/volume/temperat@\éT) properties ~ Fig. 1 shows a schematic diagram of the equipment used for
steady-state experiments by AEA Technology. At the start of the
experiment the core contains gas condensate and connate water
Copyright © 2000 Society of Petroleum Engineers above the dewpoint pressure. The pressure is then reduced so that
This paper (SPE 68050) was revised for publication from paper SPE 56484, first presented a quuid phase forms by retrograde condensation. Equilibrium gas
at the 1999 SPE Annual Technical Conference and Exhibition, Houston, 3-6 October. and quuid are then simultaneously injected into the C()Tbe gas
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"a"s‘.f“"‘e' TABLE 1- RESERVOIR CORE PROPERTIES
Length (cm) 25.8
x Diameter (cm) 3.80
Equilibrium : 2
liquid at core Cross-sectional area (cm?) 11.3
pressure
(1 litre vessel) CORE 3
SOLDER Bulk volume (cm>®) 291.5
OUTLET
VESSEL
Equilibrium gas (1 Titre) Pore volume (mL) 74.0
at core pressure .
(1 litre vessel) -._ POI’OSIty (%) 25.4
e 1
7 EXTRAGTION Absolute brine permeability (md) 102.4
PUMP
el ; Irreducible water saturation (Swi) 0.118
‘ _‘:| Gas permeability at Swi (md) 67.7

INJECTION PUMPS

Fig. 1-Rig for steady-state relative permeability experiments.

through a computer-controlled pressure-reducing valve. The inlet

rations are achieved by varying the proportions of gas and Iiqufinjgcumulator represents conditions in the deep reservoir while the
We have used this rig to measure relative permeability data witQ"€ represents conditions near to the well. .

The experimental techniqgue mimics the process in the near-

gas-condensate fluids for a number of reservoir and outcrop cores - ’ . .
and have observed the increased mobility at high capillary nwW—e" region, whgre rich gas ﬂOV.VS into a region of Iovyer pressure,
ber, first reported in Ref. 2. cond_ensmg I|qu_|d and increasing the _I|_qU|d saturation until it is
mobile. After a time, steady-state conditions are reached when the
PseudoSteady-State MethodFevang and Whitsdh suggested flowing fluid compos@tion a_t the outlet of the core is the same as
an experimental technique for measurikg as a function of the gas composition in the inlet accumulator. Further details of the

q H 14
Krq /Ko Using core plugs. A similar method was also used by As&XPerimental procedures are given by Cakfiel:

and Handy® for measuring relative permeabilities in a low-IFT,
methane-propane system. We have applied this technique o
reservoir core of length 25 cm, although the equipment has b
built to accommodate cores up to 1-m long.

The pseudosteady-state technique is designed to measure rg

Choice of Fluids. Measurements of gas-condensate relative per-

théability can be carried out using reservoir fluid samples or with

e§3ﬂ1thetic fluids. Experiments with reservoir fluid samples are
ore realistic but also more expensive and time consuming. The

. - e 7antages of using synthetic gas-condensate fluids are ease of

tive permeabilities under conditions that are similar to the neganjing, petter characterization, and avoiding the need to work at

well region of a gas-condensate reservoir. It determiggsas a very high temperatures and pressures.

function of kg /kyo and capillary number, without the need t0 g axperiments relevant to near-well conditions, an advantage
measure saturations directly. With this technique it is possible {6 |,sing reservoir fluids is that it avoids the need for accurate
mel?sgrtla_ all tc)J_fI_the_reIIag\_/e pirmt_aablllty data neg(_::_ed to E_reﬁfﬁteasurements of liquid viscosity, which are not made in routine
well deliverability, including the increase In mobility at NigNpy/T apalyses of gas-condensate samples. Simulator predictions of

capillary number. as-condensate well productivity are quite sensitive to liquid vis-

Our apparatus for the pseudosteady-state technique is shQWgir, “However, if the relative permeability measurements are
schematically irFig. 2. The core is depleted to a pressure belowiy rieq out with the same fluid, any errors in calculated liquid
th_e dewpoint, in the same way as for the s_teady-stat(_e method. 1§ osity will cancel, as they will affect the reservoir simulation
difference from the steady-state method is that the inlet accumiliy the experimental interpretation in the same way.
lator contains the same gas-condensate fluid but at a higher pres-
sure. Only gas from the inlet accumulator is injected into the core,

Relative Permeability Measurements on North Sea

i Reservoir Core
REGULATOR Core Properties. The core used in this study to demonstrate the

> high-rate, pseudosteady-state method was a sandstone core from a
North Sea gas-condensate reservoir. The core properties are
shown inTable 1. This core had previously been used for low-
rate depletion and steady-state relative permeability measurements
using reservoir fluid samples, at conditions close to those in the
reservoir, and the results of this earlier study are also summarized

OUTLET in this section.

il A characteristic of this water-wet core is the relatively low

value of gas permeability &,;. A very high proportion of the

pores are interconnected by very small pore throats, so that a low

Gas condensate
atP > Pcore
{15 litre vessel)

CORE
HOLDER

SEPARATOR A water saturation blocks many of the flow paths of the gas phase.
HIGH RATE PUMP ‘~
Liquid Low-Rate Relative Permeability MeasurementsThe low-rate
BACK PRESSURE relative permeability measurements were carried out using a
modified reservoir fluid at a temperature of 93°C. The fluid had a
Fig. 2—Rig for pseudosteady-state, high-rate relative permeabil- dewpoint of about 450 bar with the maximum liquid drop out in a
ity experiments. CVD experiment of 25% occurring at about 200 bar.
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Fig. 3—Gas relative permeabilities measured in low-rate deple-
tion experiment. Fig. 4-(pi—p32y) vs. flow rate for high-rate experiment, gas
condensate, and water, to measure non-Darcy flow coefficient.

Gas relative permeabilities were measured by the depletion
method at pressures from 437 to 190 bar, followed by a smélbw rate.(We usep3,— pZ, rather thamA P to allow for gas com-
number of steady-state measurements at about 190 bar. Thepressibility) With Darcy flow, these data should lie on a straight
sults are shown irFig. 3. The water saturation during these exiine, and the departure from a straight line is a measure of the
periments was about 18%. effect of non-Darcy flow. Non-Darcy flow was apparent at rates
The unusual “S” shape of the gas relative permeability curvabove about 3 L/h.
suggests that gas relative permeability is affected by low values of The measured pressure data were analyzed using the method of
IFT. At the highest pressures and lowest liquid saturations, tEanset al,*® giving a gas permeability of 69 md and a non-
IFT is less than 0.02 mN/m, and the relative permeabilities lie dbarcy flow coefficient8) of 4.8x10° m™*.
a straight line with an endpoint saturation of zero. For higher A large number of empirical correlations have been published
values of liquid saturation, the reduced pressure leads to an for 8 as a function of effective permeability and porosity, giving a
crease in IFT. The three measured points at high IFT lie onvide range of results which vary by at least an order of magni-
Corey curve with an exponent of about 4 and a residual gas safiude. The measured value gfis towards the lower end of the
ration of 49%. These two extremes are shown by the dotted lineshge of predictions from different correlations.
on Fig. 3. Cheret al!? present gas-condensate relative permeabil-
ity curves with a similar shape, and we have seen similar resultshiigh-Rate Relative Permeability MeasurementsFor the gas-
other measurements of gas-condensate relative permeabilitiesaikrelative permeability measurements, the core pressure was re-
ing the depletion method. duced to about 160 bar, where the IFT was about 0.4 mN/m, and
During the depletion measurements, the gas permeabilitide liquid saturation in a CVD experiment was about 20%.
were determined by measuring differential pressures at flow ratesThree series of experiments were carried out by varying the
falling from 50 to 10 mL/h. The pressure drop varied linearly witlpressure in the inlet accumulator, which changed the composition
rate, indicating that there was no variation in relative permeabilityf the flowing fluid and the values of the ratig, /K, .
with flow rate. For the first test the inlet accumulator pressure was 170 bar,
giving a reduction in pressure of about 10 bar across the inlet
High-Rate Experiments. A five-component synthetic gas con-pressure reducing regulator. The displacement was continued until
densate was used for the high-rate experimehahle 2 shows differential pressure, condensate production, and total production
the composition of the fluid. The properties of this fluid have beemtes reached steady-state conditions. Once steady-state values
modeled with an equation of state at temperatures of 40, 60, andre measured, a new displacement rate was established by low-
80°C to provide fluid characteristics, viscosity, and interfacial terering the pressure by about 1 Kaising the outlet back-pressure
sion. The fluid properties have also been measured. For this fluidgulatoy. New steady-state conditions were established rapidly.
the IFT and maximum condensate saturation can be conveniemlbyr the first test, relative permeabilities were measured at four
controlled by choice of temperature. displacement rates before the reservoir fluid expired.
The experiments were carried out at a core temperature ofTwo further tests were carried out at inlet accumulator pres-
60°C. The dewpoint pressure at this temperature is about 212 ares of 190 and 224 bar, giving a richer injection gas. For these
tests it was possible to measure relative permeabilities at 10 and
Non-Darcy Flow. An initial high-rate experiment was carried out15 displacement rates, respectively, because experience with the
with the core pressure above the dewpoint pressure, in orderfi{@t test had shown that steady-state conditions were achieved
measure the gas permeability and non-Darcy flow coefficient @éry quickly.
irreducible water saturation. The maximum rate was about 15 L/h, Between each test it was necessary to re-establish single-phase
measured at core conditionsig. 4 plots the difference between conditions. This involved re-vaporizing all liquid components
the squares of the inlet and outlet pressuggs p2,) against the throughout the system and mixing the liquid with its associated
gas. With the fluid re-vaporized, the core reference permeability
and fluid CVD characteristics were measured as a means of qual-

ity checking.
TABLE 2— SYNTHETIC CONDENSATE COMPOSITION During the second and third tests, some of the lower-rate rela-
tive permeability measurements were repeated following the
Component mol % highest-rate measurements. The results were consistent, with no
Methane 80.0 indication of a “hysteresis” effect resulting from the rate
changes.
n-Butane 14.0 . . 2 2 . .
n-Heptane 4.0 Fig. 5 gives a plot ofpj,— ps,: @against flow rate for the high-
n-Decane 1.4 rate experiments below dewpoint, with three phases present.
g These results show a downward curvature at increasing rate, cor-
n-Tetradecane 0.6 - . . . :
responding to an increase in mobility with flow rate. In contrast,
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1400 . pressure, steady-state liquid production, and total displacement
| rate; the three parameters required for the calculatiok, pind
. . Kro -
o It is possible to select “reservoir” and “bottomhole” pres-
1000 f— - sures to tailor flowing conditions to specific near-well situations,
. . generating relative permeability data with the appropriagek;,
2 . ratio, velocity, and IFT.
; » The technique is a single-pass operation; fluid recycling is not
600 +* e 3 1 possible as the composition of the reservoir fluid changes from the
Aexpt1 (Pres=170bar) inlet conditions to the core conditions. Large fluid volumes are,
~  therefore, required. To obtain a data series of 5 to 10 steady-state
3. e 8 expt 2 (Pres = 190 bar) i points would require a reservoir fluid volume of approximately 5
200wt -1 to 10 L.
° o oxpt3 (Pres =224 baﬂ « Although acquisition of data is very quick, fluid handling may
prove to be expensive or time consuming for real reservoir fluid
systems. These limitations may be reduced in time with more
experience and specialized equipment tailored to the technique.
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Fig. 5—(p2—p?2,) vs. flow rate for high-rate experiment, three- We are continuing to develop the pseudosteady-state method by

phase conditions, to measure high-rate relative permeability. extending its use to low-permeability cores and using in-situ satu-
ration monitoring to give a better understanding of saturations in
the core.

the two-phase results in Fig. 4 show an upward curvature, caused . . .

by a decrease in mobility with flow rate. The downward curvatur@terpretation of Relative Permeability Data _

in Fig. 5 shows that, for the rates in these experiments, the inflodels for IFT and N DependenceA number of mathematical
provement in mobility due to changes in relative permeabilitf?°dels have been proposed for representing the changes in gas

with capillary number is greater than any loss of mobility due tg"d ©il relative permeability with capillary number. All of these
non-Darcy fiow. models involve an interpolation between “base” curves low

capillary number, where flow is capillary dominatexhd straight

Relative Permeability Results. Fig. 6shows the measured val- lines representing “miscible” conditions at high capillary number

ues of relative permeability, plotted in the formiqf, andk,, vs. Where flow is viscous dominated. _ _

log of the capillary number for each of the three tests. Each testThe gas-phase relative permeability at capillary nunibgis

aimed to keep a constant value lf, /k,, , but in practice some gIV€N by

variation ink,, /k,, occurred due to changes in the core pressure. | _ _ _

The values o%<rg /K., were 13 to 17 in Test 1, 3.6 to 4.3 in Test krg=To(No)Krg(base + [~ Fo(Ne) Tkrg(miso @

2, and 0.97 to 1.1 in Test 3. The increase in mobility with capiWherek qnasy is the relative permeability curve at low capillary

lary number is very clear, and there is relatively little scatter in tHeumber, andkq(misq IS @ straight linef 4 is an interpolation func-

data. Note that the relative permeability data in Fig. 6 are normdion, which can take values between(& very high capillary

ized to a value ok,;=1 when the condensate liquid saturation i§lumbey and 1(at very low capillary number A similar expres-

zero. sion is used for the oil relative permeability, although the param-
eters in the interpolation function are usually different for the oil
and gas phases.

PseudoSteady-State Technique To avoid discontinuities in the critical saturation, the endpoints

An objective in this work is to develop an experimental proceduf®’ both the base and miscible curves are usually scaled to a value
to measure the relevant data for gas-condensate well productivity” 9>sc . .

on a routine basis. The pseudosteady-state method has provided The first model of this type was presented by Cddisith the .
very effective and practical means of measuring gas-condensitgrpolation based on IFT rather than capillary number. This
relative permeability, including the effects of high velocity. Thdn0de! is used in many commercial simulators for modeling low-
simplicity of the technique enables data to be acquired ve T effects. The published models based on caglllary number in-

; 1
quickly, and there are significant advantages over conventiorfade those of Fevang and WhitsbhPopeet al,*® and Danesh
steady-state measurements. Some key points are: et al!® Blom and Hagoof® present a review of the different mod-

« Steady state is achieved quickly, typically, in much less th&lS: and list seven different options for the interpolation function
30 minutes, and it is straightforward to measure core-differentied -

Modeling Low-Rate Experimental Data. The gas relative per-
meabilities measured in the depletion experiment at low rate show

035 e , e : e dependence on IFT but not on flow rate. A reasonable fit to the
| akig-exptt | |0l o P data was obtained by using Eq. 2 with the interpolation based on
0% mag-expt2 IFT, and the functiorf, given by
S 0.25 j ®krg -expt 3 f 1
- akro-expt 1 —
g 020 i DOkro - expt 2 : Lo g 1+(C/U)l ' (3)
S s || oworemts | wherec andd are empirical parameters. This function is the same
% b as in Refs. 17 and 18, but using IFT rather than capillary number.
o0 T I Fitting this model to the experimental data gave values for the
005 AT US11 - S S S S parameters of=0.057 mN/m andi=0.72, andFig. 7 compares
SRR L R Y S SO R R the predictions of this model for gas relative permeability with the
00 R — R — experimental data. The results show how the unusual S shape of
1o S ey mambor %% the measured relative permeability curve can be explained by in-
cluding dependence on IFT.
Fig. 6—Gas and oil relative permeabilities measured in high-rate The gas relative permeability curve in Fig. 7 shows a high
experiment. residual gas saturation of almost 50%. Additional measurements
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Fig. 7—Gas relative permeabilities measured in low-rate deple-
tion experiment, and calculated values using Eg. 3. Fig. 8—Gas relative permeabilities measured in high-rate ex-
periment, and predictions from theoretical model.

showed the core to have a very high proportion of the pores in-
terconnected by very small pore throats. The nonwetting 93
phase would be effectively blocked at high saturatiorthe larg-

The relative permeability data were also matched using two
ﬁ1er choices of interpolation function; the model of Danesh

. . ; t al,'® which uses different functions for interpolating relative
est pore spacgswhile the wetting condensate flows via the SmalEermeability curves and endpoint saturations, and Eq. F-1 of

pore network and occupies the pore throat locations. Sdljre- Blom and Hagoort® All of the models gave a reasonable match

sents gas-co_ndensate relatlve_ permeability data that also sho% the experimental data, but gave very different predictions when
very high residual gas saturation.

extrapolated to significantly higher capillary numbers.

Modeling High-Rate Experimental Data. Fitting the high-rate
relative permeabilities to a theoretical model is more complicat .
; ._Plspussion
as the saturations were not measured, whereas all of the publis ﬁ ) - . .
The relative permeability measurements on this core show differ-

correlations calculate relative permeability as a function of satu e 8 ; .
ration. ent behavior in the low-rate, depletion experiments and in the

The match was achieved by setting up a spreadsheet to caffigh-rate, pseudosteady-state experiments. The low-rate gas rela-
late a two-dimensional table &f, vs. k4 /k,, and capillary num- tive permeability data show an unusual behavior, which is prob-
ber, using a theoretical model of the form in Eq. 2. From this tabfPly caused by the e;fectshof I%W IFT,hbuthnohvarlatlon V;"th fLOW
it was possible to calculate, at the measured values kf, /k,, 2e Was seen. On the other hand, the high-rate results show a
and capillary number, and to compare predicted and measufigfinite increase in mobility with flow rate ataflxeq value of IFT.
values ofk, . The model parameters were then adjusted to opti- MOSt recent models for gas-condensate relative permeability
mize the firtgbetween predicted and measured values. assume that the capillary number can be used as a single param-

The base relative permeability curves at low capillary numbé&ter to account both for the effects of flow rate and IFT. These

were estimated from the low flow rate data, taking account of tAgSUltS suggest that this model may not be valid for flows at low

impact of low IFT on the gas relative permeability curve. As onls&;‘; and low IFT. However, this type of flow regime only occurs
v

a small number of steady-state measurements were made, it {he deep reservoir at high pressure, and is of limited importance

difficult to estimate the base oil relative permeability curve witf'"e" Cﬁlculating V;’G.’” produptiviﬁy. lationshio b "
any certainty. The base curves also allowed for the reduction in”\Nther area of interest is the relationship between capillary

the water saturation during the high-rate non-Darcy flow measu@ﬂmber and inertia(non-Darcy flow effects. A comparison of
ments. igs. 4 and 5 shows that capillary number effects have a signifi-

The change in relative permeability with capillary number waS&nt impact at flow rates above about 2 L/h, while inertial flow
modeled using the interpolation functigrt® effects only become important at flow rates above about 5 L/h.

The highest flow rate in the relative permeability experiments was

1 5.6 L/h, so it is difficult to draw any firm conclusions about the
fg:1+(a/a)175- (4 interaction of capillary number and inertial flow effects.

) Any inertial effect is included in the relative permeability re-
The parametera andb were allowed to take different values forsyts in Fig. 6. As these results show an increase in mobility with
the oil and gas phase, and their values are listeBaible 3. Fig.  flow rate, it appears that any reduction in mobility caused by
8 compares the calculated and measured valuds,of inertial flow is less important than the increase due to high capil-
_ The ratio ofkq /ky, is approximately constant during each setary number flow. However, this may not be the case at higher
ries of experiments, but slight variationskp, /k., occur, caused flow rates or for low-permeability cores, where inertial flow ef-
by small changes in the core pressure. The “bumps” in the dafgcts may be more dominant. Further experiments at higher flow
for Experiment 2 at a capillary number of about 20™° are due rates are needed to investigate the interaction between non-Darcy
to these variations ikq /K;, . and high capillary number flow.

The highest flow rates in the relative permeability tests gave a
superficial velocity of about 500 m/d. This velocity occurs about 1
ft from the wellbore in a reservoir producing 20 MMscf/D from a
100-ft column.

TABLE 3- PARAMETERS IN EQ. 4 FOR INTERPOLATING
K.g AND K,

a (gas) 72%10-5 Simulation of Condensate Well Productivity
b (gas) 23 A common approach to modeling gas-condensate well productiv-
a (oil) 9.0x10~4 ity in field-scale simulation is to use single-well models to esti-
] mate skin factors due to condensate blockage, and to use these
b (oil) 0.20 - . . . : o .
skin factors in the field-scale simulation. This is not ideal, as the
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o T - raves) Gas relative permeability measurements were carried out using

09 — o ..oy adepletion technique on the same core at low flow rates. The

08 |- SREEERE : . | results showed no rate dependency, but there was evidence for an

07 . /}// ‘ L] —:c:: l increase in relative permeability due to low IFT.

06 AR L :NC:1E:4! A method has been devised for matching the results of the
205 / / : Lo +N:;1E_5 pseudosteady-state techniqle, as a function ofk.q/k,, and
= oe / / Lo 3 Lo —No=1ES | papillary numpe)rto empirical correlations of relative permeabil-

o 7 IR ni o ! wep1 Ity Vs. saturation.

d @3 e T il @ expt2 |

02| 5 ‘ = = = «oms | NOmenclature

e o a = parameter in interpolation functiaifeq. 4

s ; " oo b = parameter in interpolation functiofq. 4

Kegtkro ¢ = parameter in interpolation functiofieq. 3, mN/m
d = parameter in interpolation functiaieq. 3
Fig. 9—kK,y Vs. k./k,,—permeabilities measured in high-rate f = interpolation function for relative permeability
experiment, and predictions from theoretical model. k., = relative permeability, md
N, = capillary number

pin = core inlet pressure, b@

. . Pout = core outlet pressure, kay
skin factor may vary with pressure and flow rate, and there canbe g — phase saturation

problems in ensuring consistent conditions between the single- g _ cyitical saturation
well and full-field models. SNC- = irreducible water saturation
Local grid refinemen{LGR) can be used to model near-well vl = superficial velocity, m/d.
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A more practical alternative is to use a pseudopressure meth§hscripts
to calculate gas-condensate well productivity within a coarse grid . .
simulation model! This technique can be extended to include Paseé = base relative permeability
capillary numbel’ and non-Darcy flow effects. Mdtt compares 9 = gasphase .
results of fine grid simulation and coarse grid simulation with a MiSC = miscible relative permeability
pseudopressure integral. The pseudopressure method gives good © = Oil phase
agreement with fine grid simulation, including a case where the
capillary number effect causes a significant improvement in W%cknowledgments. . .
productivity. It is also possible to use the pseudopressure mettfog? 1€chnology is grateful for the financial support for this
in material balance models that calculate well productivity in roject from the U.K. Dept. of Trade and Industry, BP Amoco,

spreadsheet calculation, including the impact of capillary numbgpS© Exploration and Production U.K. Ltd., Marathon Oil U.K.

afld non-Darcy ﬂ(l;v\;_ll including 'mp prilary nu Ltd., Mobil North Sea Ltd., Phillips Petroleum Co. U.K. Ltd.,
Pseudopressure models require permeabilities in the form 3f92 Petroleum a.s, and Texaco Britain Ltd.

Krg as a function ofk.4/k;, and capillary number, so that the

pseudosteady-state method measures relative permeability datgﬁ erences

the format needed for pseudopressure calculatibits.9 Shows Afidick, D., Kaczorowski, N.J., and Bette, S.: “Production Perfor-
P p %5 mance of a Retrograde Gas Reservoir: A Case Study of the Arun

the results from the high-rate experiments and the fitted theoreti- Fie|q » paper SPE 28749 presented at the 1994 SPE Asia Pacific Oil

cal model, plotted in this form. _ _ and Gas Conference, Melbourne, Australia, 7—10 November.
The model predictions in Fig. 9 show a large increase in mo2. Henderson, G.Det al. “Measurement and Correlation of Gas-
bility as the capillary number increases from fQo 10 3. This Condensate Relative Permeability by the Steady-State Method,”

rapid change in mobility can occur with most of the interpolation  SPEJ(June 1995191. _ ) _
functions that have been proposed for interpolating relative per: All. J-K., McGauley, P.J., and Wilson, C.J.: “The Effects of High-
meability with capillary number, and different interpolation func- ~ elocity Flow and PVT Changes Near the Wellbore on Condensate
tions can give very different results when used to extrapolate ex- Well Performance,” paper SPE 38923 presented at the 1997 SPE

. 9 y G . pot: Annual Technical Conference and Exhibition, San Antonio, Texas,
perimental data to higher capillary numbers. Further experimental 5_g octoper.
data at higher flow rates are needed to choose the most suitalle Boom, W.et al: “Experimental Evidence for Improved Condensate
interpolation function for modeling capillary number dependence Mobility at Near-Wellbore Flow Conditions,” paper SPE 30766 pre-
of relative permeability. sented at the 1995 SPE Annual Technical Conference and Exhibition,

Dallas, 22—-25 October.
5. Kalaydjian, F.J-M., Bourbiaux, B.J., and Lombard, J-M.: “Predicting

Conclusions Gas-Condensate Reservoir Performance: How Flow Parameters Are

. Altered When Approaching Production Wells,” paper SPE 36715
A pseudosteady-state technique has been used to measure gasf)resented at the 1996 SPE Annual Technical Conference and Exhibi-

condensate rt_elative permeab_ilities under conditions rele_vant to the tion, Denver, Colorado, 6-9 October.

near-well region. This technique measutgg as a function of g Henderson, G.D., Danesh, A., and Tehrani, D.H.: “Effect of Positive

Krq /Ko and capillary number, the most important data for calcu- Rate Sensitivity and Inertia on Gas-Condensate Relative Permeability

lating gas-condensate well productivity. at High Velocity,” paper presented at the 1999 European Symposium
High-rate relative permeability measurements on a North Sea on Improved Oil Recovery, Brighton, United Kingdom, 18-20 Au-

sandstone core show a significant increase in relative permeabilig/y gust. ) o

with capillary number, confirming the effect seen by other re-/- Saevareid, A., Whitson, C.H., and Fevang, O.: “"An Engineering Ap-

searchers. proach to Measuring Gas-Condensate Relative Permeabilities,” paper
At the flow rates in the experiments, the increased mobility due SC% 9930 presented at the 1999 Intl. Symposium of the Society of

. . T . Core Analysts, Golden, Colorado, 2—4 August.
to capillary number dominated any reduction in permeability dug ggevareid. A. Whitson. C.H. and Fevang, O.: “Gas-Condensate

to inertial (non-Darcy flow. Further experiments at higher flow  Relative Permeabilities: Modeling and Laboratory Measurements,”
rates are needed to understand the interaction between capillary paper SPE 56476 presented at the 1999 SPE Annual Technical Con-
number and inertial flow effects. ference and Exhibition, Houston, 3—6 October.

478  Mott, Cable, and Spearing: Gas-Condensate Well Deliverability SPE Reservoir Eval. & Eng., Vol. 3, No. 6, December 2000



9.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Diamond, P.Het al: “Probabilistic Prediction of Well Performance voirs,” paper presented at the 1999 European Symposium on Im-

in a Gas-Condensate Reservoir,” paper SPE 36894 presented at the proved Oil Recovery, Brighton, United Kingdom, 18—20 August.
1996 SPE European Petroleum Conference, Milan, Italy, 22—24 Oc-

tober.
Salino, P.A.: “Modeling Gas-Condensate Reservoirs—Reconciling . .
Laboratory and Welltest Data,” presented at the 1999 IBC U.K. Con-SI Metric Conversion Factors

ference on Optimization of Gas-Condensate Fields, London, 28—29 bar X 1.0° E+05 = Pa
January. cp X 1.0° E-03 = Pas
I_:evan_g_, O. and Whitson, C.H.: “Modeling Gas-Condensate Well De- ft X 3.048 E-01 = m
liverability,” SPERE(November 1995221. 3 3

Chen, H.L., Wilson, S.D., and Monger-McClure, T.G.: “Determina- ft® X 2.831685 E02 = m

tion of Relative Permeability and Recovery for North Sea GaS- 4 o nversion factors are exact. SPEREE

Condensate ReservoirsSPERE(August 1999 393.
Asar, H. and Handy, L.L.: “Influence of Interfacial Tension on Gas/
Oil Relative Permeability in a Gas-Condensate Systel8PERE ) ) ) )
(February 1988257. Robert Mpﬂ is a consultant reservoir engineer with AEA Tech-
Cable, Aet al: “Experimental Techniques for the Measurement of?0logy in Dorset, UK. e-mail: robert.mott@aeat.co.uk.
Relative Permeability and In-Situ Saturation in Gas-Condensats technical inferests include gas-condensate reservairs,
Near-Wellbore and Drainage Studies,” paper 9928 presented at thBase behavior, and numerical simulation. He holds an MA
1999 Intl. Symposium of the Soc. of Core Analysts, Golden, Colodegree in mathematics from Cambridge U. and a PhD
rado, 2—4 August. degree in physics from London U. Moftt is a 2000-2001 SPE
Evans, R.D., Hudson, C.S., and Greenlee, J.E.: “The Effect of @istinguished Lecturer. Andrew Cable is AEA Technology’s
Immobile Liquid Saturation on the Non-Darcy Flow Coefficient inPetroleum  Engineering Laboratory Manager.  e-mail:
Porous Media,"SPEPE(November 198¥331; Trans, AIME, 283  andrew.cable@aeat.co.uk. His principal areas of interest are
Coats, K.H.: “An Equation of State Compositional ModelSPEJ  the application of in-situ saturation monitoring techniques and
(October 198p363. ) reservoir condition SCAL studies. He has specialized knowl-
Fevang, O. and Whitson, C.H.: “Generalized Pseudopressure Wglyq in the measurement of gas-condensate relative perme-
Treatment in Reservoir Simulation,” paper presented at the 1997 IBGji,  critical condensate saturation, and near-wellbore
-FriiﬁggIczéjﬁévéﬁeszgfzn;e\;i:ge on Optimization of Gas-Condensg{g 4y .state measuremnents. Cable holds a chemical engi-
p ’ o . Lo . . neering degree from Loughborough U. of Technology. Mike
ope, G.Aet al: “Modeling Relative Permeability Effects in Gas- Spearing is a senior core analvst and proiect manaaer in AEA
Condensate Reservoirs with a New Trapping Mod@PERE(April  >Pearng 1S ¢ ' YST and proj gerin AA
2000 171. Tephnology s Petroleum En.glneermg ILoboro’ro‘ry. e-mail:
Danesh, Aet al: “Gas-Condensate Recovery Studies,” paper preMike.spearing@aeat.co.uk. His research inferests include the
sented at the U.K. Dept. of Trade and Industry 1998 Improved OffServoir condifion waterflood SCAL studies with in-sifu safura-
Recovery Research Dissemination Seminar, London, 17 June. ~ fion monitoring, ~gas-condensate gravity drainage, flow
Blom, S.M.P. and Hagoort, J.: “How to Include the Capillary Nummechanisms in 2D sandpacks, and the development of x-ray
ber in Gas-Condensate Relative Permeability Functions?” paper SPESitu saturation techniques. Spearing holds a degree in ap-
49268 prepared for presentation at the 1998 SPE Annual Technigdied chemistry and a PhD degree from the U. of Plymouth on
Conference and Exhibition, New Orleans, 27—-30 September. “Measurement and Modelling of the Pore Level Network
Mott, R.: “Calculating Well Deliverability in Gas-Condensate ReserProperties of Sandstones.””

Mott, Cable, and Spearing: Gas-Condensate Well Deliverability SPE Reservoir Eval. & Eng., Vol. 3, No. 6, December 2000

479



