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Summary
In the near-wellbore region of gas/condensate wells, high-pres
gradients induce both large condensate saturation and high
velocities which may lead to significant deviations from Darcy
law for gas permeability. At the present time, no physically r
evant model exists which takes into account these non-Dar
two-phase flow phenomena. Using a specific laboratory eq
ment, a laboratory study has been performed with the aim to
timate the influence of pore structure and connate water satura
Swi on the gas inertial coefficientbg , and to integrate the effect o
the condensate dropout in the Forchheimer flow equation. Exp
ments were conducted on sandpacks and sandstone core sam
For dry gas floods, the measuredbg values were found in good
agreement with previous published data. For gas floods in p
ence ofSwi , bg was found to increase withSwi and a new cor-
relation betweenbg and a mean-pore radiusr̄ is proposed. Gas
condensate~C1-C3 mixtures! steady-state experiments show
that bg values increased with the total liquid saturation.

Introduction
During the exploitation of gas/condensate reservoirs, the bott
hole flowing pressure decreases gradually. Below the dewp
pressure, retrograde condensation occurs leading to the seg
tion and then to the mobilization of the condensate phase~above
the critical condensate saturationScc! towards the producing
wells. The liquid phase accumulates in the wellbore region, fo
ing a ring which progressively impairs the gas deliverability.
addition to that, steadily, the produced gas becomes lighter
therefore, less marketable. Predicting reservoir gas perform
and economy thus requires an accurate modeling of the flow
havior and the thermodynamics of those processes.

In the reservoir, far from the wellbore, flow rates are low a
Darcy’s law remains valid. It is possible to reproduce in the lab
ratory such flow rates and to study the fluid behavior. So
authors1-5 studied the evolution of the critical condensate satu
tion with the gas-liquid interfacial tension~IFT!. They measured
gas and condensate relative permeabilities and correlated
with a capillary number.

But near the wellbore, high-pressure gradients induce b
large condensate saturation and high gas velocities which
lead to significant deviations from Darcy’s law for the gas perm
ability. The near-wellbore region plays a key role in the produ
tivity decline of the field, and at the present time, no physica
relevant model exists which takes into account these non-Dar
two-phase flow effects. A better description of flowing propert
may lead to a better prediction of the productivity decline.

Background. Much research has been conducted to underst
the failure of Darcy’s law when the gas flow rate is gradua
increased.6-10 In 1914, Forchheimer6 proposed the following equa
tion, which is still the most commonly used flow equation:

2]p/]x5m/kn1brn2, ~1!
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wherem/k is the viscous Darcy’s term andb is called the inertial
coefficient. Noman and Archer4 and Kalaydjianet al.3 summa-
rized the origin of inertial effects and the influence of fluids a
pore structure onb. In the case of an immobile liquid saturation
many correlations like Geertsma’s11 exist, which expressb as a
function of porosity, permeability, and gas saturation, namely

b;1/~k0.5f5.5Sg
5.5!. ~2!

Inertial effects for a gas phase flowing at high flow rates in
porous medium appear to be stronger in the presence of a m
liquid rather than a nonmobile one.12 But, this has never been
supported by any conclusive experiment and no reliable corr
tions still exist. For gas/condensate flow, Coles and Hartma13

developed a method to estimate the effectivebg coefficient at
different liquid saturations: they used core samples contain
various saturations of solidified paraffin wax that mimic an imm
bile condensate phase. But, these experiments were perfo
under ambient conditions. In addition, at high liquid saturatio
above the critical, immobile paraffin is not representative o
mobile liquid. Consequently, to take into account inertial effec
the Forchheimer equation is generally implemented in reser
simulators with abg(k,f,Swi) correlation established for an im
mobile liquid saturation. However, neither the mobility of th
liquid nor thermodynamic conditions are considered. In the c
of a gas/condensate field, this leads to a large inaccuracy in
prediction of well productivity.

For gas/condensate fields, pioneering numerical simula
works were performed by Gondouinet al.14 However, inertial ef-
fects under reservoir conditions have never been experimen
studied. Acquiring such laboratory data is important to estab
and validate any correlation.

This paper presents an improvement of the description of g
condensate flowing properties in the near-wellbore region. A s
cialized laboratory equipment has been built at the Inst
Français du Pe´trole ~IFP! in order to perform high-velocity gas
condensate displacements, as representative as possible of
wellbore conditions. With this equipment, a methodology was
veloped to measure the effectivebg coefficient for gas and gas
condensate displacements. Single-phase flow experiments
conducted to evaluate the influence of pore structure andSwi on
bg value. Gas/condensate displacements were performed to q
tify the effect of condensate saturation on the Forchheimer fl
equation. Experiments performed with consolidated and unc
solidated porous media, and with analog gas/condensate sys
are reported and the results are discussed.

Equipment and Procedures
Apparatus. It is quite difficult to model in the laboratory pressur
and temperature wellbore flow conditions. Typically, a field pr
duction flow rateqfield ~7 MPa; 37.8°C! of 106 m3/day leads in the
laboratory to 111 L/h3 (core diameter54 cm), using aC1-C3 bi-
nary fluid as an analog of a real gas/condensate system.

In order to reach such high flow rates under pressure and t
perature and to simulate the wellbore flow conditions, the pro
type Pegase has been developed at IFP~Ref. 15! ~Fig. 1!. Its main
specifications are: the capability to inject a large volume of flu
in the porous medium at fixed pressure drop (Dpmax520 bar), by
means of two high flow rate pumps, and a good pressure regu
and an accurate control of flow rates.
1086-055X/2000/5~3!/301/8/$5.0010.50 301
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Measurement ofbg : Gas Flow Case.The objective is to study
the influence of pore structure (k,f,Swi) on inertial effects during
gas displacement. To measure thebg coefficient of various porous
media, the following steps were taken.

d Initially, the system~pumps and porous medium! is saturated
with gas at a given pressurep1 ~p1590 bar, for instance!.

d The outlet pressure is reduced step by step down to sele
valuesp2( i )5p12Dp( i ), while pump 1 continuously injects ga
in the porous medium, at the constant pressurep1 . At each pres-
sure step~i!, the inlet and outlet flow rates adjust themselve
Once equilibrium is reached, that is, once the flow parameters
stable, flow ratesq1( i ) and q2( i ), pressuresp1 and p2( i ), and
differential pressureDp( i ) are recorded and the outlet pressure
automatically reduced down to the next step valuep2( i 11).

d The curves]p1 /]x vs. q1 and ]p2 /]x vs. q2 can be drawn
with the equilibrium values and the deviation of Darcy’s la
should be observed.

d bg is deduced while plotting the pressure-squared differe
over the mass flow rate vs. the mass flow rateqm (qm5rq). The
slope of the curve givesbg , and the extrapolation of the ratio fo
qm50 gives the effective permeabilitykg ~Fig. 2!.

Remark.The integration of the Forchheimer equation

~p1
22p2

2!/~2mLcqm /s!51/kg1bg /mqm /s, ~3!

with c5zRT/M ~M is the universal gas constant!, supposes that
the variations ofz ~compressibility! andm ~viscosity! betweenp1
andp2 are small enough to be considered negligible. For nitrog
(N2), between 90 and 70 bar, the viscositym and the compress-
ibility factor z do not vary drastically and the integration in Eq.
can be applied~Table 1!.

Measurement ofbg : GasÕCondensate Case.The objective is to
study the influence of the condensate saturation of thebg coeffi-
cient, that is, to draw the Forchheimer curves (p1

22p2
2)/p1q1 vs.

qm , at various condensate saturationsSc ~Fig. 3!. A well-known
C1-C3 mixture is considered at constant temperature. The follo
ing steps are taken.

Fig. 1–Pegase prototype.

Fig. 2–Evaluation of bg coefficient.
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1. Initially, the porous medium is saturated with gas in t
presence of connate water saturation. The pore pressure is a
the dewpoint pressurepd (p15p2.pd).

2. Pressure step~i!: the fluid is injected in the porous medium
at a constant pressurep1 slightly abovepd , while the outlet pres-
sure is regulated at a constant selected valuep2( i ) below the
dewpoint. In the porous medium, near the inlet, the pressure
comes lower thanpd and a condensate appears. This liquid ac
mulates and above the critical saturationScc , it becomes mobile.
Once pressures and flow rates are stabilized, they are meas
Fig. 4 shows the shape of pressure and condensate saturation
files obtained through simulations at this ‘‘dynamic’’ equilibrium
If p1 is not far frompd (p12pd,1 bar), one-dimensional~1D!
simulations show that local@Sc( i ,x)# and average@Sc( i )# con-
densate saturations are very narrow~1 to 2%!.

3. Sc( i ) measurement: when the dynamic equilibrium
reached, the porous medium is isolated. The pore pressure s
lizes to the average pressurep̄p( i ) and a new saturation profile i
obtained~Fig. 5!. The average condensate saturation correspo
ing to this ‘‘static’’ equilibrium, Sc@ p̄p( i )#, is deduced from a
material balance made during a miscible injection ofC1 , with gas
chromatography~GC! analysis of the effluent. 1D simulation
show that this saturation and the average saturationSc( i ) of the
dynamic equilibrium are comparable~2 to 5%!.

Steps 2 and 3 are repeated for different values ofp2( i ). Finally,
the coefficientbg is correlated with the average condensate sa
ration Sc@ p̄p( i )#.

bg is a function ofSc . For its measurement~Fig. 3!, Sc should
be fixed. In a four-step experiment with a givenC1-C3 mixture,
each step~i! corresponds to a pressurep2( i ) and to a condensate
saturationSc( i ). For each step~i! there is only one point in the
Forchheimer diagram relative toSc( i ) ~Fig. 6!. For a givenSc , a
minimum of threeC1-C3 mixtures are needed to obtain thre
points in the Forchheimer diagram~Fig. 7!. To reach a givenSc ,
the pressure conditions for each mixture have to be estima
These conditions can be chosen by means of iterative simulati
after the experiment with a first fluid~first point in the Forch-
heimer diagram!, the displacement of the secondC1-C3 mixture
is simulated with the IFP numerical simulatorATHOS™ and an
average saturation is calculated. The pressure conditions are
modified in order to obtain the sameSc as for the first fluid. The
experiment performed at these calculated pressures gives a se
point in the Forchheimer diagram. The same operation is p

Fig. 3–Measurement of bg„Sc…, principle.

TABLE 1– NITROGEN PROPERTIES AT 21°C

p (bar) m (cp) z r (kg/m3)

1 0.0176 0.9998 1.15
5 0.0176 0.9989 5.74

10 0.0177 0.9979 11.49
70 0.0189 0.9953 80.66
80 0.0191 0.9966 92.06
90 0.0194 0.9985 103.37
ter SPE Journal, Vol. 5, No. 3, September 2000
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Fig. 4– p and Sc profiles in dynamic equilibrium.

Fig. 5– p and Sc profiles in static equilibrium.

Fig. 6–Four-step experiment with one C1-C3 mixture.

Fig. 7–Experiments with three C1-C3 mixtures at fixed Sc .
Lombard, Longeron, and Kalaydjian: Influence of Connate Water
formed for the third fluid to obtain a third point in the Forch
heimer diagram~Fig. 7!. An example of such simulations is give
in the next section.

Porous Media and Fluids.Two sandstone core samples we
selected from a computerized tomography~CT! scan examination:
a Vosges sandstone~V4-2B: medium permeability! and a Bircho-
ver sandstone~B1B: low permeability!. Gas~nitrogen! and brine
~30 g/L KCl! permeabilities were measured. Some experime
were performed at connate water saturationSwi . To establishSwi
brine was first displaced by viscous oil. This was followed
successive floods of light oil, methane, and, finally, nitrogen. T
brine saturation profiles were checked for uniformity~CT-scan
analysis before and after displacements!. No significant heteroge-
neity of the profiles was detected. Experiments were also p
formed on two slim tubes, ST1 and ST2, filled with calibrat
glass beads~diameter: 20 to 40mm!. Table 2 shows the dimen-
sions and the main characteristics of these porous media.

The experiments in single-phase conditions were perform
with nitrogen and air~for slim tubes! at ambient temperature~cf.
N2 properties in Table 1!.

For a gas/condensate experiment, it has been shown tha
stead of real fluids, analog fluid systems can be used to mea
gas/condensate flow parameters.3 The main advantage of usin
analog fluid systems likeC1-C3 mixtures is that, contrary to ac
tual fluids, the pressure and temperature to be applied are no
high. At 38°C, the dewpoint pressure is about 90 bar whatever
composition of theC1-C3 mixture may be.Table 3 gives the
composition and the maximum liquid dropout~MLDO! at 38°C of
the threeC1-C3 mixtures selected for the study.Fig. 8 shows that
the interfacial tension ofC1-C3 mixtures do not vary drastically
with pressure between 80 and 90 bar at 38°C~0.02 to 0.09 mN/
m!. The constant volume depletion~CVD! curves were deter-
mined experimentally at 38°C~Fig. 9! and were compared with
the ones calculated with the IFP pressure/volume/tempera
~PVT! simulator. As shown in Table 3. PVT simulations overe
timate the maximum liquid dropout~MLDO!. This effect is due to
the fact that at 38°C we are near the critical point~Fig. 10!. In this
region, it is well known that PVT calculations are never ve
accurate and overestimate the liquid dropout. Furthermore, exp
mentally, near the critical point a small impurity can drastica
modify the thermodynamic equilibrium.

Results and Discussion
Single-Phase Flow Experiments.The inertial gas coefficient was
determined for the Vosges and Birchover sandstones and for
two slim tubes at various connate water saturations, following
above-described procedure. The results are grouped inTable 4.
Fig. 11 shows the deviation from Darcy’s law observed for t
dry Vosges sandstone. The Forchheimer diagram used to esti
the bg coefficient is presented inFig. 12. The measurements ar
reproducible~cf. measurements on V4-2B atSwi50.34, Table 4!.
In Table 4, measuredbg values are compared with the ones ca
culated from the Geertsma correlation~expressed in SI units!:

bg50.005/~f5.5kw
0.5! for Swi50 ~kw in m2; bg in m21!,

~4!

TABLE 2– POROUS MEDIA

Porous
Medium

L
(cm)

d
(cm)

f
(%)

PV
(cm3)

kw
(md)

kN2
(md)

d̄*
(mm)

V4-2B 40 4.87 21.9 163.9 169 211 8
B1B 24.85 4.85 15.8 72.5 28 40 3.5
ST1 613.5 0.6 37.9 65.7 2430 2510 ;49
ST2 1000 0.6 36.3 102.6 2710 2670 ;50

* d̄ is the average pore diameter corresponding to 50% of nonwetting saturation (from
the mercury pore size-distribution curve).
SPE Journal, Vol. 5, No. 3, September 2000 303



304 Lombard,
TABLE 3– C1-C3 MIXTURES AND CVD PARAMETERS AT 38°C

Fluid
C1

(mol %)
C3

(mol %)
MLDO

exp. (liq %)
MLDO

calc. (liq %)
pd

exp. (bara)
pd

calc. (bara)

1 59 41 8.2 17.6 89.1 90.7
2 56 44 ;20 47.9 91 91.4
3 54.5 45.5 31.4 70.6 91 90.5
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Fig. 8–IFT of C1-C3 mixtures at 38°C.

Fig. 9–Experimental CVD of Fluids 1 and 3 at 38°C.

Fig. 10–Simulated phase envelope of fluid 1 „C1Ä59 mol. % ….
Longeron, and Kalaydjian: Influence of Connate Wa
bg50.005/@f5.5~12Swi!
5.5kg

0.5#

for Swi.0 ~kg in m2; bg in m21!. ~5!

The experimental values are quite different from the calcula
ones. As has also been observed in the literature, the Geer
correlation overestimates inertial effects, particularly if water
present in the porous medium.

Fig. 13 shows an increase ofbg with the water saturation for
both sandstones, consistent with what is reported in the literat
The presence of water reduces the available pore volume
consequently, saturation and permeability. It increases the num
of direction changes and the flow path length of the fluid a
consequently, the pressure losses and thebg value. In Fig. 14
measured values are compared to literature data.16 They are in
good agreement with previous published results. Fig. 14 show
decrease in inertial effects with increase in permeability, as g
erally observed.

An attempt was made to reconcile the values obtained with
without Swi . For each porous medium and each water saturat
an average equivalent pore radiusr̄ was calculated using the fol
lowing formula ~Table 5!:

r̄ 5~8.kw /f!0.5 ~USI! for Swi50, ~6!

r̄ 5@8.kg /f~12Swi!#0.5 ~USI! for Swi.0. ~7!

These formulas, established for bundles of identical capilla
from Poiseuille and Darcy’s equations, lead to a good linear re
tionship: logbg vs. r̄ for all experiments~Fig. 15!. The inertial
coefficient decreases as the equivalent pore radius increa
which is when the permeability increases or when the water s
ration decreases.

GasÕCondensate High Flow Rate Displacements.Gas/
condensate displacements were performed in the Birchover s
stone~B1B atSwi524.8% PV, Table 2! with theC1-C3 mixtures
given in Table 3 and following the above-described procedure

Simulation Example.As explained in the previous session, 1
simulations were performed in order to estimate the opera
conditions. For these simulations, thekr values used were mea
sured with nitrogen and decane atSwi524.8% PV. At 38°C and
between 90 and 70 bar, the interfacial tension ofC1-C3 mixtures
is small and does not vary drastically~Fig. 8!. An average value of
IFT50.05 mN/m was used to deduce the gas-liquid capillary pr
sure curve from the mercury injection curve.

The injections of three selectedC1-C3 mixtures in the B1B
sample were simulated using 100 homogeneous cells. The in
tion pressurep1 was constant:p1590/91 bar (p1.pd). The out-
let pressure was reduced step by step down to 72 bar. For
outlet pressurep2 at dynamic equilibrium, the flow rates, the pre
sure profile, and the saturation profile were calculated. The a
age pressure and saturation of the porous medium were then
duced from these profiles. With such simulations, it is possible
approximately estimate for each fluid the experimental conditio
that is, pressuresp1 and p2 , leading to an average condensa
saturation. But, simulations do not take into account the influe
of Sc on bg . Consequently, these pressure values are only
proximations, and experimentally they have to be adjusted to
tain a proper averageSc .
ter SPE Journal, Vol. 5, No. 3, September 2000



TABLE 4– MEASURED AND CALCULATED INERTIAL COEFFICIENTS

Porous
Medium

Measured Geertsma Correlation

Swi
(%PV) bg (m21) bg (ft21) f kw (darcy)

kg
(darcy)

bg(Swi50)
(m21)

bg(Swi.0)
(m21)

bg(Swi50)
(ft21)

bg(Swi.0)
(ft21)

V4-2B 0 1.30E108 3.96E107 0.219 0.169 0.211 5.16E107 1.57E107
V4-2B 34 1.92E108 5.85E107 0.219 ¯ 0.208 4.57E108 1.39E108
V4-2B 34 1.90E108 5.79E107 0.219 ¯ 0.208 4.57E108 1.39E108
V4-2B 40 2.80E108 8.53E107 0.219 ¯ 0.096 1.14E109 3.46E108

B1B 0 1.12E109 3.41E108 0.158 0.028 0.04 7.63E108 2.33E108
B1B 24.8 2.20E109 6.71E108 0.158 ¯ 0.033 3.37E109 1.03E109
B1B 43 5.60E109 1.71E109 0.158 ¯ 0.025 1.78E110 5.42E109

ST1 air 0 4.08E105 1.24E105 0.379 2.43 2.53 6.66E105 2.03E105
ST1 N2 0 4.49E105 1.37E105 0.379 2.43 2.51 6.66E105 2.03E105

ST1 18.3 5.74E105 1.75E105 0.379 ¯ 2.02 2.22E106 6.77E105

ST2 air 0 4.11E105 1.25E105 0.363 2.71 2.69 8.00E105 2.44E105
ST2 N2 0 4.02E105 1.23E105 0.363 2.71 2.67 8.00E105 2.44E105
Fig. 11–V4-2B at SwiÄ0: deviation of Darcy’s law.

Fig. 12–V4-2B at SwiÄ0: bg measurement.
Lombard, Longeron, and Kalaydjian: Influence of Connate Water
Fig. 13–Evolution of bg with Swi .

Fig. 14–Correlation of bg with permeability „see Ref. 16 ….
SPE Journal, Vol. 5, No. 3, September 2000 305
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TABLE 5– AVERAGE PORE RADII AND bg

Porous medium f Swi (% PV) kw (md) kg (md) bg (m21) r̄ (mm)

V4-2B 0.219 0 169 211 1.3E108 2.48
V4-2B 0.219 34 ¯ 208 1.9E108 3.39
V4-2B 0.219 40 ¯ 96 2.8E108 2.42
B1B 0.158 0 28 40 1.1E109 1.19
B1B 0.158 24.8 ¯ 33 2.2E109 1.49
B1B 0.158 43 ¯ 25 5.6E109 1.49
ST1 0.379 0 2430 2510 4.5E105 7.16
ST1 0.379 18.3 ¯ 2020 5.7E105 7.23
ST2 0.363 0 2710 2670 4.0E105 7.73
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Fig. 15–Correlation bg vs. r .

Fig. 16–Simulation of C1-C3 injection in the B1B sample at
38°C; pressure profiles at equilibrium.

Fig. 17–Simulation of C1-C3 injection in the B1B sample at
38°C; condensate saturation profiles at equilibrium.
Longeron, and Kalaydjian: Influence of Connate Wa
Figs. 16 and 17show examples of pressure and condens
saturation profiles obtained at each equilibrium step for the inj
tion of fluid 1 (C1559%) in the B1B sample. No influence o
the capillary pressure on the results was found.

Experimental Results.For each fluid and each pressure st
~i!, the best regulation parameters~proportional bands of pumps!
were selected in order to reach equilibrium. The results of
experiments performed are presented inFig. 18. On this Forch-
heimer diagram error bars relative to the equilibrium flow ra
measurements are reported for each point. Squares denote
surements with the first fluid (C1559%) and circles with the
third fluid (C1554.5%). The measured condensate saturation
indicated for each point.

As expected, all the points relative to a nonzero condens
saturation are located above the reference lineSc50 (bg

52.23 109 m21). The presence of condensate increases inertia
fects.

In Fig. 18, it is difficult to interpret all the results in term of
bg variation withSc ~as in Fig. 3!. At a givenSc value, it is not
possible to find a linear correlation as for the gaseous caseSc
50). For some experiments, the pressure and flow rate stabi
tion was poor, implying large error bars~C1559%, Sc50.47,
0.57, and 0.75!. The stabilization of the flow rate was really bette
for the rich fluid~C1554.5%, circles in Fig. 18!. With this fluid,
the maximum condensate dropout is high, liquid appeared m
rapidly in the porous medium, leading to high stable condens
saturation. Furthermore, the uncertainty in the calculation of
average saturation is difficult to estimate. In addition to expe
mental inaccuracy due to different thermodynamic conditions,
measured saturationSc@ p̄p( i )# ~Fig. 5: porous medium isolated
p5 p̄p( i ), no pressure gradient! may be slightly different from the
saturationSc( i ) ~Fig. 4: dynamic equilibriump1.pd.p2! at
which pressures and flow rates were measured.

Interpretation. For some experiments, the measured values
the condensate saturation were quite narrow~Sc555, 58, 60.2,
and 61.0% PV!. Considering that these experiments have be
performed at the same condensate saturation~average valueSc

Fig. 18–Gas Õcondensate displacements in B1B at Swi
Ä24.8 % PV, Forchheimer diagram.
ter SPE Journal, Vol. 5, No. 3, September 2000
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558.6% PV!, it is possible to estimate abg value.Fig. 19 pre-
sents the Forchheimer diagram relative toSc558.6% PV. The
slope of the curve leads to the coefficientbg(Sc558.6% PV)
55.6 109 m21 with a good correlation factor (F250.92). This
value is much higher than the one obtained atSc50, since it is
increased by a factor 2.5.

Conclusions
A specific laboratory equipment and methodology were develo
and used to determine the inertial gas coefficientbg for single-
phase flow and for gas/condensate displacements. The follow
conclusions were drawn: for single-phase flow,bg is higher for
consolidated porous media than for unconsolidated porous me
bg increases as the permeability decreases and as water satu
increases@for the Birchover sandstone, that is, for the les
permeable sample,bg(Swi50.43)55. bg(Sw50)#. bg is well
correlated and decreases with the average pore radiusr̄ .

For gas/condensate experiments, the presence of conde
increases the inertial effects. For an average condensate satu
of 58.6%,bg was found to be significantly higher than the val
measured at zero-condensate saturation~factor 2.5!. These results
obtained withC1-C3 mixtures must be confirmed with other an
log gas/condensate systems likeC1-C4 mixtures, far from critical
conditions, to improve the measurement of the condensate sa
tion. One concludes that neglecting the effect of water and c
densate saturation onbg may lead to an overestimation of we
productivity indices.

Future Work. To establishbg(Sc) correlations other experiment
must be performed at different condensate saturation values
other fluids. To reduce the uncertainty on the equilibrium flo
rates it would be better to work with rich fluids. Furthermore, F
10 showed that at 38°C, aC1-C3 mixture is near the critical point
This temperature is only 3.5°C higher than the critical tempera
of fluid 3. In this region, the thermodynamic properties are di
cult to calculate, and experimentally, the equilibrium is very s

Fig. 19– bg value of B1B at SwiÄ24.8 % PV and ScÄ58.6 % PV.

Fig. 20–Phase envelope of C1-C4 mixtures.
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sitive to any impurity. To avoid these problems and to work
from the critical point,C1-C4 mixtures could be used: actually
calculations show that a working temperature of 60°C is, resp
tively, 6.5 and 45.5°C higher than the critical temperature
C1-C4 mixtures with a composition ofC1570% andC1580%
~Fig. 20!. The calculated CVD curves of theseC1-C4 mixtures at
60°C give liquid dropouts in the range 2 to 25%.

Nomenclature

d 5 core diameter, L, m
d̄ 5 average pore diameter, L, m
F 5 correlation factor

kg 5 effective gas permeability, L2, m2

kr 5 relative permeability
kw 5 absolute water permeability, L2, m2

L 5 core length, L, m
M 5 molar weight, g/mol
p 5 pressure, m/Lt2, bar

Pc 5 capillary pressure, m/Lt2, bar
pc 5 critical pressure, m/Lt2, bar
pd 5 dewpoint pressure, m/Lt2, bar
p̄p 5 average pore pressure, m/Lt2, bar
q 5 flow rate, L3/t, m3/s

qm 5 mass flow rate, m/t, kg/s
r̄ 5 average equivalent pore radius, L, m
s 5 core section, L2, m2

Sc 5 condensate saturation
Scc 5 critical condensate saturation
Sg 5 gas saturation
Sl 5 liquid saturation

Sor 5 residual oil saturation
Swi 5 connate water saturation

T 5 temperature, °C
Tc 5 critical temperature, °C
v 5 velocity, L/t, m/s
z 5 compressibility factor
b 5 inertial coefficient, L21, m21

Dp 5 differential pressure, m/Lt2, bar
f 5 porosity, fraction
r 5 density, m/L3, g/cm3

m 5 viscosity, m/Lt, cp

Subscripts

1 5 inlet
2 5 outlet
c 5 critical
g 5 gas~vapor! phase

~i! 5 pressure step
i 5 irreducible

w 5 water
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SI Metric Conversion Factors
bar 3 1.0* E105 5 Pa
cp 3 1.0* E203 5 Pa•s

dyn/cm 3 1.0* E100 5 mN/m
ft 3 3.048* E201 5 m

ft3 3 2.831 685 E202 5 m3

lbm 3 4.535 924 E201 5 kg

*Conversion factors are exact. SPEJ
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