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Summary whereu/k is the viscous Darcy’s term an@lis called the inertial
In the near-wellbore region of gas/condensate wells, high-pressopefficient. Noman and Archermnd Kalaydjianet al3 summa-
gradients induce both large condensate saturation and high gasd the origin of inertial effects and the influence of fluids and
velocities which may lead to significant deviations from Darcy'pore structure orB. In the case of an immobile liquid saturation,
law for gas permeability. At the present time, no physically relmany correlations like Geertsmalsexist, which expres@ as a
evant model exists which takes into account these non-Darcifamction of porosity, permeability, and gas saturation, namely,
two-phase flow phenomena. Using a specific laboratory equip- 0.5.15.505.
ment, a laboratory study has been performed with the aim to es B~ UK Sgs)' 2
timate the influence of pore structure and connate water saturatiggrtial effects for a gas phase flowing at high flow rates in a
Swi on the gas inertial coefficierly, and to integrate the effect of porous medium appear to be stronger in the presence of a mobile
the condensate dropout in the Forchheimer flow equation. Equrd';uid rather than a nonmobile ofé.But, this has never been
ments were conducted on sandpacks and sandstone core samglgfported by any conclusive experiment and no reliable correla-
For dry gas floods, the measur@g values were found in good tions still exist. For gas/condensate flow, Coles and Hartfhan
agreement with previous published data. For gas floods in pregveloped a method to estimate the effectig coefficient at
ence ofS,;, By was found to increase with,; and a new cor- different liquid saturations: they used core samples containing
relation betweerg, and a mean-pore radiusis proposed. Gas/ various saturations of solidified paraffin wax that mimic an immo-
condensate(C,-C3 mixtureg steady-state experiments showedile condensate phase. But, these experiments were performed
that 84 values increased with the total liquid saturation. under ambient conditions. In addition, at high liquid saturation,
above the critical, immobile paraffin is not representative of a
mobile liquid. Consequently, to take into account inertial effects,
the Forchheimer equation is generally implemented in reservoir
Introduction simulators with a84(k,#,S,;) correlation established for an im-
During the exploitation of gas/condensate reservoirs, the bottomobile liquid saturation. However, neither the mobility of the
hole flowing pressure decreases gradually. Below the dewpoligiuid nor thermodynamic conditions are considered. In the case
pressure, retrograde condensation occurs leading to the segréf gas/condensate field, this leads to a large inaccuracy in the
tion and then to the mobilization of the condensate pliabeve prediction of well productivity.
the critical condensate saturatid®,;) towards the producing For gas/condensate fields, pioneering numerical simulation
wells. The liquid phase accumulates in the wellbore region, forrorks were performed by Gondout al** However, inertial ef-
ing a ring which progressively impairs the gas deliverability. Ifects under reservoir conditions have never been experimentally
addition to that, steadily, the produced gas becomes lighter astldied. Acquiring such laboratory data is important to establish
therefore, less marketable. Predicting reservoir gas performarsisl validate any correlation.
and economy thus requires an accurate modeling of the flow be-This paper presents an improvement of the description of gas/
havior and the thermodynamics of those processes. condensate flowing properties in the near-wellbore region. A spe-
In the reservoir, far from the wellbore, flow rates are low angialized laboratory equipment has been built at the Institut
Darcy’s law remains valid. It is possible to reproduce in the labd=ran@is du Péeole (IFP) in order to perform high-velocity gas/
ratory such flow rates and to study the fluid behavior. Sonf®ndensate displacements, as representative as possible of near-
author$™ studied the evolution of the critical condensate saturavellbore conditions. With this equipment, a methodology was de-
tion with the gas-liquid interfacial tensiofiFT). They measured veloped to measure the effectiy coefficient for gas and gas/
gas and condensate relative permeabilities and correlated thegndensate displacements. Single-phase flow experiments were
with a capillary number. conducted to evaluate the influence of pore structure §pan
But near the wellbore, high-pressure gradients induce bofly value. Gas/condensate displacements were performed to quan-
large condensate saturation and high gas velocities which nidy the effect of condensate saturation on the Forchheimer flow
lead to significant deviations from Darcy’s law for the gas permequation. Experiments performed with consolidated and uncon-
ability. The near-wellbore region plays a key role in the produsolidated porous media, and with analog gas/condensate systems,
tivity decline of the field, and at the present time, no physicallgre reported and the results are discussed.
relevant model exists which takes into account these non-Darcian
two-phase flow effects. A better description of flowing properties
may lead to a better prediction of the productivity decline. Equipment and Procedures
Apparatus. It is quite difficult to model in the laboratory pressure
Background. Much research has been conducted to understagfy temperature wellbore flow conditions. Typically, a field pro-
the failure of Darcy’s law when the gas flow rate is graduallyciion flow rateggeq (7 MPa; 37.8°G of 10° m¥/day leads in the
increased:™In 1914, Forchheiméiproposed the following equa- |aporatory to 111 Lf?}(core diameter4 cm), using aC,-Cs bi-
tion, which is still the most commonly used flow equation: nary fluid as an analog of a real gas/condensate system.
—aplax= ulkv+ Bpv?, (1) In order to reach such high flow rates under pressure and tem-
perature and to simulate the wellbore flow conditions, the proto-
type Pegase has been developed at(R&f. 15 (Fig. 1). Its main
Copyright © 2000 Society of Petroleum Engineers specifications are: the capability to inject a large volume of fluid
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Gasometer
TABLE 1-NITROGEN PROPERTIES AT 21°C
Airbath up to 120°C E— ——————— p Patm 3
/ | ! 5 \ p (bar) w (cp) z p (kg/m?)
f i ] : 1 0.0176 0.9998 1.15
: . (B! : - -
® : GO : 5 0.0176 0.9989 5.74
— i [ L prpa 10 0.0177 0.9979 11.49
- | q 70 0.0189 0.9953 80.66
q, porous medqul — 80 0.0191 0.9966 92.06
bypass 90 0.0194 0.9985 103.37
AL ] ,\ v
E © =
injection pump pump 2
15l; 1001/h; 200bar 151; 100V/h; 200bar
\ / 1. Initially, the porous medium is saturated with gas in the

presence of connate water saturation. The pore pressure is above
the dewpoint pressumngy (pP1=p>>pPg)-

2. Pressure stefd): the fluid is injected in the porous medium
at a constant pressupg slightly abovepy, while the outlet pres-
sure is regulated at a constant selected valpg) below the
Measurement of B,: Gas Flow Case.The objective is to study dewpoint. In the porous medium, near the inlet, the pressure be-
the influence of pore structuré,,S,,;) on inertial effects during comes lower thapy and a condensate appears. This liquid accu-
gas displacement. To measure Bgecoefficient of various porous mulates and above the critical saturati®y, it becomes mobile.

Fig. 1-Pegase prototype.

media, the following steps were taken. Once pressures and flow rates are stabilized, they are measured.
« Initially, the system(pumps and porous mediyris saturated Fig. 4 shows the shape of pressure and condensate saturation pro-
with gas at a given pressum (p,;=90 bar, for instande files obtained through simulations at this “dynamic” equilibrium.

« The outlet pressure is reduced step by step down to selected; is not far frompy (p;—pg<<1 bar), one-dimensiondllD)
valuesp,(i)=p;—Ap(i), while pump 1 continuously injects gassimulations show that locdlS;(i,x)] and averaggSc(i)] con-
in the porous medium, at the constant presguyreAt each pres- densate saturations are very narr@ao 299.
sure step(i), the inlet and outlet flow rates adjust themselves. 3. S;(i) measurement. when the dynamic equilibrium is
Once equilibrium is reached, that is, once the flow parameters &e@ched, the porous medium is isolated. The pore pressure stabi-
stable, flow ratesy;(i) and q,(i), pressureg, and p,(i), and lizes to the average pressypg(i) and a new saturation profile is
differential pressuré p(i) are recorded and the outlet pressure igbtained(Fig. 5). The average condensate saturation correspond-
automatically reduced down to the next step vahyéi +1). ing to this “static” equilibrium, S[p,(i)], is deduced from a

e The curvesip, /dx vs. g, and dp,/dx vs. g, can be drawn material balance made during a miscible injectioiCef with gas
with the equilibrium values and the deviation of Darcy’s lanwchromatography(GC) analysis of the effluent. 1D simulations

should be observed. show that this saturation and the average satureign of the

* B4 is deduced while plotting the pressure-squared differeneynamic equilibrium are comparab@ to 5%.
over the mass flow rate vs. the mass flow @te (q,,=pq). The Steps 2 and 3 are repeated for different valugs,¢f). Finally,
slope of the curve giveg,, and the extrapolation of the ratio for the coefficient3, is correlated with the average condensate satu-
am=0 gives the effective permeability, (Fig. 2). ration Se[ pp(i)].

Remark. The integration of the Forchheimer equation By is a function ofS; . For its measuremer(Fig. 3), S; should

> be fixed. In a four-step experiment with a givés-C5 mixture,
(P1=pP2)/(2plean/s)=1ky+ Byl pnam/s, (3)  each stefi) corresponds to a pressupe(i) and to a condensate

with c=zRTM (M is the universal gas constansupposes that SaturationS(i). For each steyi) there is only one point in the
the variations of (compressibility and x (viscosity betweenp, ~Forchheimer diagram relative ®(i) (Fig. 6). For a givenS;, a
andp, are small enough to be considered negligible. For nitrogdRinimum of threeC,-C; mixtures are needed to obtain three
(N,), between 90 and 70 bar, the viscosjtyand the compress- POINts in the Forchheimer diagrathig. 7). To reach a givers,,

ibility factor z do not vary drastically and the integration in Eq. 3he pressure conditions for each mixture have to be estimated.
can be appliedTable 1). These conditions can be chosen by means of iterative simulations:

after the experiment with a first flui€first point in the Forch-
Measurement of 8, : GagCondensate CaseThe objective is to heimer diagram the displacement of the secofd-Cs mixture
study the influence of the condensate saturation of@jieceffi- is simulated with the IFP numerical simulatarHos™ and an
cient, that is, to draw the Forchheimer curv@é{ p2)/p,q, vs. 2average saturation is calculated. The pressure conditions are then
0, at various condensate saturatichs(Fig. 3). A well-known modified in order to obtain the san® as for the first fluid. The
C,-C5 mixture is considered at constant temperature. The follovgXPeriment performed at these calculated pressures gives a second

ing steps are taken. point in the Forchheimer diagram. The same operation is per-

1212'2222 (212‘2222 sc2 >sc1
2uleqm/s 2uLcqm/s e

{K A /"

N B2 .. Sy >0
.. !
’// e -.In Sc=0
1/K,, Ldﬁ'
1/kg 1/kg1 e ﬁ .........................
» G=qnm/s 1k, » G=q,, /s
Fig. 2—Evaluation of B, coefficient. Fig. 3—Measurement of B,(S.), principle.
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Fig. 6—Four-step experiment with one  C,-C3 mixture.
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Fig. 7—Experiments with three  C;-C3 mixtures at fixed S,.
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TABLE 2-POROUS MEDIA

Porous L d ¢ PV ky  Knz d*
Medium  (cm) (cm) (%) (cm® (md) (md) (um)

V4-2B 40 487 219 1639 169 211 8
B1B 2485 485 158 725 28 40 3.5
ST1 6135 06 379 65.7 2430 2510 ~49
ST2 1000 0.6 36.3 1026 2710 2670 ~50

*d is the average pore diameter corresponding to 50% of nonwetting saturation (from
the mercury pore size-distribution curve).

formed for the third fluid to obtain a third point in the Forch-
heimer diagrangFig. 7). An example of such simulations is given
in the next section.

Porous Media and Fluids.Two sandstone core samples were
selected from a computerized tomograpby) scan examination:
a Vosges sandstorfg4-2B: medium permeabilityand a Bircho-
ver sandstonéB1B: low permeability. Gas(nitrogen and brine
(30 g/L KCI) permeabilities were measured. Some experiments
were performed at connate water saturatiyn. To establistS,;
brine was first displaced by viscous oil. This was followed by
successive floods of light oil, methane, and, finally, nitrogen. The
brine saturation profiles were checked for uniform{fyT-scan
analysis before and after displaceméniéo significant heteroge-
neity of the profiles was detected. Experiments were also per-
formed on two slim tubes, ST1 and ST2, filled with calibrated
glass beads¢diameter: 20 to 4Qum). Table 2 shows the dimen-
sions and the main characteristics of these porous media.

The experiments in single-phase conditions were performed
with nitrogen and aiifor slim tubeg at ambient temperaturef.
N, properties in Table )1

For a gas/condensate experiment, it has been shown that, in-
stead of real fluids, analog fluid systems can be used to measure
gas/condensate flow parametérShe main advantage of using
analog fluid systems lik€,-C5; mixtures is that, contrary to ac-
tual fluids, the pressure and temperature to be applied are not too
high. At 38°C, the dewpoint pressure is about 90 bar whatever the
composition of theC,-C5; mixture may be.Table 3 gives the
composition and the maximum liquid dropdMLDO) at 38°C of
the threeC,-C5 mixtures selected for the studyig. 8 shows that
the interfacial tension o€,-C5; mixtures do not vary drastically
with pressure between 80 and 90 bar at 380M2 to 0.09 mN/
m). The constant volume depletiogf€VD) curves were deter-
mined experimentally at 38°CFig. 9) and were compared with
the ones calculated with the IFP pressure/volume/temperature
(PVT) simulator. As shown in Table 3. PVT simulations overes-
timate the maximum liquid dropodMLDO). This effect is due to
the fact that at 38°C we are near the critical pgfig. 10). In this
region, it is well known that PVT calculations are never very
accurate and overestimate the liquid dropout. Furthermore, experi-
mentally, near the critical point a small impurity can drastically
modify the thermodynamic equilibrium.

Results and Discussion

Single-Phase Flow ExperimentsThe inertial gas coefficient was
determined for the Vosges and Birchover sandstones and for the
two slim tubes at various connate water saturations, following the
above-described procedure. The results are groupdahlite 4.

Fig. 11 shows the deviation from Darcy’s law observed for the
dry Vosges sandstone. The Forchheimer diagram used to estimate
the B4 coefficient is presented iRig. 12 The measurements are
reproducible(cf. measurements on V4-2B §},;=0.34, Table 4

In Table 4, measureg@, values are compared with the ones cal-
culated from the Geertsma correlati@xpressed in Sl units

By=0.005($>%5°) for S,;=0 (k, in m% By in m™?),
4
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TABLE 3- C;-C3; MIXTURES AND CVD PARAMETERS AT 38°C

Cl C3 MLDO MLDO Pa Pyg

Fluid (mol %) (mol %) exp. (lig %) calc. (liq %) exp. (bara) calc. (bara)
1 59 41 8.2 17.6 89.1 90.7
2 56 44 ~20 47.9 91 91.4
3 54.5 455 31.4 70.6 91 90.5

4
3,5
— 3 b
§ 25
[
= 151
L
= 1]
0,5 4
0 ——t t f ¥ —
30 40 50 60 70 80 90 100
Pressure (bar)
Fig. 8—IFT of C;-C3 mixtures at 38°C.
35
30 1 :
z 57 3 L5450
S 204l Fluid 3 - C,=54.5%
g ;
R Fl{aid 1-C=59%
. —
0 —— —N

20 30 40 50 60 70 80 90 100

Pressure (bara)

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

Pressure (bar)

Temperature (°C)

Fig. 10—Simulated phase envelope of fluid 1
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(Cy=59mol.%).

By=0.005[ $>(1—S,,)>%J7]
for Sui>0 (kg in Mm% By in m™Y). (5)

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

Fig. 13 shows an increase @, with the water saturation for
both sandstones, consistent with what is reported in the literature.
The presence of water reduces the available pore volume and,
consequently, saturation and permeability. It increases the number
of direction changes and the flow path length of the fluid and,
consequently, the pressure losses and ghevalue. InFig. 14
measured values are compared to literature Hafehey are in
good agreement with previous published results. Fig. 14 shows a
decrease in inertial effects with increase in permeability, as gen-
erally observed.

An attempt was made to reconcile the values obtained with and
without S,;; . For each porous medium and each water saturation,
an average equivalent pore radiusvas calculated using the fol-
lowing formula(Table 5):

r=(8k,/$)*> (USI) for S,;=0, (6)
T=[8ky/p(1—-Swi]*® (USI) for S,;>0. (7)

These formulas, established for bundles of identical capillaries
from Poiseuille and Darcy’s equations, lead to a good linear rela-
tionship: logB, vs. T for all experiments(Fig. 15. The inertial
coefficient decreases as the equivalent pore radius increases,
which is when the permeability increases or when the water satu-
ration decreases.

GagCondensate High Flow Rate Displacementssas/
condensate displacements were performed in the Birchover sand-
stone(B1B atS,;=24.8% PV, Table Pwith the C;-C5 mixtures
given in Table 3 and following the above-described procedure.

Simulation Example.As explained in the previous session, 1D
simulations were performed in order to estimate the operating
conditions. For these simulations, tke values used were mea-
sured with nitrogen and decane &;=24.8% PV. At 38°C and
between 90 and 70 bar, the interfacial tensiorCefC; mixtures
is small and does not vary drasticallyig. 8). An average value of
IFT=0.05 mN/m was used to deduce the gas-liquid capillary pres-
sure curve from the mercury injection curve.

The injections of three selected,;-C; mixtures in the B1B
sample were simulated using 100 homogeneous cells. The injec-
tion pressureg, was constantp;=90/91 bar ,>p,). The out-
let pressure was reduced step by step down to 72 bar. For each
outlet pressur@, at dynamic equilibrium, the flow rates, the pres-
sure profile, and the saturation profile were calculated. The aver-
age pressure and saturation of the porous medium were then de-
duced from these profiles. With such simulations, it is possible to
approximately estimate for each fluid the experimental conditions,
that is, pressurep, and p,, leading to an average condensate
saturation. But, simulations do not take into account the influence
of S; on B4. Consequently, these pressure values are only ap-
proximations, and experimentally they have to be adjusted to ob-
tain a proper averags; .
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TABLE 4-MEASURED AND CALCULATED INERTIAL COEFFICIENTS

Measured Geertsma Correlation

POI‘QUS SWi kg ,Bg(SW,-=O) Bg(swi>0) Bg(swizo) Bg(swi>0)
Medium  (%PV Bg (m™) By (ft™h ) k, (darcy) (darcy) m™) m™ (ft™h (ft™h
V4-2B 0 1.30E+08 3.96E+07 0.219 0.169 0.211 5.16E+07 1.57E+07
V4-2B 34 1.92E+08 5.85E+07 0.219 0.208 4 57E+08 1.39E+08
V4-2B 34 1.90E+08 5.79E+07 0.219 0.208 457E+08 1.39E+08
V4-2B 40 2.80E+08 8.53E+07 0.219 0.096 1.14E+09 3.46E+08

B1B 0 1.12E+09 3.41E+08 0.158 0.028 0.04 7.63E+08 2.33E+08

B1B 24.8 2.20E+09 6.71E+08 0.158 0.033 3.37E+09 1.03E+09

B1B 43 5.60E+09 1.71E+09 0.158 0.025 1.78E+10 5.42E+09
ST1 air 0 4.08E+05 1.24E+05 0.379 2.43 2.53 6.66E+05 2.03E+05
ST1 N, 0 449E+05 1.37E+05 0.379 2.43 2.51 6.66E+05 2.03E+05

ST1 18.3 5.74E+05 1.75E+05 0.379 2.02 2.22E+06 6.77E+05
ST2 air 0 4.11E+05 1.25E+05 0.363 2.71 2.69 8.00E+05 2.44E405
ST2 N, 0 4.02E+05 1.23E+05 0.363 2.71 2.67 8.00E+05 2.44E+05

—{#— Birchover - small k

90000 - deviatigt of Darcy’s law 6,0E+09 | 4,0E+08
80000 —&— Vosges - medium k
+ 3,5E408
70000 T 5,0E+09 "
- 60000 + - - 3,0E+08
g 50000 + % 4,0E409 2
<o 40000 + £ + 2,5E+08 g
N’
~ 30000 { & 30E+09 1 2,0E408 =
S 20000 | - -~
- + 1,5E+08
10000 T §&2,0E+09; " %
0 At J NN =« - 1,0E408
0 5 10 15 20 25
1,0E+09 7
2.2 + 5,0E+07
(p,°-p,°)p, (bar)
0,0E+00 : 0,0E+00
Fig. 11-V4-2B at S,;=0: deviation of Darcy’s law. 0 10 20 30 40 S0
S, (%PV)
Fig. 13—Evolution of B, with S, .
1.0E411 g
12,0
~ 1.0E+10 4
® 100
Py
a:’ 8.0 E 1.0E+09
& &
w 1.0E+08
§~ 6.0 i 7=H ¢ V4-28, BB, ST at Swi>0
> 4.0 S 108407 L et
&7 2
~ g
?., 2,0 O 10E406
N g
& 00 ey
0,00 0,05 0,10 0,15
2 + b : i i ; i
qu/S (g/cm /S) 100 aei S Lipan 100000 1000000
Fig. 12-V4-2B at S,;=0: B, measurement. Fig. 14—Correlation of B, with permeability (see Ref. 16).
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TABLE 5- AVERAGE PORE RADII AND g,
Porous medium ¢ Sui (% PV) ky, (md) kg (md) By (m™Y) r (um)
V4-2B 0.219 0 169 211 1.3E+08 2.48
V4-2B 0.219 34 208 1.9E+08 3.39
V4-2B 0.219 40 96 2.8E+08 2.42
B1B 0.158 0 28 40 1.1E+09 1.19
B1B 0.158 24.8 33 2.2E+09 1.49
B1B 0.158 43 25 5.6E+09 1.49
ST1 0.379 0 2430 2510 4.5E+05 7.16
ST1 0.379 18.3 2020 5.7E+05 7.23
ST2 0.363 0 2710 2670 4.0E+05 7.73
1,0E+10 Figs. 16 and 17show examples of pressure and condensate
* saturation profiles obtained at each equilibrium step for the injec-
1,0E+09 + tion of fluid 1 (C;=59%) in the B1B sample. No influence of
® the capillary pressure on the results was found.
1,0E+08 ¢ b Experimental ResultsFor each fluid and each pressure step
= consolidated (i), the best reg_ulation paramete{mopqr_tiopal bands of pumps
& 1,0E+07 ¢ were selected in order to reach equilibrium. The results of all
% sandstones experiments performed are presented-ig. 18 On this Forch-
. 1,0E406 } heimer diagram error bars relative to the equilibrium flow rate
: measurements are reported for each point. Squares denote mea-
1,0E+05 ¢ unconsolidated surements with the fi?st fluidql=59%% and (?ircles with the
sandpacks third fluid (C,=54.5%). The measured condensate saturation is
1,0E+04 Pt indicated for each point.
0 2 LAl 6 8 As expected, all the points relative to a nonzero condensate
radius r (Lm) saturation are located above the reference IBe=0 (B,
) . =2.2x 10° m™1). The presence of condensate increases inertial ef-
Fig. 15-Correlation B, vs. r. fects.
In Fig. 18, it is difficult to interpret all the results in term of a
B variation withS; (as in Fig. 3. At a givenS; value, it is not
95 possible to find a linear correlation as for the gaseous c8se (

—&—p,=p,91bar
——p, =87bar
—efly— p, =85bar
3 p, =82.5bar
—K— p, =80bar
75 - —@— p, =17.5bar
——f-p, =75bar
——a— p, =72.5bar

70 f + —~+— —+— |
0 5 10 20 25

Pressure (bar)

x (cm) 18

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

0,7
0,6 1+
~ 05 { —e—7,=p,91bar
g —§—p, =87bar
= 041 _85b
o —&—P; ag
g 03l 3¢ p, =82.5bar
= ——p, =80bar
” 02+ —@—p, =77.5bar
——4—p, T5bar
0,1 1 —=—p, P272.5bar
0
0 5 10 15 20 25
x (cm)

Fig. 17—Simulation of C;-Cj; injection in the B1B sample at
38°C; condensate saturation profiles at equilibrium.
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=0). For some experiments, the pressure and flow rate stabiliza-
tion was poor, implying large error baf€,=59%, S.=0.47,
0.57, and 0.7p The stabilization of the flow rate was really better
for the rich fluid(C,=54.5%, circles in Fig. 18 With this fluid,

the maximum condensate dropout is high, liquid appeared more
rapidly in the porous medium, leading to high stable condensate
saturation. Furthermore, the uncertainty in the calculation of the
average saturation is difficult to estimate. In addition to experi-
mental inaccuracy due to different thermodynamic conditions, the
measured saturatio8[p,(i)] (Fig. 5: porous medium isolated,
p=pp(i), no pressure gradienmay be slightly different from the
saturationS,(i) (Fig. 4: dynamic equilibriunp,>p4>p,) at

which pressures and flow rates were measured.

Interpretation. For some experiments, the measured values of
the condensate saturation were quite nar@y=55, 58, 60.2,
and 61.0% PY. Considering that these experiments have been
performed at the same condensate saturafgmerage valueS,

160,0 T
€ CA 3 61%
140,0 57% e5o 30% 39W e
g 12007 5% 550, 36 ® 60.2%
1000 T 47% 2
y . = 44%
3. 800 T 20%g 58%
QL %
=X 600 T
NN
400 T S0~ f,=2.2E9 m"!
2 | = 1080,4x + 40,375
2 200 y=Re
F~=0,9789
0,0 ‘ 1 : : ‘ 1 : i
0,000 0,005 0,010 0015 0,020 0025 0,030 0035 0,040
q,,/5 (g/lem2/s)
Fig. 18-Gas/condensate displacements in B1B at Swi

=24.8% PV, Forchheimer diagram.
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,§: 100 +
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|
5 o0 fs =22 10°m"
& T F? = 0,9931
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Fig. 19— B, value of B1B at S,;=24.8% PV and S.=58.6% PV. kmr/
L
M
=58.6% PV, it is possible to estimate &, value.Fig. 19 pre- p
sents the Forchheimer diagram relative Sg=58.6% PV. The P.
slope of the curve leads to the coefficigff(S.=58.6% PV) Pc
=5.61F m ! with a good correlation factorF?=0.92). This Pd
value is much higher than the one obtainedSat0, since it is Pp
increased by a factor 2.5. q
Am
Conclusions r
A specific laboratory equipment and methodology were developed S
and used to determine the inertial gas coefficiggtfor single- S

phase flow and for gas/condensate displacements. The followingScc
conclusions were drawn: for single-phase flg8y, is higher for
consolidated porous media than for unconsolidated porous media. S
Bg increases as the permeability decreases and as water saturatictr
increases[for the Birchover sandstone, that is, for the less- Swi
permeable samplegy(S,,;=0.43)=5. B4(S,=0)]. By is well
correlated and decreases with the average pore radius Te
For gas/condensate experiments, the presence of condensateV
increases the inertial effects. For an average condensate saturation?
of 58.6%, 84 was found to be significantly higher than the value B
measured at zero-condensate saturaffiactor 2.5. These results AP
obtained withC;-C3 mixtures must be confirmed with other ana- ¢
log gas/condensate systems liRg-C, mixtures, far from critical P
conditions, to improve the measurement of the condensate satura- &

sitive to any impurity. To avoid these problems and to work far
from the critical point,C,-C, mixtures could be used: actually,
calculations show that a working temperature of 60°C is, respec-
tively, 6.5 and 45.5°C higher than the critical temperature of
C,-C, mixtures with a composition o€, =70% andC,=80%
(Fig. 20). The calculated CVD curves of the€g-C, mixtures at
60°C give liquid dropouts in the range 2 to 25%.

Nomenclature

= core diameter, L, m

average pore diameter, L, m
correlation factor

effective gas permeability, 3. m?
relative permeability

absolute water permeability,2|.m?
core length, L, m

molar weight, g/mol

pressure, m/I% bar

capillary pressure, m/Et bar
critical pressure, m/Et bar
dewpoint pressure, m/Etbar
average pore pressure, miLbar
flow rate, L3/t, m¥/s

mass flow rate, m/t, kg/s
average equivalent pore radius, L, m
core section, & m?

condensate saturation

critical condensate saturation
gas saturation

liquid saturation

residual oil saturation

connate water saturation
temperature, °C

critical temperature, °C
velocity, L/t, m/s
compressibility factor

inertial coefficient, U, m™t
differential pressure, m/Ef bar
porosity, fraction

density, m/l%, glcn?

viscosity, m/Lt, cp

tion. One concludes that neglecting the effect of water and cogubscripts

densate saturation ofi; may lead to an overestimation of well

productivity indices. L

2

Future Work. To establish3,(S;) correlations other experiments c
must be performed at different condensate saturation values with g
other fluids. To reduce the uncertainty on the equilibrium flow ('?
rates it would be better to work with rich fluids. Furthermore, Fig. !
10 showed that at 38°C,@;-C5; mixture is near the critical point. w
This temperature is only 3.5°C higher than the critical temperature

inlet

outlet

critical

gas(vapon phase
pressure step
irreducible

water

of fluid 3. In this region, the thermodynamic properties are diffidcknowledgments
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