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Summary. The industry has a procedure for stabilizing and sampling retrograde-gas (gas-condensate) wells; however, no investiga-
tion of the quality of the samples resulting from this procedure has been published. During sampling, bottomhole flowing pressure
(BHFP) typically is less than the dewpoint pressure of the original reservoir gas. This causes condensate liquid to build up in the reser-
voir around the wellbore. This paper presents the results of 2 study of the sarupling procedure and of the bnildup and stability of the
condensate ring around the wellbore. A procedure designed to give the best chance of obtaining a representative sample is presented.

Introduction

A gas sample from a retrograde-gas (gas-condensate) reservoir
almost always is obtained by sampling the gas and liquid from the
separator and recombining the samples at the producing gas/liguid
ratio. 13 Tt is important that the wellhead pressure and the gas and
liquid pra<duction rates be stable before and during sampling. Alse,
the gas production rate during this time must be large enough to
remove all liquid continuously from the production string.

During sampling, it is likely that the BHFP will be less than the
dewpoint pressure of the original reservoir gas. If so, there will
be a pressure gradient in the reservoir near the well where pres-
sure is less than dewpoint pressure.

How can a recombined surface sample representative of the origi-
nal reservoir gas be obtained under these conditions? This paper
answers that question. Sampling problems, such as human error,
measurement bias, and incorrect laboratory recombination, are not
considered here. Rather, this paper addresses the conditions nec-
essary for the production stream to be of the correct composition
so that obtaining a good sample is possible.

Radial compositional simulation was used to examine the pres-
sure and saturation distributions in the reservoir, the producing
GOR, and the composition of the total production stream at the sur-
face during sampling. (*“GOR” is used in this paper because of
its commeon usage in the petroleum industry; the liquid is actually
condensate.) The equation of state (EOS) was tuned with labora-
tory data.

Three retrograde gases {gas condensates) with different compo-
sitions were used in the study. The richest gas cansed the largest
buildup of condensate around the wellhore. The conclusions of this
study are independent of gas composition, however, so the results
presented are based on only one of these gases,

Several different sets of relative permeability data were used. All
were for water-wet systems. The positions of the endpoints and
shapes of the relative permeability curves affected the quantity of
condensate around the wellbore but did not affect the conclusions
of this study. Thus, the results reported here are based on one set
of relative permeability data.

Several combinations of initial reservoir pressure and dewpoint
pressure of original reservoir gas were examined. Only the worst
case of initial reservoir pressure slightly greater (15 psi) than dew-
point pressure is presented.

Simulation Procedure

The Soave-Redlich-Kwong (SRK) EOS was used in the composi-
tional simulation.4 Compositional analyses through Csy were
available for all gases used. Components between C; and Cyp were
grouped into four pseudocomponents, iso- and n-butanes and pen-
tanes were combined, and the small amounts of nonhydrocarbon
components were combined with the appropriate hydrocarbons. This
resuited in 2 10-component mixture.

The EOS was mned to constant-composition-expansion and
constant-volume-depletion data. The {2, and 2, of methane and the
four heavy pseudocomponents and the binary interaction coefficients
between methane and each of the four heavy pseudocomponents
were adjusted in the manner suggested by Coats and Smart. >
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Agreement between the results of the tuned EOS and the labora-
tory data was excellent, the reservoir conditions during simulation
were well within the Jimits of the data used in tuning, and reser-
voir conditions were well removed from the critical point of the
mixture. Thus, the characterization of the reservoir fluid was ade-
quate for the purpose of this study.

Dewpoint pressure of the original reservoir gas was 5,170 psia,
and the inftial reservoir pressure at the top of the reservoir was 5,185
psia.

The endpoint of the three-phase relative permeability to liquid
condensate occurred at a condensate saturation of 8.5% and a gas
saturation of 75.0%. Irreducible water saturation was 16.5%.

The reservoir discussed in this paper was a radial 160 acres made
up of five layers of various thicknesses. Vertical and horizontal per-
meabilities were equal. The permeability-thickness product was
high, about 700 md-ft. Sensitivity runs indicated, however, that
when the gas production rate was normalized to percent of capaci-
ty, the value of the permeability-thickness product was immaterial
to the conclusions of the study.

The grid pattern was radial 5 layers by 12 segments. The solu-
tion was implicit with D4 Gaussian elimination.

The results presented in this paper are for a well perforated across
the entire interval, Wells with partial completions acted like layered
reservoirs and should be considered as such for the purposes of
planning a fluid sampling program.

Reosults

Fig. 1 shows the total producing GOR (separator plus stock-tank
gas) and quantity of heptanes plus in the recombined surface sam-
ples for 2 well producing at a constant rate of about 15 % of capaci-
ty. Although the production rate is low and constant, a sample
representative of the original reservoir gas can be obtained only
during the first 30 days of preduction. After 30 days, the loss of
condensate from the gas in the reservoir results in a decrease of
surface lignid. This causes the producing GOR to increase from
the initial value of 6,633 scf/STB and the quaatity of beptanes plus
in the recombined surface samples to begin a steady decline away
from the value of 7.04% in the original gas.

The composition of heptanes plus is selected as the criterion of
a good sample for two reasons. First, heptanes plus is the compo-
nent most affected by loss of condensate in the reservoir. Second,
the composition and properties of heptanes plus strongly affect the
properties of the recombined surface sample.

At 330 days, the gas production rate was reduced to 5% of ca-
pacity in an attempt to get 2 good sample. This caused an instanta-
neous change in producing GOR. However, GOR did not stabilize;
rather, it continued to Increase steadily. The quantity of heptanes
plus in the recombined samples did not recover to the correct value.
Obviously, the cutback did not result in a good sample.

Once the opportunity of obtaining a good sample is lost, reduc-
ing the rate or even shuiting in will not improve the chance of get-
ting a good sample (as shown later). This shows that sampling must
take place early in the production of a well. The remainder of this
paper focuses on the early production period.

Condensate Ring. Fig. 2 shows the buildup of the condensate ring
around the wellbore as pressure falls below the dewpoint. The con-
densate saturation near the wellbore quickly builds to a stable level
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rate reduction to 5% of capacity at Day 330.

Fig. 1—Simulation results. Well in center of layeréd 160-acre
retrograde-gas reservoir produced at 15% of capacity with
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Fig. 2—Simulation results, Condensate saturation distribu-
tion in retrograde-gas reservoir near the wellbore during pro-

duction. Homogeneous reservalr.
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Fig. 3—Simulation results. Condensate saturation distribu-
tion in retrograde-gas reservoir near the wellbore during pto-
duction. Layered reservoir.
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Fig. 4—Simulation resuits; Condensate saturation profile in
retrograde-gas reservoir during production of gas at 25% of
_capacity showing buildup of condensate ring. Homogeneous
reservoir. -

'~ (in this case, just more than 16%) and remains virtually constant.

A comparison of Figs. 2a and 2b shows that continued production
causes the ring to grow into the reservoir. ,

The maximum condensate saturation near the wellbore is much
greater than the equilibrium saturation indicated in the laboratory
PVT study (in this case, < 1% at the existing pressure). The quan-
tity of condensate in the ring around the wellbore depends on three
factors: the pressure, the quantity of gas passing through the ring,
and the relative permeability to the liquid condensate. ,

At early producing tires, most of the reservoir has pressure slight-
ly above the dewpoint pressure of the original gas. Rich gas with
original composition flows into the lower-pressure zone around the
wellbore. This gas releases condensate around the wellbore and then
flows into the well. Initially this condensate will not flow, so the
quantity of condensate builds as additional gas flows through the
zone around the wellbore, This creates a ring of condensate satu-
Tation. '

The saturation of condensate in this ring very quickly increases
to the point at which its relative permeability allows it to flow. Two-
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Fig. 5—Simulation results. Well in center of homogeneous 160-acre retrograde-gas reser-
voir producing at various gas rates. Letters indicate corresponding production rates, hep-

phase flow occurs from the ring into the well. The condensate satu- -

ration adjusts so that the volume of condensate flowing into the well
equals the volume of quid condensed from the flowing gas. When
this occurs, the saturation near the wellbore tends to stabilize.
A near-steady-state situation exists in which the mass of gas flow-
ing from the reservoir into the ring equals the mass of gas plus lig-
uid condensate flowing into the well. The composition of the
gas/condensate mixture flowing into the well is equal to the com-
position of the gas entering the ring, Thus, the producing GOR-will
. be constant and a recombined separator sample will have the com-
position of the original reservoir gas.
This situation is not exactly steady-state because BHFP and the
. pressure gradient around the well both decrease with time. Thus,
- the ring slowly increases in size (Fig. 2b).
At higher gas production rates, more gas passes through the ring,
causing more liquid to condense, in the ring. This requires a higher
liquid saturation for the relative permeability to the condensate to

be large enough for the ring to stabilize. For instance, the gas and

relative permeability combination used to generate Fig. 2 requires
a stabilized liquid saturation of more than 25% when gas produc-
tion is near capacity. The stabilized liquid saturation is only 16%
when gas production rate is 25% of capacity.

Fig. 2 illustrates the saturation profile in 2 homogeneous reser-
voir. A more realistic case is shown in the layered reservoir of Fig.
3. The process is identical; the condensate builds more quickly in
the more permeable layers, however, because more gas is flowing
through them. The overall permeability-thickness products and gas
production rates are identical in Figs. 2 and 3. Further discussion
will dea] with the homogeneous reservoir. Note, however, that
layered reservoirs must be sampled sooner and at lower gas pro-
duction rates because of the more rapid growth of the condensate

" ring in the zones with higher permeabilities.

The buildup of the condensate ring is illustrated in Fig. 4 for a
well producing at a constant rate of 25% of capacity. The change
in size of the ring appears dramatic because of the scale of the graph.
However, most of the nearly 1,500 ft of radial distance from the
wellbore has pressure slightly greater than dewpoint and no con-
densate saturation. BHFP is about 100 psi below the dewpoint pres-
sure of the reservoir gas on Day 1 and is almost 200 psi below
dewpoint on Day 60.

Note that the liquid saturation near the wellbore stabilizes at about
15% on Day 1 and then siowly increases as the BHFP slowly
decreases. The ring slowly increases in size as production proceeds.
The ring is never exactly stable, and the amount of liquid conden-
sate flowing into the wellbore is always slightly less than for the
case of complete stability. Thus, the composition of the produc-
tion stream will be slightly deficient in the heavier components.

At higher production rates, the growth in ring size is more rapid
and the production stream is more deficient in condensate. Fig. 5
‘shows the relationship of sample guality to production rate. Again,
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Fig. 6—Simulation resulis. Condensate saturation profile in
retrograde-gas reservoir produced at capacity for 3 days and
then produced at 20% of capacity: A=profile after 3 days;
B = profile 1 hour after rate reduction; C=profile 1 day after
rate reduction. ’

sample quality is represented by the mole fraction of heptanes plus
in the recombined samples.

All samples in Fig. 5 have heptanes-plus compositions reasona-
bly close to that of the original reservoir gas. Thus, it is possible
to get a good sample when BHFP is below the dewpoint pressure
of the reservoir gas. Fowever, lower production rates result in better
quality samples.

The GOR is virtually constant in every case. This indicates that
alined-out GOR is not necessarily equal to 2 good or perfect sample-

Rate Reduction Before Sampling. A common practice is to reduce

gas production rate before sampling. Then an attempt is made to

stabilize the gas and condensate rates from the separator before sam-.
ples are taken. Fig. 6 illustrates what happens in the reservoir dur-

ing this procedure. In this instance, the well is produced at capacity

for 3 days and then the rate is reduced to 20% of capacity.

Line A in Fig. 6 shows the saturation profile of the ring of con-
densate after 3 days of production at capacity. Line B shows the
shape of the ring 1 hour after production rate is reduced to 20%
of capacity. '

When production rate is reduced, the pressure around the well
increases. This causes some of the condensate to revaporize, greatly
enriching the gas flowing into the well. Also, some liquid is dumped
into the well because liquid saturation must adjust to the reduced
rate of copdensation from gas flowing into the ring. Both of these
effects cause a large increase in the heavy components of the pro-
duetion stream.
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Fig. 8—Simulation results. Condensate saturation profiles In
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A=profile after 3 days; B=profile 1 hour after shut-in;
C=profile 10 days affer shut-in; D =profile 1 day after restart

of production.

laboratory-measured dewpoint pressure to be in error. The meas-

Line C in Fig_ 6 shows the ring 1 day after the rate reduction.
Liquid saturation has decreased to stablhze at a value to accommo-
date the lower condensate rate. More liquid has flowed into the
well than has been dropped by the gas ﬂowmg through the ring.

Fig. 7 shows the effect of this reduction in gas productlon rate

on both the producing GOR and the heptanes-plus composition of

the recombined surface samples. The partial collapse of the con-
densate ring causes an immediate increase in the quantity of con-
densate at the surface. This decreases the GOR. and causes a large
increase in heptanes plus in the surface samples. As the conden-
sate ring adjusts to the gew production rate, GOR and the quanti-
ne:s of heptanes plus in the samples approach the values for that rate.

" Fig. 7 illustrates that a rate reduction followed by 2 line-out period
before sampling could improve the sample quality. However, this
technique presents two probiems. First, the normail variation in GOR
could obscure the onset of line out and cause sampling during the
spike in heptanes—plus concentration. Second, it takes a long time
for a tight reservoir to line out, so long that the chance of obtain-
ing a good sample could be lost in the attempt to stabilize the sepa-
rator rates,

“If sampling occurs during the spike of heptanes-plus composi-
tion, the recombined sample will have too much of the heavier com-
ponents. This excess of heavier components will cause the

ured dewpoint pressure will be low if the actual reservoir gas is
very rich; it will be ‘high if the actual reservolr gas is Iean. Thus,’
the difference between the dewpoint pressures of the bad sample
and the reservoir gas is variable and unpredictable.

A criterion often used to evaluate the quality of a recombined
sample of retrograde gas is that the dewpoint pressure should be
lower than the reservoir pressure and/or BHFP. If the'surface sam-
ples are taken soon after a rate reduction (or shut-in), this criterion
could be met by a sample with excessive heptanes-plus composition.

The effects of 3 days of capacity production followed by a rate
change illustrated here are not unique. Any reduction from any
previous production rate will cause the disruption in producing GOR
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Fig. 9—Simulation results, Well in center of homogeneous 160-acre retrograde-gas reser-
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and the spike in heptanes plus in the recombined samples. The ef-
fects are not as great for rate changes of lower magnitudes.

Shut-In Before Sampling., Wells sometimes are shut in for a peri-
od before they are put on production at a low rate for sampling.
Fig. 8 shows the results of shutting in the well for 10 days after
3 days of capacity production. Line A in Fig. 8 is the same as Line
A, in Fig. 6.-Lines B and C are for 1 hour and 10 days after. shut-
in, respectively.

The differences in condensate saturation of Line A and Lines B
and C are caused by the revaporization of condensate as pressure
increases. Line D is the saturation profile 1 day after the well was
returned to production at 20% capacity. Note the similarity of Line
D in Fig. 8 and Line-C in Fig. 6.

The partially collapsed ring and enriched gas remain in place dur-
ing shut-in. The enriched gas and liquid condensate are dumped
into the wellbore when production begins again. The resulting sit-

" uation at the surface is virtually identical to that of Fig. 7.

.The length of shut-in period does not affect the sampling out-
come. The enriched gas and condensate remain around the well-
bore, ready to be dumped whenever production begins.

Production Rate Before Sampling. The production rate need not
remain exactly constant during the period before sampling as long
as the change in rate is not excessive. Fig. 9 shows the results of
random changes in gas production rate. The ring changes but does
not collapse -and adjusts quickly to each new rate. The heptanes
plus in the recombined surface samples and the producing GOR
do not-deviate greatly from the correct valves, At this point, the

rate could be lined out at some production rate near average, the .

separator rates stabilized, and a good sample obtained.

Recommended Sampling Procedures

The sampling procedure that will result in the best possible chance
of getting a recombined surface sample representative of the origi-
nal reservoir gas is as follows.

1. Bring the well on initial production at the lowest production
rate consistent with removing liquids from the production string.

2. Maintain that rate reasonably constant until the well cleans up,

3. Then stabilize separator gas and condensate rates and sample

This procedure is especially important if the reservoir is tight.

If the reservoir has good permeability and if the production rate
has been high, a rate reduction before stabilization for sampling
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probably will improve the chances of obtaining a good sampie. The -
gas and condensate rates from the separaior, however, should be

observed over a period of days, not hours, before sampling to en- - .

sure that the heptanes-plus spike has subsided.

In either case, sampling should be done very early in the pro-
duction of the well. Once the pressure ip the bulk of the reservoir
becomes less than the dewpoint pressure of the gas, no samplmg '
procedure will result in a good sample.

Conclusions
1. Tt-is possible to get a representative (if not perfect) recom-

" bined surface sample of a retrograde-gas reservoir when the BHFP

is less than the dewpoint pressure of the reservoir gas if the sample
is taken early in the life of the well and at low production rate.

2. Production rate reduction before stabilizing separator rates for
sampling will cause the sample composition to be-more nearly cor-
rect; however, extieme care must be taken to ensure that the well
is stabilized before sampling. Stabilization requires days for reser-
voirs with good permeability and months for low-permeability
Teservoirs.

3. Samples must be obtamcd in the first month or so 'of produc-

"tion. When the pressure in the bulk of the reservoir fails below the

dewpoint pressure of the original gas, no sampling technique will
result in a representative sample. :
4. Gas production rate before the separator is stabilized for sam-

- pling does net have to be constant as long as the rate changes are

moderate.

5. Reservoirs with extreme vertical heterogeneity must be sam- .
pled as soon as possible and with production rates as low as possible.

6. Shutting in a gas well for a period before sampling will not
improve sample quality,

7. At high production rates, the producing GOR could appear
to be stabilized (constant) when the composition of the production
stream j$ not representative of the original reservoir gas.

8. The fact that the dewpoint pressure of a sample is [ess than
reservoir BHFP is not sufficient proof that a good sample was ob-
tained.

Nomenclature
£,,8; = constants in the SRK EOS
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md X 9.869 233 E~04 = m?
psi x 6.894 757 E+00 = kPa
BC£/STB x 1.781 073 E-01 = std m3/

* Conversion factnr is exact.

stock~tank m3
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Figure 1. Simulation results. Well in center of layered 160 acre
retrograde gas reservoir produced at 15 percent of capacity
with rate reduction to five percent of capacity at day 330.
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Figure 2. Simulation results. Condensate saturation distribution
in retrograde gas reservoir near the wellbors auring
production. Homogesneous reservoir.
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Figure 3. Simulation results. Condensate saturation distribution
in retrograde gas reserveir near the wellbere during
production. layered reservoir.
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Figure 6. Simulatirn results. Condensate saturation
gae " "

profiles in retrograde

during production of gas at 25 percent of capacity showing
condensate ring. Bowogensous reservoir.

Figure 4. Simulation results. Condensate saturation
gas reservoir
buildup of
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GAS PRODUCTION RATE AS A PERCENT
OF INITIAL CAPACITY (PERCENT)
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Figure 8. Simulation results. Condensate saturation profiles in ret ade
gas reservoir produced at capacity for three days, shut-in for ten days,
and then produced at 20 percent of capacity. At profile after three
days. B: profile one hour after shut-in, C: profile ten days after
shut=in, D: profile cne day atfter restart of production.
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Figure 9, simulation ruu!.ti. Well in center of homogeneous 160 acre
retrograde gas reservoir produced at randomly varying gas rates from 18
to 25 percent of capacity.







