New correlations pro-
vide modified black-oil
(MBO) pressure-volume-
temperature (PVT) prop-
erties when fluid samples
are unavailable.

One can use the
correlations in general-
ized material balance calculations and
MBO simulations. The new correlations
match the fluid properties of a selected
database and the authors also validated
them with generalized material balance
calculations.

To develop the new corrections,
the authors modified existing solution
gas-oil ratio, oil formation volume fac-
tor, and gas formation-volume factor
correlations to increase their accuracy
when used with gas condensates and
volatile oils.

The new correlations have an ac-
curacy within 10.4% for gas condensate
and 15% for volatile oil samples used in
this study.

MBQO approach

Several authors have shown that an
MBO approach could replace compo-
sitional simulation in many applica-
tions for modeling gas condensate and
volatile oil reservoirs.

This work developed a new set of
MBO PVT correlations. The four PVT
functions are:

1R, oil-gas ratio.

2. R, solution gas-oil ratio.

3. B, oil formation volume factor.

4. B, gas formation volume factor.

To our knowledge, a correlation for
calculating oil-gas ratio did not exist in
the petroleum literature. Without this
correlation, the analysis required for
generating the oil-gas ratio required a
combination of laboratory experiments
and elaborate calculation procedures
using equation of state models.

The new R correlation depends on
only readily available parameters in the
field and can have wide applications
when representative fluid samples are
unavailable.
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Previous work

In 1973, Spivak and Dixon intro-
duced the MBO simulation approach.'
The MBO simulation considers three
components; dry gas, oil, and water. The
main difference between the conven-
tional black-oil simulation and the MBO
simulation, also called extended black-
oil, lies in the treatment of the liquid in
the gas phase.

New correlations calculate volati
oil, gas condensate PVT propertie

The MBO approach assumes that the
stock-tank liquid component can exist
in both liquid and gas phases under
reservoir conditions. It also assumes
that one can define the liquid content
of the gas phase as a sole function of
pressure called vaporized oil-gas ratio,
R, also referred to as r ,. This func-
tion is similar to the solution gas-oil
ratio, R, normally used to describe
the amount of gas-in-solution in the
liquid phase.

Whitson and Torp presented a proce-
dure to calculate MBO properties from
PVT experimental data of gas conden-
sate.* Coats also presented a different
procedure for gas condensate fluids.?
Coats’s procedure was extended by
McVay for volatile oil fluids.* Walsh and
Towler (OG], July 31, 1994, p. 83) also
presented a procedure to calculate MBO
PVT properties from constant volume
depletion (CVD) experiment data.’

Fattah et al. (OGJ, Mar. 27, 2006,

p. 35) showed that both Whitson and
Torp’s and Coats’s procedures provide
an excellent match with compositional
simulation results when the analysis
matches PVT experimental with an EOS
model and then uses it to find the MBO
PVT properties.*

El-Banbi et al. presented a field case
where MBO PVT properties and the
MBO approach helped speed a field
development plan.” They presented evi-
dence that the MBO approach adequate-
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ly simulates gas condensate fluids above
and below the dewpoint and with water
influx.

Other authors also have presented
different comparisons between the MBO
and compositional approaches.”**

In recent work, Fevang et al. presented
guidelines to help engineers choose
between MBO and compositional ap-
proaches.®
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Fluid samples

The petroleum literature has re-
ported many cases where the MBO
approach replaced more expensive
compositional simulation. Generating
MBO PVT properties requires a repre-
sentative fluid sample that undergoes
enough laboratory experiments. Then,
one usually constructs EOS models
to match the laboratory experimental
results, although there are other less ac-
curate techniques.®

One can output the MBO proper-
ties at appropriate separator conditions
using one of the procedures suggested
in literature. This process requires the
availability of a representative fluid
sample in addition to the skills of EOS
modeling.

The set of correlations presented
in this article can generate MBO PVT
properties without the need for fluid
samples or an elaborate procedure for
EOS calculations. The application of
these correlations is of particular im-
portance especially when a representa-
tive sample is unavailable.

Our study used 13 reservoir fluid
samples (8 gas condensates and 5 vola-
tile oils). The samples were from res-
ervoirs at different locations and depth
and covered a wide range of oil and gas
fluid characteristics.

Table 1 shows the major properties
of the 13 fluid samples. Reference 9
presented the PVT experiments for all
these samples. Some samples represent
near critical fluids (VO 2,VO 5,GC 1,
and GC 2) as explained by McCain and
Bridges."

Approach

For every sample in Table 1, we con-
structed an EOS model that matched as
best as possible the experimental results
of all available PVT laboratory experi-
ments that included constant composi-
tion expansion (CCE), constant volume
depletion (CVD), differential liberation
(DL), and separator tests.

For consistency, we developed all
EOS models using the Peng and Robin-
son EOS with volume shift correction
(three-parameter EOS)."! We followed
the procedure suggested by Coats and
Smart to match the laboratory results."?

We then used the developed EOS
model for each sample to output MBO
PVT properties at different separator
conditions using Whitson and Torp’s
procedure.?

The MBO PVT properties include
the four functions required for MBO
simulation: R, R, B , and B, For each
of the four\propemes we generated six
curves, representing six different sepa-
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FLUID SAMPLE CHARACTERISTICS

Table 1
Sample VO 1 Vo 2 VO 3 Vo4 Vo5 GC1 GC2 GC3 GC4 GC5 GC6 GC7 GC8
Reser
voir temp-
erature,
Az 249 246 260 190 197 312 286 238 256 186 312 300 o8
Initial
reservoir
pressure,
psig NA 5,055 5,270 NA 13,668 14,216 NA 6,000 7000 5728 14218 5985 17335
Initial pro-
ducing
GOR,
Sscf;‘stb 1,991 2,000 2,032 2,24 2,416 3,413 4278 NA 4,697 5,987 8,280 6,500 6,665
tock-
tank oil
gravity,
AP 455 512 NA 36.8 34.1 456 NA NA 46.5 58.5 50.7 45.6 4
Saturation
pressure, _
psig 4507 Aead 4,987 7437 9,074 5,210 5,410 4,815 6,010 4,000 5,465 5,800 11,475
Com-
ponents Composition, mole %
co, 2.4 2.18 24 0.1 0.34 2.66 4,48 0.14 0.01 0.18 2.79 6.98 0.36
N, 0.1 167 0.31 0.16 0 0.17 0.7 1,62 0.1 0.13 0.14 1.07 0.31
& 55.59 60.51 56.94  69.84 72.47 59.96 66.24 63.06 68.93 61.72 66.73 6525 8123
@ 87 752 9.21 5.37 457 772 721 11.35 8.63 14.1 10.22 8.92 5.54
. 539 4.74 584 322 2.79 6.5 4 6.01 5.34 8.37 5.9 4.81 2.66
iC 1.36 412 144 0.87 0.67 193 0.84 T 115 0.98 1.88 0.85 0.62
nc, 269 0 2.73 17 133 3 1.76 1.94 233 345 2.1 1.75 1.06
iC, 117 2.97 1.03 0.79 0.69 1.64 0.74 0.84 0.93 0.91 137 0.65 0.47
He 1.36 0 1.22 0.88 0.82 1.35 0.87 0.97 0.85 152 0.83 0.69 0.52
(e 1.97 138 1.96 1.41 1.52 2.38 0.96 1.02 1.73 1.79 156 0.83 0.84
e 19.02 14.91 16.92 15.66 14.8 12.69 12 2 11.68 9.99 6.85 6.48 8.2 6.39
and volatile oil samples was as high as
VoDIFIED STANDING riez  VIODIFIED VASQUES AND BEGES 15 i e e
CORRELATION PARAMETERS 50% if we used the original correlation
CORRELATION PARANETERS parameters. This probably results from
Gas con- Gas con- sia ;
Constant  densate Volatile oil CoNA it denaate Volatile oil the original Standing and Vasques and
ﬁ; 0337?&;084?3 3252306 r R 0.0006473 Begis c?rfelatlons being developed for
-3709.42 -8.833514 A2 1.343564054 1.607758566 lack oils.'®
A3 1.06052098 1.3251634 A3 -105.486585 20.35993884 Plas . :
Ad ~0.05022324 0.0091756 Equations 2 and 3 show the modi-
AbB -0.003771627 -0.000385524 Note: For gas condensates and volatile oil fluids,

Note: For gas condensates and volatile oil fluids,
Equations 2 and 3.

rator conditions for each sample.

Our database of PVT properties con-
sisted of 1,850 points from eight differ-
ent gas condensate samples and 1,180
points from five volatile oil samples.

We used PVTi program of Eclipse to
generate the curves for the MBO PVT
properties. ‘3

For the three parameters commonly
used for black-o0il material balance and
simulation (R, B , and B ,)» we tested
some known correlations to determine
the one that fits our database and to see
if we needed to modify the correlation
constants.

For R , we had to develop a com-
pletely new correlation because we
could not find one in the petroleum
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Equations 4 and 5.

literature. Our approach was to start
from a similar form to R_correlations,
then modify the correlation parameters
using regression methods until we ob-
tained the best fit to R data.

MBO PVT correlations

Our analysis used Equation 1 in the
accompanying equation box to deter-
mine the average error for each of the
four PVT parameters.

For R_the analysis used several corre-
lations for testing the database for both
volatile oil and gas condensate samples.
We found that the forms suggested by
Standing and Vasques and Beggs gave
the best results after we modified the
correlation constants.'* '* The average
absolute error for both gas condensates

fied Standing correlation, and Equations
4 and 5 show the modified Vasques

and Beggs correlation. Table 2 lists five
parameters for the modified Standing
correlation, obtained from regression
analysis for both gas condensate and
volatile oil samples. Table 3 lists the new
parameters for the modified Vasques
and Beggs correlations.

The average error calculated with
Equation 1 was 20.5% for gas conden-
sates and 23.2% for volatile oils. The
modified Vasques and Beggs has higher
errors of 27.7% for gas condensates and
29.2% for volatile oils.

For volatile oil above the bubble-
point, R, the analysis uses the same
value as the bubblepoint value.

For calculating R, we needed a com-
pletely new form for the correlation. A
useful correlation with a wide applica-
bility has to have parameters with read-
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ily available values without improve the error percent-
4 . IMATERIAL BALANCEVO 1 T N 4
the need for fluid samples or s age of B_ with the constants
elaborate calculation proce- : listed in Table 5. Equation 6
dures using EOS models. 0617 * Gasmaterial balance B gives the modified Standing
Equation 5 is the derived = o054 Sitsanges mterial balance | e correlation.
correlation. The absolute = il e o | Equation 6 has an average
average error with this form 3 / absolute error of 2.7% for
) i
is 10.4% with a standard Beh /’,v W gas condensate samples and
deviation of 0.0308 for gas L0 it error of 1.6% for volatile oils.
condensates and 15.0% with 014 “J" el Further testing of the modi-
2 0.1271 standard deviation : o fied B, correlation showed
for volatile oils. 0 0.2 0.4 0.6 08  thatit was not greatly af-

Table 4 shows the cor-
relation constants Al to AS.
Fig. 1 is a cross plot for all
gas condensate points and shows the
45° line, as an indication of the good-
ness of fit for the calculated results vs.
experimental results. Notice that initial
condensate yield, which can be ob-
tained from production data, depends
on separator conditions in the field.
One can determine saturation pres-

sure from a pressure vs. cumulative pro-

duction plot. The saturation pressure is

observed by change in slope in this plot
due to the difference in depletion above

and below the saturation pressure, or

Eo, reservoir bbl/stb

from constant composition expansion
on a representative sample.

The R value is constant above the
dewpoint for gas condensate samples.

For the oil formation volume factor,
B , the analysis tested several correla-
tions against the database of B_ points
for both the gas condensate and volatile
oil samples below the saturation pres-
sure. It was found that one can use
adequately both the Standing correla-
tion and the Vasques and Beggs cor-
relation (absolute average errors about
4%) without modifications. One can

fected by the accuracy of the
R values used.
* One can calculate B

from the z-factor. We tested the use
of the Sutton correlation to calculate
pseudocritical properties and then used
the Standing z-factor correlation in a
calculation procedure suggested by
Dranchuk and Abou-Kassem.'” 8 We
found this procedure for calculating B,
adequate for both the gas condensate *
and volatile oil samples (absolute aver-
age error less than 8%). The correlation,
however, improves with the use of dif-
ferent Sutton parameters, as in Equa-
tions 7 and 8.

O1L-GAS RATIO CORRELATION Taie 4
CONSTANTS &4 (ILFORMATION VOLUMEFACTOR 1,5,
F g CORRELATION CONSTANTS
Constant densate Volatile oil i gas con- Vit o
onstant ensate lolatile oi

Al 3.45841109 1.2255637042
A2 6.89461E-05 0.000107257 Al 0.965109778 0.839614826
A3 -0.03169875 -0.194226755 A2 0.000342547 0.000460621
Ad 251.0827307 240.549909 A3 1.303305644 2.013137024
A5 4.174003053 8.32137351 Ad 1.053171234 1.015821025
Note: For gas condensates and volatile oil fiuids, Note: For gas condensates and volatile oil fluids, ‘\
Equation 5. Equation 6.
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VlODIFIED SUTTON CORRELATION .,
PARAMETERS
Gas con-
Constant densate Volatile oil
Al 670.958 608.520
A2 -188.078 -45.8495
A3 -3.7882 2771169
B1 480.1142 29.70495
B2 -94.2128 87157199
B3 9.398696 -502.6044

Note: For gas condensates and volatile oil fluids,

Equations 7 and 8.
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ERROR IN FLUID IN PLACE

Table 7
CALCULATION '

Original
Fluid fluid in
sample place Error, %
VO 1 0.9948 .52
VO 2 1.0027 0.27
GC1 1.0138 1.38
GC 2 0.9451 5.49
GC3 1.0154 1.54
GC4 1.0092 0.92
GCH 1.1526 15.26
GCB 1.0318 3.19

Note: From generalized material balance calculations
using the new R, correlation.

Table 6 lists the values for the modi-
fied Sutton equation. The analysis ob-
tained these parameters by minimizing
the error given by Equation 1.

We used the pseudocritical proper-
ties from Equations 7 and 8 to calculate
the z-factor and then Equation 9 to
obtain B .

The average absolute errorin B ,
with this procedure, is 3.8% for gas
condensate and 1.65% for volatile oil
samples. Notice that the gas specific
gravity used in the modified Sutton
correlation is corrected for separator
conditions with Equation 4.

Correlation validation

In addition to cross plots, such as
Fig. 1, to see how the new correlation
values compared to the values obtained
from the EOS model, we validated the
new corrections with reservoir simula-
tion and material balance calculations.

We used the generalized material
balance equation from Walsh to validate
the new R correlations by perform-
ing the material balance calculations
using the PVT properties from the
new correlations to calculate original
hydrocarbon in place.”” ** We compared
these values to the original hydrocarbon
in place values obtained from compo-
sitional reservoir simulation for a tank
model.

For simplicity, the analysis normal-
ized the original fluid in place to 1.0
billion stock-tank bbl for oil cases and 1
bscf for gas cases.

Fig. 2 shows a plot of F vs. the ex-
pansion term, E , for a gas condensate
sample (GC 1), based on the Walsh
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procedure. The slope of the line pass-
ing through the calculated points gives
the original fluid in place volume. The
plot shows that the slope of the line is
1.038, with the error in gas in place
calculation of about 1.4%.

Fig 3 is a similar plot for the volatile
oil sample (VO 1).The plot shows a
slope of 0.9948, which is equivalent to
the error in the oil in place calculation
of about 0.5%.

Table 7 shows the error in the cal-
culated fluid in place for most of the
fluid samples in our database. The error
values show high accuracy and prove
the validity of the new correlations.
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