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Summary Model Description

Many gas-condensate wells show a significant decrease in prodyifs fundamental problem with condensate buildup in the reser-
tivity once the pressure falls below the dew point pressure. ¢ir s that capillary forces can retain the condensate in the pores
widely accepted cause of this decrease in productivity index is fess the forces displacing the condensate exceed the capillary
decrease in the gas relative permeability due to a buildup of cQfizcog T4 the degree that the pressure forces in the displacing gas

densate in the near wellbore region. Predictions of well inflow, - "o 4 the buoyancy force on the condensate exceed the cap-

pe_rformqnce require accurate modelslf.or the gas relativg per Fa'ry force on the condensate, the condensate saturation will be
ability. Since these relative permeabilities depend on fluid com- '

position and pressure as well as on condensate and water sat %I-J%ed and the gas rela.tive permeability increasqd. Broyvnell and
tions, a model is essential for both interpretation of laborato Az° and others recognized early on that the residual oil satura-

data and for predictive field simulations as illustrated in this al fon should be_ a f“”C"Or_‘ of the ratio of viscous to mtt_arfac_lal
: orces and defined a capillary number to capture this ratio. Since
ticle. o i 17,

then many variations of the definition have been publisfi&d,
with some of the most common ones written in terms of the ve-
) locity of the displacing fluid, which can be done by using Darcy’s
Introduction law to replace the pressure gradient with velocity. However, it is

Afidick et al* and Barnumet {3"-2 have reported field data which the force on the trapped fluid that is most fundamental and so we
show that under some conditions a significant loss of well produgrefer the following definition:

tivity can occur in gas wells due to near wellbore condensate

accumulation. As pointed out by Booen al. even for lean fluids ||Z‘. Vo,

with low condensate dropout, high condensate saturations mayNg = ———, (1)
build up as many pore volumes of gas pass through the near au

wellbore region. As the condensate saturation increases, the gagre definitions and dimensions of each term are provided in the
relative permeability decreases and thus the productivity of th@menclature. Although the distinction is not usually made, one
well decreases. The gas relative permeability is a function of tRgould designate the displacing phasand the displaced phase
interfacial tension(IFT) between the gas and condensate amonig any such definition. In some cases, buoyancy forces can con-
other variables. For this reason, several laboratory stlifi¢mve  ripyte significantly to the total force on the trapped phase. To
been reported on the measurement of relative permeabllltlesquamify this effect, the Bond number was introduced and it also

gas-condensate fluids as a function of interfacial tension. Thegges different forms in the literatuf8.One such definition is as
studies show a significant increase in the relative permeability £jows:

the gas as the interfacial tension between the gas and condensate

decreases. The relative permeabilities of the gas and condensate ka(p;r—p))

have often been modeled directly as an empirical function of the Ng,= —————- 2
interfacial tensiort> However, it has been known since at least !

19478 that the relative permeabilities in general actually depend For special cases such as vertical flow, the force vectors are
on the ratio of forces on the trapped phase, which can be eégllinear and one can just add the scalar values of the viscous and
pressed as either a capillary number or Bond number. This Haigoyancy forces and correlate the residual oil saturation with this
been recognized in recent years to be true for gas-condensate redgi, or in some cases one force is negligible compared to the
tive permeabilitie$:'° The key to a gas-condensate relative pether force and just the capillary number or Bond number can be
meability model is the dependence of the critical condensate satiged by itself. This is the case with most laboratory studies in-
ration on the capillary number or its generalization called theluding the recent ones by Boowt al® and by Henderson
trapping number. A simple two-parameter capillary trappingt al® However, in general the forces on the trapped phase are
model is presented that shows good agreement with experimemtat collinear in reservoir flow and the vector sum must be used. A
data. This model is a generalization of the approach first presentggheralization of the capillary and Bond numbers was derived by
by Delshacet al'” We then present a general scheme for computir?® and called the trapping number. The trapping number for

ing the gas and condensate relative permeabilities as a functiorpbsel displaced by phas is defined as follows:
the trapping number, with only data at low trapping numbers

(high IFT) as input, and have found good agreement with the ‘§~(€¢|r+g(p|;*p|)€D)|
experimental data in the literature. This model, with typical pa- Nt,= .
rameters for gas condensates, was used in a compositional simu-
lation study of a single well to better understand the productivitfhis definition does not explicitly account for the very important
index (PI) behavior of the well and to evaluate the significance ddffects of spreading and wetting on the trapping of a residual
condensate buildup. phase. However, it has been shown to correlate very well with the
residual saturations of the nonwetting, wetting, and intermediate-
R o wetting phases in a wide variety of rock types.
Now with Chinese Petroleum Corp. . . . .
** Now with Arco E&P Technology. The residual saturation is modeled based on the trapping num-
ber as shown below.

)
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The trapping parametef§ and 7; are obtained by fitting residual  1¢°
saturation data for phade S'9" is typically zero andr, is typi-
cally 1.0, however, some of the condensate data from the litel
ture can be fit somewhat better by usingas a second fitting g | e, T :-iﬁ;
parameter. Mass transfer can reduce the valug & values less g 101 N3 8iE4
thanS;; which is the reason why the minimum is taken in Eq. 4¢ —emee Ny = L94E
For example, dry gas flowing by residual condensate at a fixz — = =Ny = L20B4
pressure can strip the lighter components from the condensate ‘§ ---- Np=8.10E-5
reduce its saturation. E 52 = = "Ny LOOES
Establishing the correlation of residual saturations with th° it
trapping numberor special cases of it as approprigi® the first To=52335, 7 =10
and most fundamental step in correlating relative permeabili S =02 -0
data as a function of interfacial tension. Although we have alwa, e
found Eg. 4 to be adequate and convenient for this purpose fo 00 01 02 03 04 0s 06 01 08
wide variety of data sets including gas condensates, a table couiu (Condensate Saturation

also be used to represent the decrease in residual saturations wlgh 2—Condensate relative permeabilities calculated from the
increasing trapping number or, for that matter, some other simgigpping number model.
function that fits the data. In cases such as gas condensates there
are three residual phaségas, condensate, and watemd this
correlation has been found to apply to all three phases. . S-S
The next step is to correlate the endpoint relative permeability S, = 5 L
of each phase, which increases in a very predictable way as the 1-32,S,

trapping number increases and can be correlated using the fo”Q)Oﬁerenp is the number of phases preseftjs the saturation, and

@)

ing equation: S, is the residual saturation for phase which are calculated
S:ow_S, using Eq. 4.
kS =K "o+ _lo’wf_ﬁéﬁ(kﬂ high_ 10 low) | 5 Only the baseline relative permeability curve of each phase at

I " low trapping number corresponding to the usual laboratory mea-
. . . . surements and the residual saturations as a function of the trap-

whereS;,, is the _re5|dual s_aturatlon of the conjugatz_e phaseZ €.ina number are needed in this approaiys. 1 and 2show the

the condensate is the conjugate phase for gas. This equation Rg%i e permeability of gas and condensate calculated for a wide

also been found to provide a good correlation of a wide variety nge of trapping numbers using just two parameters

data. All the parameters with the superscript low and high af “and 7). The model presented captures the general trends in

constants for a specific rock and fluid pairs. 3 the data very well and it should be a great improvement over the
The final step is to calculate the relative permeability of eaqfaditional approach used in compositional reservoir simulators

phasel as a function of saturation. One approach to this problefRat are used to model gas-condensate reservoirs.

is to assume a simple function such as a Corey-type relative per-

meability function'” This then requires correlating the Corey excomparisons with Experimental Data

ponent with the trapping number. Eq. 5, written in terms of thRs pointed out above, the best starting point for understanding

exponent rather than the endpoint, can be used for this pufposand modeling relative permeability data as a function of interfa-

However, not all relative permeability data can be fit with @ial tension is the relationship between the residual saturations

Corey-type model, so we have generalized our approach by uskigd trapping numbefor its special cases of capillary number or

the following equation: Bond number when appropriate to the experimental conditions
K\ low For this reason, we first show an example of normalized residual
log _B') —Iog§ saturations vs. trapping numberHig. 3. The residual saturations
o — Ky were normalized by dividing them by the low trapping number
logk, =logk;, +logS + W ©) plateau values. As seen from these data, there is a very large
|

. difference between the nonwetting and wetting phase data. A

The normalized saturations,) in the above equation are definedmuch larger trapping number is required to decrease the residual

as saturation for the wetting phase than for the nonwetting phase.
This is typical of all of the data in the literature for all types of
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Fig. 1-Gas relative permeabilities calculated from the trapping Fig. 3—Effect of wettability on the desaturation curves for Berea
number model. sandstone.
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Fig. 6—Comparison of model with experimental nonwetting
phase endpoint relative permeability data for various porous
media.

Fig. 4—Comparison of model with experimental wetting phase
residual saturation data for various porous media.

phases and rock&.g., see the review in Ref. R2We selected . .

these data from the many examples in the literature to make @@ sets can be fognd in the work of StegemgieZhatzis and
point that even widely different phases have similar behavior inMOrmow,” Debh"_"dzv and Filco and Sha_rrﬁé among others.
given rock if their wettability is the same. The nonwettin% ph(—jlsegtegemelé3 provides an excellent theoretical treatment as well.

in Fig. 3 are the gas and oil. The gas data of Hendeesai® are All of the data shown in Figs. 3 through 5 were fit using just

for the equilibrium gas in a binary mixture of methane an@n€ parametef,, for each phasd, and the value of this param--
n-butane intended to represent a gas-condensate fluid. The oil @] 1S Shown in each figure. Next we show the comparisons with
of Delshad? are for the equilibrium oil for a mixture of decane,€ndpoint relative permeabilities using these same values, of
brine, isobutanol, and sodium sulfonate under three-phase corfdg- 6 Shows the endpoint relative permeability of the gas phase as
tions. The wetting phases in Fig. 3 are the aq3 eous and mic?b__functlon of trapping number for the methamdé/utane binary
emulsion phases. The aqueous data of Baral € are for the Mixture reported by both Hartman and Cullficknd Henderson
equilibrium aqueous phase in a ternary mixture of watef! al1°Fig. 7 shows the endpoint relative permeability for various
n-heptane, and isopropyl alcohol. The microemulsion data Bfiuid phases and porous media as a function of the trapping num-
Delshad? are for the equilibrium microemulsion. The condensater- The values vary significantly due to the differing rocks and
data of Hendersoat al 1% appear to be of intermediate wettabilityfo" the same rock such as Berea sandstone due to the differing
(between the gas and wakewhich emphasizes the importance ofVettability. However, the general trend of increasing endpoint
including all three phases in the experiments. relative permeability with increasing trapping number is consis-
More examples of wetting phase data for several different plnt and clear and agrees with that previously reported by Delshad
rous media are shown ifig. 4. The corresponding data for the®t @l for widely different fluids. )
nonwetting phase are shown fiig. 5. These data emphasize the The curve calculated from Eq. 5 of the model is shown for
strong dependence on the rock as well as on the wettability of tRgmparison with these data. In all of these cases, the endpoint
phases. The overwhelming conclusion is that one must meas[fitive permeability appears to approach 1.0 at a sufficiently high
the residual saturations for the wetting state and rock of interest!fgPPing number. This high trapping number value is sometimes
get useful results that can be accurately applied to a particul&f€rred to as the miscible value, but, strictly speaking, it is still an
reservoir state. In particular, if there are three phases in the redgmiscible value aezyen if the interfacial tension is ultralow. As
voir such as there are with gas condensates then, to ensure Sh@wn by Delshad; the interfacial tension can be high and the
correct wetting and spreading state in the rock, three phases n@gPing number still made high enough in the laboratory by in-
to be in the laboratory core even if one of the phases such as #@2sing the pressure gradient to make the endpoint approach one,
brine is always at residual saturation. There are too many otf it is not the interfacial tension that matters per se, but rather the
similar examples in the literature to review here, but many oth&2PPing number. The endpoint relative permeability was not al-
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Fig. 5—Comparison of model with experimental nonwetting
phase residual saturation data for various porous media.
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Fig. 7—Comparison of model with experimental wetting phase
endpoint relative permeability data for various porous media.
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Fig. 8—Comparison of calculated and experimental gas relative Fig. 10—Comparison of calculated and experimental wetting
permeability data (Ref. 10). phase relative permeability data  (Ref. 3).

ways measured by these investigators at a sufficiently low valable prediction of relative permeability at various trapping num-
of trapping number to determine its value directly, so its value hdxérs, the measurement of endpoint relative permeabilities at dif-
to be estimated by fitting the available data at intermediate traferent trapping numbers is more important than the measurement
ping numbers. This value is often referred to as the immiscibte# relative permeabilities at various saturations at different trap-
value of the endpoint, but clearly this is not a useful designatioping numbers.
Its value depends on the value of the trapping number. In some
cases, a plateau value of the endpoint at some sufficiently Io0vumerical Simulations
trapping number is observed, but this is not always the case, ¥¢e used the relative permeability curves of Figs. 1 and 2 to in-
pecially for heterogeneous rocks and any phase that is wettingvesstigate the effect of trapping number on the productivity of a
even mixed wet. For these and other fundamental reasons, $egle well in a gas-condensate reservoir. The equation-of-state
designations of miscible and immiscible are not correct or usefy0S compositional reservoir simulator UTCOMP was used in
nor is it meaningful to describe these data in terms of high anbis study?® The fluid description and phase behavior are the same
low interfacial tension, but rather only in terms of high or lowas those given by Wuet al?’ For simplicity, a layered-
trapping number. permeability description was used for this initial simulation study.
Figs. 8 through 11 show comparisons between the modeBoth the reservoir description and phase behavior are similar to
curves and several sets of relative permeability data for gas ahdse of the Arun field studied by Afidickt al* However, these
condensate fluids. No new parameters were introduced and yetsithulations are not meant to apply to the Arun field, but rather
of the trends in the data are captured reasonably well. The capilere done simply to illustrate the trends in the PI with trapping
lary numbers shown in Figs. 8 and 9 correspond to the definitismumber. A systematic simulation study of the Arun field including
used by Hendersogt al.'® which is based upon velocity rathera history match of the Pl can be found in Refs. 28 and 29.
than the potential gradient. Since their experiments were done
with their capillary number held constant, it made more sense escription of the Simulation Data
plot these relative permeability data using their definition. Undethe simulation domain used was a two-dimensional radial cross
their experimental conditions, buoyancy was negligible, so odection k-z) with a fan shape at an angle of 36%ig. 12). The
model could be used with either definition of capillary number. Igimulation grid has eight layef3able 1) with the highest perme-
general, however, the trapping number should be used. ability layer at the tog90 md and the lowest permeability layer
It is important to note that very few parameters are needed & the bottom(1.5 md. The vertical permeability was one tenth
this model and that it goes to all of the correct limits observed ng{at in the horizontal direction. Nineteen gridblocks were used in
just for these data but for other literature data for various corage x direction with a variable gridblock size of 1 to 500 ft and
fluids, and conditions. Our modeling efforts show that for reasowith the smaller gridblocks located near the wellbore. The well is
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Fig. 9—Comparison of calculated and experimental condensate Fig. 11-Comparison of calculated and experimental conden-
relative permeability data  (Ref. 10). sate relative permeability data  (Ref. 6).
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Fig. 13—Condensate saturation map at 60 days (including trap-

producing at a constant rate of K40° scf/D (which corresponds ping number effects ).

to one tenth of the full well rajeand it penetrates all eight layers.

A constant pressurét,100 psia boundary condition was applied

to the outer boundary of the fan-shaped reservoir, and this allo@e variations in condensate saturation are more significant in the
fluid with the initial composition to flow into the simulation do-!OWer endpoint gas relative permeability. The use of 0.2 as the
main. The reservoir temperature and pressure are 335°F and 4,888Point gas relative permeability enlarges the range of relative
psia, so the initial fluid composition is in the two-phase regiol;]ermeabllltles and hence more significant effects of the trapping

since the dew point pressure is about 4,408 psi. number are observed. L _ _
The normalized well productivity index, with and without trap-

Discussion of Results ping number and for two different gas endpoints, is showfiqn

We performed simulations with and without the effects of trapl7 @s a function of the average reservoir pressure. The Pl in this
ping number on the relative permeability to demonstrate its si§tudy was computed using the following equation:
nificance on condensate saturation andAgs. 13 and 14illus- Q
trate the distribution of condensate with and without the effect of P|l= ———— (8)
trapping number. Fig. 13 shows that the condensate saturation Pave™ Puf
goes through a maximum with distance from the well in the higiyhereQ is in millions of scf/D andP,, . andP,, are in psia. The
permeability layers. This is because the trapping number resultsiflio of the Pl to the initial Pl gives the normalized PI. The initial
low values of condensate saturation very close to the well in thigoductivity index was taken at 0.01 days for each case.
high permeability layers; then the condensate saturation increasesgig. 17 shows that the PI decreases rapidly as condensate
as the trapping number decreases with increasing distance frpiilds up in the reservoir, but that the effect is somewhat attenu-
the well, and it finally decreases again due to the increase in th&d when the reduction in condensate saturation at high values of
pressure. The maximum condensate saturation occurs farther frigapping number is modeled. The trapping number effect is more
wellbore in the top(high permeability layers. Fig. 14 shows the sjgnificant for the case of low endpoint gas relative permeability
condensate saturation in the near wellbore region for the cap@n for the higher value. After a certain period of production, the
without the trapping number modeled is high near the well angifference in the productivity between these two runs is almost
then decreases away from the well in all layers. unchanged: the well productivity in the run with trapping number
Fig. 15illustrates the range of trapping numbers encountered éffects remains about 35% higher for the case with an endpoint of
both the top and bottom layers for the simulation as a function gf53. The productivity modeled with the trapping number is ap-
distance from the wellbore. In the top layer, trapping numbers asgoximately twice that without trapping number when using the
above the critical trapping numbébout 10 ® in Fig. 3) for up to  low endpoint gas curvéd.?). Table 2 lists the productivity index
the 100 ft from the wellbore. In the bottom layer that has theor the partial well in each layer with and without trapping num-
lowest permeability, no increase in relative permeability due to
trapping number effects will be seen because the trapping number
is less than the critical trapping number.
Fig. 16 shows the condensate saturation in layer 1 as a functi
of distance from the well with and without the trapping numbeg '
modeled and for two values of endpoint gas relative permeabilitg 200

E-]
£ 300
H
% 400
TABLE 1- RESERVIOR DESCRIPTION £ -
e
Thickness Porosity Permeability § 500
Layer (ft) (fraction) (md)
1 10 0.300 90 b ' ' ' '
: 0 5 10 15 20 25 30 35
2 10 0.250 75 Radial Distance From Wellbore (ft)
3 30 0.214 50
4 50 0.220 28 II . N
5 100 0.209 12 000 005 010 015 020 025
6 50 0.219 17 Condensate Saturation (fraction)
7 150 0.127 2.6 ) ) ]
8 370 0.120 15 Fig. 14-Condensate saturation map at 60 days  (without trap-
ping number effects ).
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Fig. 15-Trapping number as a function of distance from the Fig. 17—Normalized productivity index.

wellbore for the highest and lowest permeability layers.

the wellbore is not correct and does not lead to accurate predic-
ber effects after 10 days of production. The layer-averaged préi®ns, nor is it reasonable to assume there is a donut-shaped con-
sure and bottomhole pressure at each layer were used fér,jhe densate bank near the wellbore.
andP,; in Eq. 8. It can be seen from Table 2 that the productivity In addition, for simplicity and clarity, we did not include non-
index is more than two times greater in the top two layers whdbarcy effects in this illustrative simulation, but for very high rate
trapping number effects are modeled. The productivity index dgas wells, non-Darcy flow can be significant and is also coupled
creases as the formation permeability decreases. In the bottom twith all of the above variables and should be taken into
layers, no significant effects of the trapping number on the praccount®30:31
ductivity index were observed.

This simulation study shows why relative permeability shoul§ummary and Conclusions
not be modeled based on IFT only. The fundamental nature Diie buildup of condensate close to gas-condensate wells can sig-
changes in relative permeability was shown using the trappimificantly reduce the gas relative permeability and thus the Pl of
number concept. The basic equations clearly indicate that IFTtise well and must be accounted for with an accurate relative per-
not the only factor affecting residual saturations and the criticateability model. Although interfacial tension can be low and vari-
condensate saturation in particular. Hence, the crucial rate effegtse and does affect the gas and condensate relative permeabili-
that contribute significantly in the near wellbore region will not béies, it is not correct or accurate to model the relative
accounted for by an IFT model. The reduction in condensate safiermeabilities directly as a function of interfacial tension, but
ration in high permeability layers near the wellbore will not beather they should be modeled as a function of the combined
shown by such a model. Conditions in the near wellbore regi@ffects of pressure gradient, buoyancy, and capillary forces. This
for high permeability layers are the most important factors affeatequires generalization of the classical capillary number and Bond
ing the PI. Hence, relative permeability models based on IFT ontyumber into a trapping number. As was shown in this article, the
have a very poor chance of making accurate predictions of the Bhpping number can be used in a generalized relative permeabil-
Furthermore, it would be very difficult to model all of these interity model to correlate gas-condensate data and then used in a
acting effects analytically since heterogeneity, pressure, phase sieaulator to predict changes in the Pl due to changes in conden-
havior, interfacial tension, trapping number, and relative permsate saturation.
ability are all coupled in a complex and nonlinear way. The
coupling with heterogeneity is strong even when the reserv@ifomenclature
description is very simple as in this example. Simulations have D = depth. L
been conducted using stochastically generated permeability fields B pth, L ?
to further elucidate this coupling for more realistic reservoir g = gravitational constant, L
descriptiong® Assuming a uniform condensate buildup close to k = permeability tensor, £
k,, = relative permeability of phase
kY = endpoint relative permeability of phase

. r
kG Mo k%"= phasel endpoint relative permeability at high

0.30
. and low trapping numbers
Without trapping number (Krg® = 0.53)
0.25 \‘gf :
\‘.‘ / Withont trapping mumber (Krg® = 0.2)
_ o2f 7 Wih trapping nember (K1g? = 0.53) TABLE 2—PRODUCTIVITY INDEX (MILLIONS OF scf /D/psi)
§ \/ ’Y \". \ ‘With trapping number (Krg® = 0.2) K (,’g= 0.53 K fg=0.2
g 015 AN \i ‘\‘(
b \ UA Layer  With Ny Without Ny With Ny Without N
S ,
010 AN 1 16.486 8.244 9.541 2.825
\/ %N 2 13.120 6.868 7.474 2.353
oo AN WROUT i DY 3 23.739 13.732 12.983 4.779
Q_:__*“:\ _____ _ 4 20.008 12.801 10.116 4.895
———— tema o T o 5 16.300 13.120 7.050 4.358
000 10 2 s © s 6 12.931 8.482 6.446 3.095
Distance From Wellbore (f) 7 4.839 5.705 1.856 1.687
i i 8 7.433 7.933 3.346 2.780
Fig. 16—Condensate saturation for layer 1.
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Ng, = bond number of phase
capillary number of phaske

N1, = trapping number of phade
n, = number of phases

10.

Paye = average reservoir pressure, mit 2 11.
Pwt = bottomhole flowing pressure, mttt~?2

P, = pressure of phase mL ™t 2

Pl = productivity index, Bt~ YmL"1t2

Q = total production rate, & !

S = saturation of phasg L3L® PV 12

residual saturation of phase L¥L3 PV
residual saturation of phadeat high and low
Ny, L33 PV

trapping parameter for phase

T| = 13.

Greek Symbols

V&, = flow potential gradient given by
VP|r_gp|rVD 14.
p1 = density of phas¢, mL™3
o+ = interfacial tension between phadeand!’, me
®, = potential of phasé, mL™1t?
7 = trapping model parameter
15.
Subscripts

| = 16.

|/7

r

displaced phase
displacing phase
residual

17.

Superscripts

high = high trapping number 18.

low = low trapping number
0 = end point 19.
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S| Metric Conversion Factors

bbl x 1.589 873 E-01L=m’
°F  (°F—32)/1.8 = °C
ft X 3.048 E-01 =m
ft°d/ x 2.831685 E-03 = m%d
md X 3.008 142 E-04 = pm?
psi X 6.894 757 B-00 = kPa
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