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ABSTRACT

Wet gas flow measurement is becoming vital to tteelpction of natural gas. New wells with marginatputs
cannot justify gas-liquid separation equipment emat transfer gas which contains some liquid voluribe flow
measurement device on each well dictates the @ilbmcearnings and must therefore provide gas flaasarement
as accurately as possible.

Several types of differential pressure based flotenseare currently being used in wet gas flow mesasant.
Differential pressure based flowmeters share marjopmance characteristics in wet gas applicatibiwvever,
studies have also found that there can be signifiddferences in the correlations between meterwogading and
liquid content depending on the type of differeintilessure meter being tested.

Emerson Process Management conducted a seriestajasetests on a standard orifice plate, a V-Cane,
Venturi and two Rosemount conditioning orifice pktat TUV NEL Ltd in Scotland. Previously, tests o
conditioning orifice plates in wet gas were conédcat the Colorado Engineering Experiment Station, (CEESI).
The work described in this paper is aimed at ingashg the similarities and differences in thefpanance of these
meter types in wet gas flows. Comparisons of tlieda to those from previous studies on the mgpasttested are
presented. Also, as a result of these studiesnargl method for correcting the over-reading oftiz2Bed, wet gas
flowmeters using process measurements and the €fomputing capabilities of modern multivariable DP
transmitters was developed and is presented.

NOMENCLATURE
A, = pressure coefficient (-) U = gas velocity (m/s)
Ay = gas velocity coefficient (-) Xim = Lockhart Martinelli parameter (-)
Az = beta ratio coefficient (-) B = beta ratio (-)
mg = gas mass flow rate (kg/s) APy, = differential pressure of wet gas (bar)
. o 4P, = differential pressure of dry gas (bar)
m = liquid mass flow rate (kg/s)

Py = gas density (kg/f)

OR = over-reading (-
9() A = liquid density (kg/m)

P =line pressure (bar)

WET GAS FLOW

For the purposes of this paper, wet gas flow dimlliefined as the flow of a two phase mixture af@ad liquid
where the Lockhart-Martinelli parameter is lesatioa equal to 0.3. This follows the de facto staddused in the
natural gas industry. The parame§s, is calculated by equation (1 ):
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All the testing reviewed in this paper was conddctesing a single homogeneous liquid. Real world
applications can include a mixture of liquids thadke up the liquid phase of wet gas, such as a icatnin of
water, compressor oil, and hydrocarbon liquids.sTgaper and the conclusions drawn will relate to ges flow
with a single liquid component.

DIFFERENTIAL PRESSURE FLOWMETERS

Single phase differential pressure (DP) flowmessesthe most common type of meters for the measneot
wet gas. These meters are either stand-alone me@asot points or as the primary element of a wetrgalti-phase
flow measurement system. The most common typ&#afeters used are the standard orifice plate antu¥i, the
McCrometer V-Cone and the Rosemount conditionirificerplate.

This paper will focus on the use of DP meters asdstalone wet gas flow measurement points. DPrmete
tested in wet gas flow have shown a character@ster-reading which is proportional to the Lockhilstinelli
parameter (or other estimations of liquid loading)s the Lockhart-Martinelli parameter increaség, differential
pressure created by the primary element will oeadrby as much as 50%.

Each DP meter has a slightly different responstiéointroduction of liquid during wet gas testitigopugh all
will over read, with the exception of orifice platat very small values of the Lockhart-Martinelirameter.

TESTING CRITERIA

CEESI Criteria

Initial wet gas testing on four conditioning or#iplates was completed at the Colorado Engine&xpgriment
Station, Inc. (CEESI) in Nunn, Colorado during 200#he purpose of these tests was to confirm tifeance of
the four hole conditioning orifice plates in wetsgapplications. In homogeneous fluid applicatiamsether liquid
or dry gas, the conditioning plates performed w&irailar way to traditional orifice plates with tlsame beta ratio,
with respect to their values of discharge coeffitigas expansion factor, permanent pressure tmkagcuracy.

CEESI tested two models of conditioning orificetplg each with two different beta ratios, and tkstietwo
different line pressures. The wet gas was a coatibin of natural gas and decane, a hydrocarbomdliguiquid
loading ranged from zero (dry gas) to a LockhartiMalli value of 0.3. The line size for all CEEtgksts was 3”. A
turbine meter and a subsonic Venturi jointly meeaduthe flowrate of dry gas. Coriolis meters meaduhe liquid
mass flowrate and the density of the injected dquFig. 1 is a photo of the test setup at CEE®B&$ gas testing
facility.

Test meter locatics
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Fig. 1 Test setup at CEESI wet gas testing facility



The Rosemount conditioning orifice plate is a prejary design of Emerson Process Management. wbe t
models tested were the Rosemount 1595 and 405€.1995 is a paddle-type orifice plate (5ég 2). The paddle-
style plate requires flanges taps in the matinggiés. The flange taps are located 1 inch (25.4 from) both the
upstream and downstream faces of the plate.

The 405C is a compact orifice design, see FigC8mpact orifice meters include corner taps in théybof the
meter as well as a mounting head with isolation aeqdalization valves. Orifice corner taps are fedaat the
upstream and downstream faces of the plate. Timpact meters can be installed between standard ASMEDIN
flanges.

o

~
Fig. 2 Fig. 3
Rosemount model 1595 Rosemount model 405C

The beta ratios tested were 0.40 and 0.65. Condity orifice plates have equivalent beta ratiostemdard
orifice plates in terms of open area. Low and High pressures were 200 and 700 psi (14 and 48r&spectively.
Theuseof two line pressures illustrated any performance ghamlue to changing gas density

TUV NEL Criteria
Testing with wet gas was continued and extendéldJat NEL Ltd in Glasgow, Scotland. This test seness
expanded to include other DP technologies. THeviahg meters were tested at TUV NEL in 2005:

4 inch ISO 5167 orifice plate with 0.4% see Fig. 4.
4 inch Rosemount model 405C with 0B5see Fig. 3.
4 inch classical Venturi with 0.7%, see Fig. 5.

4 inch McCrometer V-Cone with 0.75 see Fig. 6.

PODdDPE

The Venturi tested was provided by TUV NEL fromithiaboratory supply of differential pressure pripa
elements and was of standard design with a 21%xcgant section.

The V-Cone is a proprietary device of McCrometac.| The V-Cone creates differential pressure aittone
located in the center of the pipe. The high pressneasuremeris taken upstream of the cone at the pipe wall,
while the low pressure measurement is taken threlugleenter of the cone, with the port facing ddvesm.
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Fig. 4 Fig. 5 Fig. 6
ISO 5167 Oirifice Plate Classical Venturi McCrometer V-Cone




DP elements are commonly used in wet gas applitsitiwith the above elements the most widely usBais
study was intended not only to expand the datalablai on the wet gas performance of the conditigronifice
plate, but also as a wider study of DP flow elerséntwet gas. The goal was to find a common thesadng DP
devices which would more accurately correlate floeasurement in wet gas conditions.

TUV NEL tested all the above DP elements underlamaionditions for direct comparison of resultsheTtest
gas was nitrogen. The test liquid was a kerosebstigute, trade name EXXSOL D80. The Lockhart-fuhetli
parameter value ranged from 0 to 0.3. Two presswere tested at 215 and 870 psi (15 and 60 W&g. 7 is a
photo of the test setup at TUV NEL's wet gas tastlity.

Test meter locatic

Fig. 7 Test setup at TUV NEL wet gas testing fagili

TEST RESULTS

The response of a differential pressure flow eldartested in wet gas is typically graphed as the-oeading vs.
the Lockhart-Martinelli parameter value. The oxesding increases as tg, value increases. The over-reading is
calculated by equation ( 2).
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To correct for this type of offset, the user of et\gas DP flow element would determine the LockMattinelli
parameter value, look at the response of the eleatehat liquid load (i.e. the over-reading), atetrease his flow
reading accordingly.Thus the user will obtain an estimate of the act#s flowrate by correcting for the known
quantity of liquid flowing in the pipe



CEESI Results

The CEESI wet gas study of 2004 showed that théitioning orifice plates responded as would be et
of a standard single hole orifice plate. See Bifpr results from the Model 1595 conditioning méf plates, both
beta ratios. See Fig. 9 for results from the md@&IC plates, both beta ratios.

Wet Gas Characteristic 3" 1595 CEESI
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Fig. 8
Meter over reading vs. Lockhart-Martinelli paranméter conditioning orifice plate, CEESI data

Wet Gas Characteristic 3" 405C CEESI
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Fig. 9
Meter over reading vs. Lockhart-Martinelli paramdte conditioning orifice plate, CEESI data

The response of both the 1595 and 405C plates dmildorrected for wet gas loading using a lineadeho
correlation. As liquid loading increased, the gtatreated more DP than under dry gas conditidhe relation of
over-reading to y was linear and repeatable. Equations ( 3), ((4)), and ( 6 ) are derived corrections from the
CEESI wet gas tests.



Equation for Model 1595 0.4®

Equation for Model 1595 0.6%

Equation for Model 405C 0.4@

Equation for Model 405C 0.6

The accuracy of correction equations is perhapaaxst interest to wet gas flow element users. Toaracy of
the linear relationships in equations 3 to 6 waeckhd by applying those equations to the testtseand comparing
to the direct measurement of dry gas in the CEESIIbop. Fig. 10 and Fig. 11 show the error imexed wet gas
measurement when compared to the dry gas measureiest points lie within a +2.0% range, with avfpoints
in the range 2.0% to 3.5%. This compares favorallginst previous results using other DP flow elesté 2.

OR=1.09980X,,, +1
OR=1.2306[X,,, +1
OR=1.10620X,,, +1

OR=1.2684[X,,, +1

(3)

(4)

(5)

(6)

These results are published and are available Eroverson Process Managentént
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Error vs. Lockhart-Martinelli parameter for conditing orifice plate




Wet Gas Correction 3" 405C CEESI
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Fig. 11
Error vs. Lockhart-Martinelli parameter for conditing orifice plate

TUV NEL Results

Results from the TUV NEL tests appear consistetti warlier findings for each of the flow elemenpég. The
ISO 5167 standard orifice plate results matchedetaf MurdocK!. The 405C data concurred with the CEESI test
results. The Venturi results matched those fronLeleuw”, while the V-Cone performance was consistent with
data presented by McCrométer For the TUV NEL results from these elements,Rige12 through Fig. 15.
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Meter over reading vs. Lockhart-Martinelli paranmdte standard orifice plate, beta 0.65



Wet Gas Characteristic 405C 0.658
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Fig. 13
Meter over reading vs. Lockhart-Martinelli paramédte conditioning orifice plate, beta 0.65

Wet Gas Characteristic V-Cone 0.758
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Fig. 14
Meter over reading vs. Lockhart-Martinelli paraméte V-Cone, beta 0.75



Wet Gas Characteristic Venturi 0.758
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Fig. 15
Meter over reading vs. Lockhart-Martinelli paramedte venturi, beta 0.75

A closer examination of the data, however, showeatacteristics not explored in the earlier stullyith flow
elements that have a linear over-reading respan3g\i there was a correlation with certain test paranset For
instance, if gas velocity is isolated in the d#éare is a relationship between the slope of thev@KX, curve and
the gas velocity. In other words, the charactieriget gas correction curve for DP meters is affddiy gas velocity.
This relationship is shown in Fig. 16 for teststba 405C flow element.

Effect of Gas Velocity on OR
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Fig. 16
Effect of gas velocity on meter over reading fo6€0

A similar effect was also found to exist in relatito pressure (i.e. gas density or gas-liquid dgmatio). As
shown in Fig. 17, there is an inverse relationgt@fween pressure and the slope of the OR ug.cXrve.



Effect of Pressure on OR
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Effect of gas pressure on meter over reading f&C40

LINEAR CORRELATION

By revisiting the data shown in Fig. 12 through.Hid, a linear fit can be applied to each test tmmand the
corresponding slope calculated for each combinatfopressure, gas velocity and beta ratio. Thelfemas not
included inthis analysis because of its non-linear response t@agtoading.

With slope as a function of pressure, gas velaity beta ratio, a regression of the data produdieéar model
that can be applied across the scope of the TUV tiEa.

This derivation was also applied to the previou€SEdata on the 405C model. While the CEESI tgdtiial
not cover the scope of the TUV NEL testing, it dlibw similar dependencies. The foofrlinear equation used is
shown in Equation (7).

Slope of OR vs. ¥y = Intercept + AP + Aj-U + A B (7)

Table 1 shows the regression coefficients geneffateaboth the CEESI and the TUV NEL data sets.

Table 1
Regression Coefficients
Ap Au Ag
Pressure Gas Vel. Beta
Intercept Coeff. Coeff. Coeff.
405C / CEESI | 1.6956 -3.52E-03 0.0361 -1.2675
405C / TUV NEL 1.0460 -2.47E-03 0.0298 0.1445
V-Cone / TUV NEL | 1.3554 -5.27E-03 0.0300 N/A
ISO O-Plate / TUV NEL 1.2033 -3.48E-03 0.0172 N/A

Table 2 shows the correlation coefficients generédethe CEESI and the TUV NEL data sets.

Table 2
Correlation Coefficients
Pressure Gas Velocity B
405C / CEESI -0.3510 0.6750 -0.0233
405C / TUV NEL -0.7590 0.9293 0.5801
V-Cone / TUV NEL -0.7990 0.9575 N/A
ISO O-Plate / TUV NEL -0.8023 0.8429 N/A
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APPLICATION OF THE LINEAR MODEL

As in the case of the previous CEESI tests, thditvatiable linear model was applied to the TUV Nigsults
and the outputs compared to the actual gas floveurement. Figures 18-21 show the results of thalyais for the
ISO 5167 orifice plate, V-Cone and the two 405Cditioning orifice plates, respectively. Also showarthose
figures are the results of the application of ot@nmonly used wet gas correlations applied tctmee data set.
As can be seen from these results, the multi-verilitear model yields residual errors that are parable and in
some cases less than those obtained from more colyoeed correlations.
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Fig. 18
Error vs. Lockhart-Martinelli parameter for standiarifice plate, beta 0.65
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Wet Gas Corrections 405C Beta 0.65 NEL
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Fig. 20
Error vs. Lockhart-Martinelli parameter for conditing orifice plate, beta 0.65

Wet Gas Corrections 405C Beta 0.40 NEL
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Fig. 21
Error vs. Lockhart-Martinelli parameter for conditing orifice plate, beta 0.40

It would be expected that applying a linear modethie data set which was used to generate the nsbdeld
yield positive results. A better test of the valydof the model is to apply it to other independédata. The multi-
variable linear model (based on the TUV NEL resoltdy) has been applied to the previous CEESI &atahe
same meter types. The results of that analysisshosvn in Figs. 21 and 22 for the Of4@nd 0.6% 405C
conditioning orifice plates, the only common metgres between the two data sets.
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Wet Gas Corrections 405C Beta 0.40 CEESI
6.0%
-
4.0%
* .
|
|_*
R T N
Nean, =& "
‘”'v'\ A v, . .
_ 0.0% = o A . . ¢ Murdoch
| ] * .
§’ 3 . . ] = Chisholm
w [ ]
-2.0% = 5 . o Evans
[ ] *
|
K
-4.0% o+
| ]
-6.0% -
]
L]
-8.0% : : : : : :
0.0500 0.1000 0.1500 0.2000 0.2500 0.3000 0.3500
Xim
Fig. 22

Error vs. Lockhart-Martinelli parameter for conditing orifice plate, beta 0.40
This data shows the TUV NEL correction to the poesi CEESI data set.

Wet Gas Corrections 405C Beta 0.65 CEESI
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Fig. 23
Error vs. Lockhart-Martinelli parameter for conditing orifice plate, beta 0.65
This data shows the TUV NEL correction to the poesi CEESI data set.

When applied to the independent CEESI data, thé-wariable linear model can be seen to yield otiioms
that are again comparable to that obtained by tnaditional correlations.

RESULTS DISCUSSION and CONCLUSIONS

These results have significant implications wheis ttonsidered that the independent variablesaémibhdel are
values that are already available in modern mualtiable flow transmitters. The process pressurgypgally a
measured value and the gas velocity is calculateth fthe standard flow computation in the multi-ahfe
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transmitter. Using these values and a compact,|siitgrative process, the proper wet gas correatione can be
determined and applied. This presents the podgiltiiat once the correct linear model coefficidiotsa particular
primary element type are determined, the wet gasection can be made entirely within the field mimeh
instrument.

Results obtained from the CEESI and THgV NEL test fluids are comparable when using thdtiavariable
linear correlation approach. This is a small samgdta set but confirms the validity of the cortiela method
between flow labs and across different test fluMéile the coefficients listed in Table 2 are notended as
definitive for any of the technologies tested, sluecess of the method on this limited data sehé®@raging and
suggests that it may be a viable correlation gjsafer wet gas measurement. Further work in thésds planned
through additional tests and by analysis of thelte®f other available data sets with this method.
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