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EXECUTIVE SUMMARY

A 4-inch McCrometer V-Cone flow meter having a beta ratio of 0.67 was tested in
the Interim Low Pressure Loop of the GRI Metering Research Facility at Southwest
Research Institute. All tests were conducted using dry nitrogen gas at a pressure of 115
psia. Flow rates ranged from 40 to 400 acfm, which corresponded to Reynolds numbers
from 125,000 to 1,245,000.

The objectives of the tests were to establish a baseline meter discharge coefficient
as a function of Reynolds number and then assess the affect of various upstream installation
configurations on the discharge coefficient. A total of seven tests were conducted.

0 Baseline discharge coefficient plus permanent head loss

0 Installation effect of a 90° elbow

0 Installation effect of a 90’ elbow and an inline  full open plug valve

0 Installation effect of short-coupling to a 90° elbow

0 Effect of flow static pressure tap location

0 Modified baseline configuration

0 Rerun baseline discharge coefficient

The test report documents the test plan, test conditions, facility configuration per test,
the instruments used and their calibration accuracies plus graphs and tables depicting the
results of the tests and the total uncertainty in measured discharge coefficient and Reynolds
number. The main conclusions from the testing are as follows.

0 The baseline discharge coefficient is a slowly increasing
number. The average V-Cone discharge coefficient at
higher than the average coefficient at 40 acfm.

function of Reynolds
400 acfm was 1.5%

0 With one exception, upstream installation configurations, e.g. elbow, elbow plus
plug valve, short coupled to a 90° elbow, flow static pressure tap location, and
V-Cone orientation, had negligible affect on the V-Cone discharge coefficient
as compared to the baseline values. The exception resulted when the V-Cone
was short coupled to a 90’ elbow, but the V-Cone was oriented such that the
high and low pressure taps were in the plane of the elbow and directed toward
the outside of the elbow.

0 The data indicates that a flow conditioner may not be needed upstream of the
V-Cone for most of the test conditions that were considered.

0 The baseline V-Cone discharge coefficients were quite reproducible.
Reproducible Cd versus Reynolds number curves were obtained from two runs
separated by 15 days and 10 intervening facility configuration changes.





The research, development, test and evaluation activities at the GRI Metering
Research Facility are a team effort. Therefore, it is appropriate that the members of the
team are acknowledged for their contribution to this project.

Mr. Kenneth Nickle  and Mr. Rolando Martinez operated the Interim Low Pressure
Loop (ILPL) of the GRI Metering Research Facility, which included test setup, data
acquisition and data post processing. Ms. Linda Montez converted the post processed
data files into final spreadsheet format. This report manuscript was edited and processed
by Ms. Rose Alvizo.



ADVERTISING, CONFIDENTIALITY AND
RECORD RETENTION POLICY

GRI and SwRl policies specifically prohibit the use in advertising of both its name
and results provided by our studies. The following paragraph, extracted verbatim from
SwRl contractual documents, clarifies this point:

“SwRI  shall not publish or make known to others the subject matter or results of the
Project or any information obtained in connection therewith which is proprietary and
confidential to Client without Clients’written approval. No advertising or publicity containing
any reference to SwRl or GRI, or any of their employees, either directly or by implication
shall be made use of by Client or on Client’s behalf without SwRl’s  or GRl’s  written approval.
In the event Client distributes any report issued by SwRl on this Project outside its own
organization, such report shall be used in its entirety, unless SwRl approves a summary
of abridgement for distribution.”

Southwest Research Institute will retain a record copy of the test report for a period
of three (3) years. This permits us to answer questions which may be raised after a report
is mailed and provides a basis for additional work, if required. The contents of the report
and any information which comes into our possession during the course of a study are
held confidential to the company conducting the study and are not disclosed to anyone
without Client’s prior permission.
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1.0 INTRODUCTION

This report documents a test program conducted in the Interim Low Pressure Loop (ILPL) of the

GRI Metering Research Facility located at Southwest Research Institute (SwRI) in San Antonio, Texas.

The test program was conducted for the McCrometer Division of Ketema, Inc.

The V-Cone flowmeter is a patented design, differential pressure flowmeter that uses the same

basic principles of measurement as the orifice plate. McCrometer has conducted extensive performance

testing of the V-Cone in water. The objectives of the tests conducted in the ILPL on nitrogen gas were

to establish the baseline meter discharge coefficient as a function of Reynolds number and then assess

the variation of discharge coefficient from the baseline due to various upstream installation

configurations.

2.0 TEST ARTICLE

The test article provided by McCrometer was a 4-inch, Model V5104 V-Cone primary flow

element in a spoolpiece having ANSI 150 Lb flanges and two-hole up bolt pattern. The V-Cone element

had a beta ratio of 0.67. This line size and beta ratio have been used in previous ILPL baseline and

installation effects research on orifice meters, and they have been used exclusively in flow conditioner

research. This meter size was selected to produce a differential pressure of nominally 50 inches of water

at the highest flowrate. The beta ratio for the V-Cone flowmeter is defined in Appendix A. As with

the orifice plate, the beta ratio is the ratio of meter flow area to pipe area. For the V-Cone, the flow

area is distributed around the perimeter of the V-Cone body as opposed to the central core flow area of

an orifice plate. A drawing of the V-Cone and spoolpiece is shown in Figure 1.

3.0 TEST PLAN

All tests were conducted at a nominal gas pressure of 115 psia. Flow rates ranged selectively

from nominally 40 to 400 acfm. Within a given test, flow rate setpoints were repeated three times in

order assess the repeatability of the discharge coefficient measurements. Seven tests were conducted,

and each test is described below.

Test 1: Baseline Cd Plus Permanent Head Loss

The objective of Test la was to obtain a lo-point baseline calibration of the V-Cone meter using

a physical installation that paralleled the configuration used by SwRI for its baseline and installation

effects research on orifice meters. The configuration is shown in Figure 2. The 50D pipe length upstream

of the V-Cone was the ILPL matched bored and pinned meter run. An orifice plate having a beta ratio
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of one was inserted between the 45D and SD segments of the ILPL meter run in order to provide a

sealing surface for the O-rings on the orifice flanges. In Test 1 b, the static head loss across the V-Cone
was measured as shown if Figure 2. Nine pipe diameters were provided downstream of the V-Cone to
allow for pressure recovery. Tests 1 a and 1 b were performed sequentially.

Test 2: Installation Effect of a 90’ Elbow

As shown in Figure 3, the configuration for Test 2 consisted of a horizontal 90” elbow and the
ILPL  22D meter tube upstream of the V-Cone. The 50D meter tube of Test 1 was replaced with the
22D meter tube to be consistent with previous ILPL installation effects research on orifice meters. In
three separate tests, 2a, 2b and 2c, the V-Cone was body was tested in three orientations with respect
to the flow. The V-Cone was first tested with pressure taps vertical (Test 2a). In the next two tests, the
V-Cone was rotated either +90 (Test 2b) or -90” (Test 2c) looking upstream with respect to the flow.
All other piping components remained fixed during this test sequence.

Test 3: Installation Effect of a 90’ Elbow and Inline Full Open Plug Valve

To assess the affect of a valve upstream of the V-Cone, a full open 4-inch plug valve was inserted
in the Test 2 setup between the discharge flange of the 90” elbow and 22D meter tube. The V-Cone
was oriented vertically as was the valve stem.

Test 4: Installation Effect of Short Coupling

In this test, the V-Cone was short coupled to a 90” elbow. Following A.G.A. Report No. 7, a 4D
pipe segment was inserted between the elbow and the V-Cone. The 4D section did not contain a flow
conditioner. The piping configuration is shown in Figure 4. As in Test 2, three calibration runs, 4a, 4b
and 4c, were made with the V-Cone oriented vertically and at ±90° with respect to the vertical. The
upstream static pressure tap in the 4D section was located in the same plane as the V-Cone pressure
taps. The 4D section was rotatated with the V-Cone.

Test 5: Effect of Flow Static Pressure Tap Location

The piping configuration for Test 5 was identical to the configuration of Test 4. In Test 4, the
tap for flow static pressure measurement was located on the lead-in pipe 1.25D  upstream of the V-Cone
entry flange. In Test 5, the flow static pressure was obtained by teeing off of the high pressure port
on the V-Cone. The V-Cone was oriented vertically. Whereas previous tests involved 10 flow rates,
Test 5 included five flow rates: 80, 160, 240, 320 and 400 acfm.
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Test 6: Modified Baseline Configuration

Test 6 was identical to Test 1 with two exceptions. First, the 4D spool piece that was used in

Test 4 was inserted in Figure 2 between the 5D spool of the ILPL meter tube and the V-Cone. Second,

the flow static pressure port on the 4D spool was used instead of the orifice flange pressure port that

had been used in Test 1.

Test 7: Rerun Baseline Test 1

Test 7 was a duplicate rerun of the baseline Test 1. Initially, in Test 7A, flow rates were 80, 160,

240,320, and 400 acfm. Then, the intermediate flow rates of 40,120,200,280,  and 360 acfm were run

under Test 7B.

4.0 TEST RESEARCH FACILITY - INTERIM LOW PRESSURE LOOP

The MRF is a unique world-class flow research center initiated by the Gas Research Institute

(GRI). The facility is located at and is operated by Southwest Research Institute (SwRI).  The MRF

consists of an Interim Low Pressure Loop (ILPL) and a High Pressure Loop (HPL) in order to cover

the wide range of flow conditions required by the gas industry.

The ILPL is a recirculating gas flow loop for pipe sizes up to 6 inches with a maximum operating

pressure of 190 psig and flow rates up to 6 MMSCFD (250 MSCFH). A plan view of the ILPL illustrating

the main components is shown in Figure 5. Acoustic filters are located upstream and downstream of a

reference metering section so that measurements are isolated from any compressor disturbance, and

pulsation research can be performed in the test section without influencing flow measurements in the

reference section. A water-cooled heat exchanger controls gas temperature to stability of approximately

±l° F.

The configuration of the ILPL is flexible such that flow can enter the upstream end of the test

section either directly from a vessel through a single elbow or through other arrangements of upstream

piping. The test section has an overall length of over 33 feet, which is equivalent to approximately 100

diameters of 4-inch pipe.

Flow in the ILPL is controlled by compressor speed and by a critical flow venturi bank. There

are currently nine different venturi sizes that can be installed in the four venturi runs to control flow

rate. In the choked flow condition, critical flow venturi elements establish a stable flow rate and provide

a secondary flow measurement standard.
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A primary mass flow measurement system is a key part of the ILPL. This system shown in

Figure 6 consist primarily of a weigh tank and a gyroscopic balance. The balance is a state-of-the-art

instrument that can resolve the total mass of gas collected in the weigh tank with a precision of ±2.5

grams out of a gas weight of typically 50,000 grams. The volume of the vessel is in excess of 300

cubic feet, and the tare weight of the tank is about 2,000,000 grams. The accuracy of the scale and

calibration procedure results in a mass flow rate measurement accuracy of better than 0.1 percent as

shown in Figure 7.

5.0 FACILITY INSTRUMENTATION AND TEST PROCEDURE

All necessary instrumentation was calibrated in accordance with MRF calibration procedures.

Table 1 contains a list of the key instrumentation for this test, the calibration range of each instrument

and its corresponding uncertainty level. The output of the temperature and pressure sensors for the

various sonic nozzles were used to calculate the actual volumetric flow rate in the ILPL during a given

test. The ILPL absolute test section static pressure is equal to the algebraic sum of System Absolute

Pressure and the Test Article Flow Differential Pressure.

Dry industrial grade nitrogen was used as the test gas for all tests. Following calibration checks

on all instruments, the flow loop was operated for several minutes to stabilize the pressure, temperature,

and flow rate at the selected test conditions. After the flow was stabilized at a desired test condition,

facility system variables were sampled by the ILPL data acquisition computer at a rate of 15Hz for two

minutes. Given the test flow rate and sample time, the corresponding number of ILPL reference turbine

meter pulses was calculated. Time control was achieved through pulse counting.

Four sonic nozzles were used individually and in various combinations to generate 10 controllable

flow rates over the range from 40 to 400 acfm. The nozzles were rated at 40, 80, 160, and 320 acfm

(actual cubic feet per minute). Changes in system flow rate produced corresponding changes in Reynolds

number, which was the primary independent test variable.

Following completion of a given test series, the ILPL test section was isolated from the rest of

the loop and depressurized so that the test section could be reconfigured to accept the next test

configuration. The test section was then purged back into nitrogen service. Gas analyses have been

conducted prior to and after purging into service and have proven that the ILPL purge procedure results

in a test gas that is 99.984 mole percent nitrogen at a minimum, with a balance of 0.016 mole percent

oxygen, and less than 0.0005 mole percent methane and non-methane hydrocarbons. The analyses

justify the use of pure nitrogen properties for all subsequent data reduction.









0 UReD(%) - uncertainty in Reynolds number

Cd - V-Cone discharge coefficient

UCd(%) - uncertainty in V-Cone Cd measurement

l Y - V-Cone expansion factor

l SN(lb/s)  - nozzle mass flow rate in pounds per second

l USN(%) - uncertainty in nozzle mass flow rate

Appendix B contains graphical representations of V-Cone performance corresponding to the

tabular data. Appendix A contains the general performance equations for the V-Cone. The equations

for V-Cone expansion factor, Y, were used in the ILPL post-processor to calculate discharge coefficient.

As a quality control check during the testing, a periodic primary weigh tank calibration run was

performed on selected individual nozzles to verify their performance. In those cases, the sonic nozzle

orifice coefficient as calculated from the weigh tank run fell between the upper and lower control limits,

i.e. ,+0.1% about the mean nozzle coefficient, established by the ILPL for a given nozzle. These weigh

tank runs verified that the ILPL operation was under control. The weigh tank runs are included in the

spreadsheets in Appendix C. In between weigh tank runs, system control was verified by comparing

the flow rate calculated from the sonic nozzles with the flow rate output from the ILPL reference turbine

meter. The control criterion was that the nozzle flow rate should not differ from the turbine meter flow

rate by a percentage that was greater than the total uncertainty of the turbine meter measurement.

Appendix A contains two graphs that pertain to the V-Cone expansion factor. Figure A.1 shows

a comparative plot of the V-Cone expansion factor and the expansion factor for an orifice plate flow

meter over a wide range of the ratio of meter pressure drop to flow static pressure. Figure A.2 shows

a plot of the V-Cone expansion factor as a function of the normalized pressure drop in the baseline Test

1 a. Both sonic nozzle and weigh tank data point arc 4represented in this figure. Note that, in all cases,

test conditions were such that the V-Cone expansion factor exceeded the minimum value of 0.96 as

recommended by McCrometer.

The following observations are offered on V-Cone performance.
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Test 1: Baseline Cd Plus Permanent Head Loss

The V-Cone baseline discharge coefficient shown in Figure B.l is a slowly increasing function

of pipe Reynolds number. Under reduced flowrate  range but with an orifice plate beta ratio of 0.67,

the ILPL baseline orifice discharge coefficient’ decreases with increasing Reynolds number and follows

the A.G.A. 3 RG equation. The average V-Cone discharge coefficient at 400 acfm was 1.5% higher

than the average coefficient at 40 acfm. Similarly, average discharge coefficient uncertainty ranged

from ±0.545% at 40 acfm down to ±0.189% at 400 acfm. For Reynolds numbers from about 600,000

to 1,250,000,  the V-Cone differential pressure was at least one-half of the differential pressure measured

in the ILPL baseline tests with an orifice plate beta ratio of 0.67 and the same line size and static pressure.

Figure B.2 shows the permanent head loss across the V-Cone as a function of Reynolds number.

The head loss is presented in terms of a pressure coefficient, which is numerically equal to the actual

pressure drop shown in Appendix C divided by the flow dynamic pressure expressed in the same units

as pressure drop. In equation form, the pressure coefficient is defined as follows.

cp= Ap
1/2p(Q/A)'

Where:

AP = permanent pressure loss across the V-Cone

P = gas density at the V-Cone

Q = actual flow rate past V-Cone at test pressure and temperature

A = meter tube cross-sectional area

Test 2: Installation Effect of a 90” Elbow

The discharge coefficient as a function of Reynolds number is shown in Figures B.3, B.4, and

B.5 for three V-Cone orientations with respect to the flow direction. In Figure B.3, the V-Cone was

oriented vertically, i.e., pressure ports normal to the plane of the elbow. In Figure B.4, the V-Cone was

rotated +90° (clockwise) as viewed looking upstream. Finally, the V-Cone was rotated -90° (counter

clockwise), and the results are shown in Figure B.5.

1 T.B. Morrow and J. T. Park, “Baseline Conditions for Orifice Meter Calibration,” GRI Publication
No. GRI-92/0097,  October 1992.
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The first observation is that the Cd values for the 0 and +90° orientations agree with each other

across the Reynolds number range. At the -90° orientation, the Cd values fall below those at 0° for

Reynolds numbers less than roughly 360,000 or 120 acfm potentially due to elbow-induced pressure

instabilities. However, for Reynolds numbers greater than about 400,000, the presence of the upstream

elbow appears to have negligible affect on Cd values compared to the V-Cone baseline in Figure B. 1.

Test 3: Installation Effect of a 90° Elbow and Inline Full Open Plug Valve

The results of Test 3 in Figure B.6 can be compared to the results from Test 2 in Figure B.3 to

infer the effect of adding a plug valve to the Test 2 setup. The Test 3 results can also be compared to

the baseline Test 1 to determine the affect of an elbow and plug valve in series upstream of the V-Cone.

The results indicate that the addition of an upstream valve had a negligible affect on discharge coefficients

relative to either the Test 2 configuration with a 90” elbow and the vertical V-Cone or the Test 1 baseline

Cd values.

Test 4: Installation Effect of Short Coupling

As demonstrated by Figures B.7 and B.8, short coupling of the V-Cone to a 90° elbow had little

affect on the measured discharge coefficient at any test Reynolds number for the V-Cone oriented either

vertically or rotated 90° clockwise as viewed from a downstream observer. In addition, the Cd curves

for these two close-coupled configurations generally agree with the baseline data of Test 1. The discharge

coefficient data for the -90° orientation in Figure B.9 is somewhat higher than the baseline data of Test

1 throughout the test Reynolds number range. This suggests that the preferred short-coupled V-Cone

installation is with the V-Cone pressure taps oriented either vertically to the plane of the elbow or rotated

90” toward the inside radius of the elbow.

Test 5: Flow Static Pressure Tap Location

In this test, the piping configuration was identical to that used in Test 4. The difference between

Test 5 and Test 4 was that flow static pressure was obtained directly from a Tee on the V-Cone high

pressure port as opposed to the pressure tap on the lead-in piping to the V-Cone in Test 4. A comparison

of the Test 5 results in Figure B. 10 with the corresponding Test 4 results in Figure B.7 indicates that,

within experimental variability, the change of pressure tap location had no affect on the discharge

coefficient over the Reynolds number range tested.
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Test 6: Modified Baseline Configuration

The results of this test are shown in Figure B.11,  and they can be compared directly with the

baseline results of Test 1. Recall that Test 6 differed from Test 1 in the location of the flow static

pressure port and that in Test 6 an additional pipe segment was inserted between the meter tube and the

V-Cone. A comparison of Figures B.l and B. 11 indicates that, within experimental variability, the

discharge coefficients measured with the modified baseline agree with the baseline of Test 1. Since

two factors were changed in Test 6 relative to Test 1, it is not possible determine if the individual change

effects were negligible or if the change effects were offsetting and coincidentially  produced the same

result.

Test 7: Duplicate Baseline Test

This test was a duplicate rerun of Test 1A. Comparing Figure B. 1 with Figures B. 12, and B. 13

indicates that, within experimental variability, the two baseline runs resulted in reproducible discharge

coefficient  curves as a function of Reynolds number. In other words, the V-Cone calibration curves

were reproducible. This is a significant result because Test 1 and Test 7 were separated by 15 days and

10 configuration changes.
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: McCROMETER  DIVISION l 3255 W. STETSON AVENUE, HEMET, CA 92545

TELEPHONE: (909) 652-6811
FAX: (714) 652-3078
TELEX: 67-6343

General equations for the V-Cone flowmeter

P
iD+-d2

=
D1

where:
p is the meter beta ratio
D, is the meter inside diameter in inches
d is the cone diameter in inches

p = 2.698825%

where:
p is the flowing fluid density in pounds per cubic foot
G is the gas specific gravity
P, is the static line pressure measured upstream of the meter in psia
2 is the gas compressibility factor
T is the flowing temperature in degrees Rankine

where:
%cFS is the gas flow rate in actual cubic feet per second
G, is the acceleration of gravity (32.2 ft/sec2)
p is the flowing fluid density in pounds per cubic foot
D is the meter inside diameter in feet
p is the meter beta ratio
AP is the differential pressure measured across the V-Cone in pounds per square foot
C, is the flow coefficient of the meter
Y is the adiabatic expansion factor for contoured elements (see below)

where:
R is simply a variable to keep the Y equation manageable
Y is the adiabatic expansion factor
AP is the differential pressure measured across the V-Cone in pounds per square inch
P, is the static line pressure measured upstream of the meter in psia
p is the meter beta ratio
k is the fluid isentropic exponent at flowing conditions
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V-Cone Differential Pressure
Appendix C, Test 2C
MRF Report No. 94-3

Test Time
(HHMMSS)

DP
(psid)

92414 0.180670
92536 0.180680
92654 0.180600
84030 0.020860
84216 0.0207
84335 0.02118
85257 0.08137
85535 0.079780
85712 0.080220
91348 0.314210
91516 0.31408
91646 0.314560
93759 0.493120
93916 0.49278
94036 0.495950
94755 0.70803
94929 0.707670
95045 0.70774
95708 0.964300
95824 0.965160
95948 0.965150
100751 1.265370
100921 1.262030
101138 1.257200
101712 1.596830
101829 1.593930
101945 1.591170
102514 1.966170
102643 1.960940
102801 1.959460




























