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1 ABSTRACT 

Solartron ISA has been a leading manufacturer of differential pressure flow meters for over 40 
years. Due to a significant interest in the employment of cone meter technology within the 
industry, Solartron ISA decided to develop their own meter during 2009. This project was 
undertaken with a particular focus on subsea single phase flow measurement for well 
management applications. 

As part of the research and development programme, various cone meters were calibrated at 
TUV NEL in order to establish discharge coefficient characteristics. Of particular interest to 
Solartron ISA were the effects of non-ideal upstream pipe configurations and the general 
claims relating to cone meters being insensitive to these upstream disturbances. 

This paper presents the findings relating to potential errors created by having various 
upstream configurations for a number of cone meters, one of these manufactured by a 
leading supplier and the others manufactured by Solartron ISA. 

In addition to these tests, a classical Venturi tube was also calibrated under the same 
conditions. This paper will present these findings by way of a comparison to the cone meter 
performance data. 

In conclusion, this paper will present practical recommendations when using cone meters for 
realistic  single phase flow applications. 

2 PHASE I TEST PROGRAMME 

2.1 Meter Selection 

Initially Solartron ISA investigated the gas flow conditions that could be achieved by several 
test facilities. After some analysis of this data, a specification was drafted for two cone 
meters, one being a nominal 2 inch unit and the other a nominal 6 inch unit. The nominal pipe 
diameters were selected in such a way that they would be typical of a 2 1/16 inch and a 5 1/8 
inch unit, which are the most common sizes utilised for subsea injection flow meters in well 
management applications. This application data, along with a request for the effective 
diameter ratio to be 0.6 was submitted to a leading cone meter manufacturer as an enquiry to 
purchase these two devices. In both instances, due to the range of the meters and the 
relatively high pressure drops at the potential maximum flows, it was recommended by the 
vendor that the effective diameter ratio in both instances should be 0.85. Solartron ISA 
accepted this advice and proceeded to purchase the items on this basis. 

Initial sizing calculations furnished by the Vendor indicated that the nominal discharge 
coefficients for both the 2 inch unit and the 6 inch unit would be 0.75. Both units were also to 
be provided with a water calibration from the manufacturers own facility. It was acknowledged 
that this would not cover the entire operating Reynolds number range desired. The results of 
these calibrations are shown in Tables 1 and 2 and Figures 1 and 2 below. 
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Table 1  Water calibration data for 2 inch nominal bore cone meter 

Meter 
Serial 

No. 

Actual 
Pipe 

Internal 
Diameter 

Actual 
cone 

Outside 
Diameter 

Actual 
Beta 
Value 

Fluid Temp Diff 

Pressure 

Pipe 
Reynolds 
number 

Cd 

(-) (inches) (inches) (-) (-) (oF) (in WG) (-) (-) 

09-1161 2.065 1.086 0.8505 Water 

69.1 95.851 274,370 0.7342 

69.1 60.500 216,890 0.7305 

69.1 29.537 151,080 0.7282 

69.1 11.712 95,040 0.7275 

69.1 1.084 28,330 0.7128 

 

 

 

 

 

Figure  1 Water calibration for 2 inch nominal bore cone meter 
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Table 2  Water calibration data for 6 inch nominal bore cone meter 

Meter 
Serial 

No. 

Actual 
Pipe 

Internal 
Diameter 

Actual 
cone 

Outside 
Diameter 

Actual 
Beta 
Value 

Fluid Temp Diff 
Pressure 

Pipe 
Reynolds 
number 

Cd 

(-) (inches) (inches) (-) (-) (oF) (in WG) (-) (-) 

09-1162 5.255 2.814 0.8445 Water 

78.7 397.448 1,585,940 0.7450 

78.6 243.244 1,238,520 0.7446 

78.6 147.714 959,720 0.7404 

78.7 90.905 748,310 0.7350 

78.6 50.425 549,000 0.7249 

78.6 4.599 164,460 0.7191 

 

 

 

Figure 2  Water calibration for 6 inch nominal bore cone meter 

 

As can be seen from the figures, the discharge coefficients in water are some way off the 
manufacturers estimated value of 0.75. For the 2 inch nominal bore cone meter, the 
discharge coefficient varied by  1.4% from the mid value, while for the 6 inch cone meter this 
variation increased to  1.7%. 

Once the two meters were received at Solartron ISA and all of the data was reviewed, a test 
programme was devised that would give the maximum benefit from the available equipment 
and timescale. It was decided that for the 2 inch nominal bore cone meter, a standard dry gas 
calibration with sufficient upstream straight pipe lengths would be performed to give a 
comparison to the water calibration and that no testing relating to the effects of piping 
configurations would be executed for this meter during this programme. The results of the dry 
gas testing for this meter are shown in Figure 3. The gas calibration mid-point discharge 
coefficient was 0.764 with a variability over this range of  2.08%. When this data is 
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considered inclusive of the water calibration data, the mid-point discharge coefficient was 
0.746 with a large variability over the range of  4.46%. 

 

Figure 3  Gas and water calibrations for the 2 inch nominal bore cone meter 

 
For the 6 inch cone meter it was decided that this should be tested along with a 0.55 beta 
value Solartron ISA Seastream Venturi meter, to show the effects of common piping 
configurations that may be encountered in subsea installations. The outline test programme 
was drafted as shown in Table 3 and it was agreed that because of their experience, the 
services of TUV NEL should be engaged to conduct all of the testing. 
 

Table 3  Phase I Test Programme 

Test 
Build
No. 

Meter 
Under Test 

General Upstream 

Conditions 

Notes 

1 Cone meter 30D min of straight pipe 
Venturi also included in 30D 
downstream of cone meter 

2 Cone meter 
1 off 90 degree bend immediately upstream of 

meter 
Venturi also included in 30D 
downstream of cone meter 

3 Cone meter 
2 off 90 degree bends in the same plane 

immediately upstream of meter 
Venturi also included in 30D 
downstream of cone meter 

4 Cone meter 
2 off 90 degree bends in different planes 

immediately upstream of meter 
Venturi also included in 30D 
downstream of cone meter 

5 Cone meter 
1 off 90 degree bend then 3D of 

straight pipe immediately upstream of meter 
Venturi also included in 30D 
downstream of cone meter 

6 
Venturi 
meter 

1 off 90 degree bend immediately upstream of 
meter 

Cone meter also included in 
30D downstream of Venturi 

7 
Venturi 
meter 

2 off 90 degree bends in the same plane 
immediately upstream of meter 

Cone meter also included in 
30D downstream of Venturi 

8 
Venturi 
meter 

2 off 90 degree bends in different planes 
immediately upstream of meter 

Cone meter also included in 
30D downstream of Venturi 

9 
Venturi 
meter 

1 off 90 degree bend then 3D of 

straight pipe immediately upstream of meter 
Cone meter also included in 
30D downstream of Venturi 
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2.2 The TUV NEL High-Pressure Gas Re-Circulating Test Facility 

The high-pressure gas re-circulating test facility at TUV NEL is based around a 6-inch 
nominal bore flow loop. A schematic diagram of the nominal facility arrangement for dry-gas 
tests is provided in Figure 4. Although nominally 6-inch in diameter, the two parallel test 
sections can accommodate line sizes ranging from 2-inch through to 10-inch. The gas used 
for testing is oxygen-free nitrogen, supplied by BOC in 230 bar gauge cylinder banks. The 
facility operates at a nominal temperature of 18 C over a nominal pressure range of 10 to 63 
bar gauge, which corresponds to a gas density range of 12.76 to 74.54 kg/m3. 

 

Referring to the schematic diagram in Figure 4, the gas is driven around the test loop by a 200 
kW fully encapsulated gas blower. The maximum calibrated (pressure-independent) dry gas 
volumetric flow rate is nominally 1500 m3/h. The maximum achievable dry gas volumetric flow 
rate is dependent upon the size and type of reference/test flow meter installed. The gas 
temperature is controlled to within  0.1 oC using a chilled-water-controlled shell-and-tube 
heat exchanger. The gas flow rate is controlled by varying the speed of the blower. 

 

The gas reference volumetric flow rate is measured using a calibrated 6-inch model 3400 
Daniel SeniorSonic gas ultrasonic flow meter. For the test work described in this paper, the 
expanded uncertainty estimate on the gas reference volumetric flow rate is 0.5% at the 95% 
confidence level. All static pressure, differential pressure and temperature measurements are 
taken using traceable calibrated instrumentation. 

 

 

Figure 4  Schematic of the TUV NEL high pressure gas re-circulating test facility. 

2.3 Meter Installations and Piping Configurations 

For this test programme one 6 inch schedule 160 beta 0.85 cone meter (Serial No. 09-1162) 
and one 6-inch schedule 160 beta 0.55 Solartron ISA Seastream Venturi meter (Tag No. FE-
5195) were installed in Test Line 2 of the TUV NEL high-pressure gas re-circulating test 
facility. A total of nine different pipe spool configurations were used to check the installation 

Gas CoolerGas Blower

Main
Vent
Line

Bursting Disc

Reference Gas
Ultrasonic Flow
MeterFlow Direction

Butterf ly 
Valve

Bypass Line

Test Line 1

Test Line 2

Nitrogen Fill Line

Flow Direction
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effects performance of each meter (labelled 1 to 9 in Table 3). Apart from the initial straight 
pipe baseline test run four of the installations had the cone meter upstream of the Venturi 
meter, and four had the Venturi meter installed downstream of the cone meter (with identical 
upstream pipe configurations). 
 
The upstream 6 inch pipe spools required for the test programme were supplied by Solartron 
ISA. Suitable 6 inch closing pipe-work was supplied by TUV NEL to allow the completion of 
the test line build, with the closing spools having a 6 inch schedule 80 bore. 
 
Tests were carried out over the nominal pipe Reynolds number range 1.5 x 106 to 9.8 x 106. 
Figures 5 to 13 are photographs of each installation. Each test build was run at one pressure 
only, nominally 42.8 bar gauge. This was to generate a nominal operating density of 51 kg/m3 
at 18 oC. During the test programme TUV NEL logged all gas reference and test meter data. 
Each test point was logged for a period of 300 seconds. Prior to the logging of each test point, 
test line conditions were allowed to stabilize for a period of one to two minutes. 

 

 

Figure 5  Test build 1 

 

Figure 6  Test build 2 



28th International North Sea Flow Measurement Workshop 
26th – 29th October 2010 

 

7 

 

Figure 7  Test build 3 

 

Figure 8  Test build 4 

 

Figure 9  Test build 5 



28th International North Sea Flow Measurement Workshop 
26th – 29th October 2010 

 

8 

 

Figure 10  Test build 6 

 

Figure 11  Test build 7 

 

Figure 12  Test build 8 
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Figure 13  Test build 9 

3 PHASE I TESTING 

3.1 Calculations 

The discharge coefficient for the Venturi meter and the cone meter were calculated from 
equation 1. 

4
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The Venturi meter expansibility () and its relative uncertainty (in per cent) are taken from ISO 
5167-4:2003 [1], and are reproduced in equations 2 and 3 below. 
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This has a maximum value (over the Reynolds number range tested) of 0.21%. The cone 
meter expansibility [2] is given by equation 4. 

4

1
1 (0.649 0.696 )

p
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(4) 

This was derived for 0.45    0.75. Fitting the original expansibility data to give the equation 

for the uncertainty and extrapolating it gives a value for the absolute uncertainty at  = 0.8445 
of 

1

127.0
p

p




 

(5) 

This has a maximum value (over the Reynolds number range tested) in relative terms of 
0.06%. 
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The other source uncertainties used are provided in Table 4 (all the uncertainties are stated 
as percentage of reading). The figure given for differential pressure applies for a differential 
pressure greater than or equal to 0.096 bar. The differential-pressure uncertainty increases 
for the lowest Venturi meter point. For the lower half of the cone meter data a differential 
pressure calibration at atmospheric pressure was undertaken, because it was not possible to 
calibrate the low range transmitter at a static pressure of 42.8 bar gauge). On the basis of the 
manufacturers specification an additional uncertainty of 4.7 Pa was added in quadrature to 
the 0.1% uncertainty. It was however possible to calibrate the top end of the 0 to 0.1 bar 
transmitter both at atmospheric pressure and at an elevated pressure, and on that basis a 
value of 4.7 Pa appears conservative. 

The expanded uncertainty estimates for the cone meter and Venturi meter discharge 
coefficients are in the range 0.52% to 0.56%, except at the lowest Reynolds number for the 
cone meter, for which the uncertainty in the discharge coefficient is 0.63%. 

 

Table 4  Source Uncertainty Values (at the 95% Confidence Level) – Phase I Tests 

Source Expanded 
Uncertainty 

Estimate 

(%) 

Reference Gas Volumetric Flow Rate 0.5 

Reference Gauge Pressure 0.1 

Reference Barometric Pressure 0.015 

Reference Absolute Temperature 0.05 

Reference Gas Compressibility 0.02 

Test Meter Gauge Pressure 0.1 

Test Meter Absolute Temperature 0.05 

Test Meter Differential Pressure 0.1* 

Test Meter Gas Compressibility 0.02 

*For a differential pressure greater than or equal to 0.1 bar. 

3.2 Test Results 

The cone meter baseline calibration was determined from build 1, as shown in Figure 14. The 
gas calibration mid-point discharge coefficient value was 0.740 with a variability over the 
range of  0.40%. For all subsequent tests on this meter, this data was used as the baseline 
with the effects of different piping configurations being compared relative to it. The data from 
the water calibration was not used any further during this programme, however it is 
noteworthy that the cone meter did display a dependency upon Reynolds number for this 
lower range, and if this had been included in the analysis then the mid-point discharge 
coefficient value would have been 0.732 with a variability over the range of  1.8%. 
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Figure 14  Gas and water calibrations for 6 inch nominal bore cone meter 

The Venturi meter baseline discharge coefficient was also determined from build 1. The results of this 
test are shown in Figure 15 and are consistent with ISO 5167-4:2003. The gas calibration mid-point 
discharge coefficient value was 0.997 with a variability over the range of  0.43%. As with the cone 
meter, subsequent tests on the Venturi utilised this data as the baseline, with the effects of different 
piping configurations being compared relative to it. 

 

Figure 15  Gas calibration for 6 inch nominal bore Venturi meter 

 
Build 2 Installation Effect: A single 90 degree bend, immediately upstream of the cone meter, Serial 
Number 09-1162, displayed a shift in the discharge coefficient of up to +2.27%, as shown in Figure 
16. 
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Figure 16  Percentage change in discharge coefficient from build 2  

Build 3 Installation Effect: Two 90 degree bends in the same plane, immediately upstream of the cone 
meter, Serial Number 09-1162, displayed a shift in the discharge coefficient of up to +0.45%, as 
shown in Figure 17. 

 

Figure 17  Percentage change in discharge coefficient from build 3 

 
Build 4 Installation Effect: Two 90 degree bends in different planes immediately upstream of the cone 
meter, Serial Number 09-1162, displayed a shift in the discharge coefficient of up to +0.69%, as 
shown in Figure 18. 
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Figure 18  Percentage change in discharge coefficient from build 4 

Build 5 Installation Effect: A single 90 degree bend and then three diameters of straight pipe 
immediately upstream of the cone meter, Serial Number 09-1162, displayed a shift in the discharge 
coefficient of up to +1.38%, as shown in Figure 19. 

 

Figure 19  Percentage change in discharge coefficient from build 5 

 
Build 6 Installation Effect: A single 90 degree bend immediately upstream of the Venturi meter, Serial 
Number FE-5195, displayed a shift in the discharge coefficient of between -0.79% and +0.62% as 
shown in Figure 20. 
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Figure 20  Percentage change in discharge coefficient from build 6 

Build 7 Installation Effect: Two 90 degree bends in the same plane, immediately upstream of the 
Venturi meter, Serial Number FE-5195, displayed a shift in the discharge coefficient of between          
-0.50% and  +0.49%, as shown in Figure 21. 

 

Figure 21  Percentage change in discharge coefficient from build 7 

 
Build 8 Installation Effect: Two 90 degree bends in different planes, immediately upstream of the 
Venturi meter, Serial Number FE-5195, displayed a shift in the discharge coefficient of between          
-0.26% and +0.49%, as shown in Figure 22. 
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Figure 22  Percentage change in discharge coefficient from build 8 

Build 9 Installation Effect: A single 90 degree bend and then three diameters of straight pipe, 
immediately upstream of the Venturi meter, Serial Number FE-5195, displayed a shift in the discharge 
coefficient of between -0.70% and  +0.33%, as shown in Figure 23. 

 

Figure 23  Percentage change in discharge coefficient from build 9 

As stated in Table 3, while the primary meter of interest was being calibrated to show the effect of the 
upstream piping configuration, the secondary meter was placed 30 pipe diameters downstream and 
the results of this testing recorded as detailed below. 

During builds 2, 3, 4 and 5 the Venturi meter was placed downstream of the cone meter and the 
discharge coefficients were compared against the original baseline calibration as shown in Figure 24. 
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Figure 24  Change in discharge coefficient  for the Venturi meter when downstream of the cone 
meter 

Similarly, during builds 6, 7, 8 and 9 the cone meter was placed downstream of the Venturi meter and 
the discharge coefficients compared against the original baseline calibration as shown in Figure 25. 

 

Figure 25  Change in discharge coefficient  for the cone meter when downstream of the Venturi 
meter 

 
4 PHASE II TESTING 

4.1 Test Programme 

The second phase of testing consisted of the calibration of two Solartron ISA manufactured cone 
meters using the same piping configurations as for the Phase I test programme. 

For the Phase II test programme one 6 inch schedule 160 (beta 0.6013) Solartron ISA cone meter 
(Serial No. FE-5195-003), and one 6 inch schedule 160 (beta 0.8444) Solartron ISA cone meter 
(Serial No. FE-5195-004) were manufactured. Both meters were installed in Test Line 2 of the TUV 
NEL high-pressure gas re-circulating test facility. 

The nine different pipe spool configurations from Phase I were used to check the installation effects 
performance of each device as detailed in Table 5. For the initial straight pipe baseline test run meter 
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FE-5195-004 was installed upstream of meter FE-5195-003 so as to minimize the effect of any 
disturbance to the flow velocity profile between the two meters.  

Table 5  Phase II Test Programme 

Test 
Build 
No. 

Meter 
Under Test 

General Upstream 

Conditions 

Notes 

1b Cone meter 

ß 0.85 

30D min of straight pipe Test 1b carried out for cone meter 
ß 0.85 and cone meter ß 0.6 

simultaneously 

2b Cone meter 

ß 0.6 

1off 90 degree bend immediately 
upstream of meter 

Cone meter ß 0.85 also included 
in 30D downstream 

3b Cone meter 

ß 0.6 

2 off 90 degree bends in the same plane 
immediately upstream of meter 

Cone meter ß 0.85 also included 
in 30D downstream 

4b Cone meter 

ß 0.6 

2 off 90 degree bends in different planes 
immediately upstream of meter 

Cone meter ß 0.85 also included 
in 30D downstream 

5b Cone meter 

ß 0.6 

1 off 90 degree bend then 3D of 

straight pipe immediately upstream of 
meter 

Cone meter ß 0.85 also included 
in 30D downstream 

6b Cone meter 
ß 0.85 

1off 90 degree bend immediately 
upstream of meter 

Cone meter ß 0.6  also included 
in 30D downstream 

7b Cone meter 
ß 0.85 

2 off 90 degree bends in the same plane 
immediately upstream of meter 

Cone meter ß 0.6  also included 
in 30D downstream 

8b Cone meter 
ß 0.85 

2 off 90 degree bends in different planes 
immediately upstream of meter 

Cone meter ß 0.6  also included 
in 30D downstream 

9b Cone meter 
ß 0.85 

1 off 90 degree bend then 3D of 

straight pipe immediately upstream of 
meter 

Cone meter ß 0.6  also included 
in 30D downstream 

 

Figures 26 to 30 provide representative photographs of some of the installations. Photographs for 
tests 3b, 8b, 6b and 9b are not included here as they are of the same type as the corresponding tests 
7b, 4b, 2b and 5b, with only the cone meter locations reversed. Tests were carried out over the 
nominal pipe Reynolds number range of 1.4 x 106 to 7.6 x 106. Five gas flow rates were logged over 
that range, giving nominal test volumetric flow rates of 186, 392.5, 599, 805.5 and 1012 m3/h. 

Each test was performed at one pressure only, which was nominally 42.8 bar gauge. This pressure 
was chosen to provide a nominal test operating density of 51 kg/m3 at 18 oC. During the test 
programme TUV NEL logged all gas reference and test flow meter data. Each test point was logged 
for a period of 300 seconds. Prior to the logging of the first test point at a given gas volumetric flow 
rate, test line conditions were allowed to stabilize for a period of several minutes, the aim being to 
keep any static pressure variation to within a 0.05% band over the stated logging period. 
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Figure 26  Test build 1b 

 

Figure 27  Test build 2b 

 

Figure 28  Test build 4b 
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Figure 29  Test build 5b 

 

Figure 30  Test build 7b 

 
4.2 Calculations 

The logged test data have been used to determine the discharge coefficients for both cone meters for 
each of the nine test configurations. Of primary interest in this test programme was the shift in 
discharge coefficient, relative to the baseline value, caused by the upstream pipe layout. The 
discharge coefficient and the expansibility for the cone meters were calculated using equations 1 and 
4 provided in section 3.1 of this paper. 

As noted in that section the equations in [2] were derived for 0.45    0.75.  The uncertainty 
equation in [2] gives a maximum gas expansibility relative uncertainty value for meter FE-5195-003 
(over the Reynolds number range tested) of 0.06%.  The absolute uncertainty for meter FE-5195-004 
is given in equation 5, and the maximum gas expansibility relative uncertainty value for meter FE-
5195-004 (over the Reynolds number range tested) is 0.04%. 

Other source uncertainties used in the analysis are provided in Table 6 below. All the uncertainties in 
the table are stated as a percentage of reading. 

For the lower half of cone meter FE-5195-004’s data range, a low range (0 to 0.1 bar) differential 
pressure transmitter was used. These are calibrated at atmospheric pressure only, because it is not 
possible to calibrate them at high static pressure on the TUV NEL Desgranges et Huot standard. To 
include the effect of static pressure shift on the transmitter output, on the basis of the manufacturer’s 
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specification, an additional uncertainty of 4.7 Pa was added in quadrature to the 0.1% stated 
differential pressure transmitter calibration uncertainty value. Historical checks using the Desgranges 
et Huot standard at the top end of the 0 to 0.1 bar transmitter range, at both atmospheric and elevated 
pressure, show that the 4.7 Pa estimate appears conservative, and so the expanded uncertainty 
estimate on the discharge coefficient is unlikely to be overly optimistic. 

The expanded uncertainty estimates for the cone meter discharge coefficients are in the range 
0.813% to 1.08%. 

Table 6  Source Uncertainty Values (at the 95% Confidence Level) – Phase II Tests 

Source 
Expanded Uncertainty Estimate 

(%) 

Barometric Pressure 0.015 

Specific Gas Constant 0.01 

Reference Gas Volumetric Flow Rate 0.5 

Reference Gas Volumetric Flow Rate Drift Allowance 0.25 

Reference Gauge Pressure 0.1 

Reference Absolute Temperature 0.05 

Reference Gas Compressibility 0.02 

Test Gas Gauge Pressure 0.1 

Test Gas Absolute Temperature 0.05 

Test Gas Differential Pressure 0.1* 

Test Gas Compressibility 0.02 

Pipe Diameter 0.1 

Cone Diameter 0.1 

 *For a differential pressure greater than or equal to 0.1 bar. 

4.3 Test Results 

The cone meter baseline calibrations were determined from build 1b, as is shown in Figures 31 and 
32. For cone meter FE-5195-004 (beta 0.85), the gas calibration mid-point discharge coefficient value 
was 0.745 with a variability over the range of  1.02%. For cone meter FE-5195-003 (beta 0.6), the 
gas calibration mid-point discharge coefficient value was 0.836 with a variability over the range of      
 1.13%. 

For all subsequent tests on these meters, this data was used as the baseline with the effects of 
different piping configurations being compared relative to them.  
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Figure 31  Gas calibration for 6 inch nominal bore β 0.85 cone meter 
 

 

Figure 32  Gas calibration for 6 inch nominal bore β 0.6 cone meter 
 
Build 2b Installation Effect: A single 90 degree bend immediately upstream of the cone meter, Serial 
Number FE-5195-003 (beta 0.6), displayed a shift in the discharge coefficient of between -0.04% and 
+0.31%, as shown in Figure 33. 

 

Figure 33  Percentage change in discharge coefficient from build 2b 
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Build 3b Installation Effect: Two 90 degree bends in the same plane, immediately upstream of the 
cone meter, Serial Number FE-5195-003 (beta 0.6), displayed a shift in the discharge coefficient of 
between -0.19% and +0.12%, as shown in Figure 34. 

 

Figure 34  Percentage change in discharge coefficient from build 3b 

 
Build 4b Installation Effect: Two 90 degree bends in the different planes, immediately upstream of the 
cone meter, Serial Number FE-5195-003 (beta 0.6), displayed a shift in the discharge coefficient of 
between -0.27% and +0.01%, as shown in Figure 35. 

 

Figure 35  Percentage change in discharge coefficient from build 4b 

 
Build 5b Installation Effect: A single 90 degree bend and then three diameters of straight pipe 
immediately upstream of the cone meter, Serial Number FE-5195-003 (beta 0.6), displayed a shift in 
the discharge coefficient of between -0.10% and +0.22%, as shown in Figure 36. 
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Figure 36  Percentage change in discharge coefficient from build 5b 

 
Build 6b Installation Effect: A single 90 degree bend immediately upstream of the cone meter, Serial 
Number FE-5195-004 (beta 0.85), displayed a shift in the discharge coefficient of up to +1.37%, as 
shown in Figure 37. 

 

Figure 37  Percentage change in discharge coefficient from build 6b 

 

Build 7b Installation Effect: Two 90 degree bends in the same plane, immediately upstream of the 
cone meter, Serial Number FE-5195-004 (beta 0.85), displayed a shift in the discharge coefficient of 
up to +0.68%, as shown in Figure 38. 
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Figure 38  Percentage change in discharge coefficient from build 7b 

 

Build 8b Installation Effect: Two 90 degree bends in different planes, immediately upstream of the 
cone meter, Serial Number FE-5195-004 (beta 0.85), displayed a shift in the discharge coefficient of 
up to +0.63%, as shown in Figure 39. 

 

Figure 39  Percentage change in discharge coefficient from build 8b 

 
Build 9b Installation Effect: A single 90 degree bend and then three diameters of straight pipe 
immediately upstream of the cone meter, Serial Number FE-5195-004 (beta 0.85), displayed a shift in 
the discharge coefficient of up to +0.86%, as shown in Figure 40. 
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Figure 40  Percentage change in discharge coefficient from build 9b 

As with the first phase of the overall test programme, and as detailed in Table 5, while the primary 
meter of interest was being calibrated to show the installation effect of the piping configuration, the 
secondary meter was placed 30 pipe diameters downstream and the results of this testing recorded 
as detailed below. 

During builds 2b, 3b, 4b and 5b, cone meter FE-5195-004, with a beta value of 0.85, was placed 
downstream of cone meter FE-5195-003, with a beta value of 0.6, and the discharge coefficients 
compared against the original baseline calibration, as shown in Figure 41. 

 

Figure 41  Change in  discharge coefficient for the β 0.85 cone meter when downstream of the 
β 0.6 cone meter 

Similarly, during Builds 6b, 7b, 8b and 9b, cone meter FE-5195-003, with a beta value of 0.6 was 
placed downstream of cone meter FE-5195-004, with a beta value of 0.85, and the discharge 
coefficients compared against the original baseline calibration, as shown in Figure 42. 
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Figure 42  Change in  discharge coefficient  for the β 0.6 cone meter when downstream of the β 
0.85 cone meter 

 

5 CONCLUSIONS 

5.1 Baseline Calibration 

The Venturi meter complied with the guidance information published in Annex B of ISO-5167-4:2003 
[1]. This was as expected, as Solartron ISA have calibrated several hundred Venturi meters at 
different facilities over many years, and have always found this to be consistent.  

The discharge coefficients of all of the cone meters appear to be less predictable, and also show a 
dependency on both the beta value and pipe Reynolds number. This is supported by the paper 
presented by Hodges et al at the 27th International North Sea Flow Measurement Workshop [3], which 
provided the data for several cone meters calibrated at the CEESI test facility.  

5.2 Effects of Piping Configuration 

A summary of the data collected from the non-ideal piping configuration tests is shown in Tables 7 to 
10 below: 

 
Table 7  Summary of the effect of a single 90 degree bend upstream of the meter 

Serial No Manufacturer Meter 
Type 

β value Below 
Baseline 

Above 
Baseline 

09-1162 ‘3rd party’ Cone 
meter 

0.85 0 % 2.27% 

FE-5195-004 Solartron ISA Cone 
meter 

0.85 0% 1.37% 

FE-5195-003 Solartron ISA Cone 
meter 

0.6 0.04% 0.31% 

FE-5195 Solartron ISA Venturi 
meter 

0.55 0.79% 0.62% 
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Table 8  Summary of the effect of a single 90 degree bend and 3 pipe diameters upstream of 
the meter 

Serial No Manufacturer Meter 
Type 

β value Below 
Baseline 

Above 
Baseline 

09-1162 ‘3rd party’ Cone 
meter 

0.85 0% 1.38% 

FE-5195-004 Solartron ISA Cone 
meter 

0.85 0% 0.86% 

FE-5195-003 Solartron ISA Cone 
meter 

0.6 0.1% 0.22% 

FE-5195 Solartron ISA Venturi 
meter 

0.55 0.70% 0.33% 

 
Table 9  Summary of the effect of two 90 degree bends in the same plane upstream of the 
meter 

Serial No Manufacturer Meter 
Type 

β value Below 
Baseline 

Above 
Baseline 

09-1162 ‘3rd party’ Cone 
meter 

0.85 0.11% 0.45% 

FE-5195-004 Solartron ISA Cone 
meter 

0.85 0% 0.68% 

FE-5195-003 Solartron ISA Cone 
meter 

0.6 0.19% 0.12% 

FE-5195 Solartron ISA Venturi 
meter 

0.55 0.50% 0.49% 

 
Table 10  Summary of the effect of two 90 degree bends in different planes upstream of the 

meter 

Serial No Manufacturer Meter 
Type 

β value Below 
Baseline 

Above 
Baseline 

09-1162 ‘3rd party’ Cone 
meter 

0.85 0% 0.69% 

FE-5195-004 Solartron ISA Cone 
meter 

0.85 0% 0.63% 

FE-5195-003 Solartron ISA Cone 
meter 

0.6 0.27% 0.01% 

FE-5195 Solartron ISA Venturi 
meter 

0.55 0.26% 0.49% 
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From the results tabulated above, it can be seen that cone meters with a 0.85 beta value are 
significantly affected by 90 degree bends located immediately upstream (by up to 2.27%). 
The effect of adding 3 pipe diameters after the final 90 degree bend reduces the relative 
offset by approximately 40%. For this size of cone meter the effect of 2 bends, either in the 
same or in different planes, is similar and gives an offset of up to 0.69%, suggesting that the 
high beta value cone type meters are more sensitive to velocity profile asymmetry than to 
swirl. 

The beta value 0.6 cone meter was shown to be the least sensitive instrument to upstream 
disturbances, as for all configurations the maximum (absolute) offset was approximately 
0.25%. On the whole, for all three cone meters, the different upstream configurations caused 
a positive offset to the baseline discharge coefficient.  

For the Venturi meter the offsets were generally fairly small except at two Reynolds numbers 
for one of which the offsets were negative, for the other positive.  

 

6 RECOMMENDATIONS 

Ultimately any recommendation will depend upon several end user requirements; however, 
the following may be considered as guidelines. 

6.1 Venturi Meters 

When a Venturi meter is to be employed with a sufficient upstream straight length of pipe, 
and the uncertainty of the flow measurement is typical for well management applications (
5% for example), it would not always be essential to flow-calibrate the device as it would be 
expected that a correctly manufactured instrument would comply with ISO 5167-4:2003, 
even when the pipe Reynolds numbers are above 1 x 106. 

For the same application, but with reduced upstream straight piping, it is likely that for pipe 
Reynolds numbers below 1 x 106 the same uncertainty would be achievable without flow 
calibration. However in order to meet the requirements of ISO 5167-4:2003, compliance with 
Table 1 of Section 4 should be maintained. This, for example, would require at least three 
diameters of pipe after a single 90 degree bend, with an additional uncertainty contribution 
being a necessary requirement. 

For a Venturi meter application in which the uncertainty is required to be small or modest 
with reduced upstream straight piping and Reynolds numbers above 1 x 106, it would be 
advisable both to flow-calibrate the device over the entire pipe Reynolds number range that 
it will encounter in service and to simulate the upstream piping configuration during the 
calibration. 

6.2 Cone Meters 

The discharge coefficient of a cone meter is difficult to predict to any degree of uncertainty 
without calibration; therefore, it is recommended that irrespective of the uncertainty 
requirements, any application requiring this instrument should be flow calibrated, and 
moreover, to include the entire pipe Reynolds number range that will be seen in service. If 
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piping configurations are non-ideal it is recommended that for large beta value devices, a 
simulation of the in-service piping configuration is utilized during the flow calibration. 

For small beta value devices, such as the 0.6 beta value meter used during this test 
programme, it may be the case that only a calibration in straight pipe is required since the 
effect of common installation configurations appears to be relatively small. However, it would 
be prudent, given the opportunity and relatively low additional cost, to consider flow 
calibrating the device using piping that simulates the actual in-service upstream 
configuration. 
 
6.3 Summary 

It is important to note that whether a cone meter or Venturi meter is selected, and providing it 
has been correctly manufactured and calibrated over the entire operating Reynolds number 
range, the uncertainty on the discharge coefficient will be similar for either device. 

Perhaps more importantly, whichever is the preferred device, it is paramount to discuss the 
application and the requirements with the flow meter vendor regarding the metering 
accuracy and how this can be best optimized. For example the correct selection of the 
subsea differential pressure transmitter can often be the most critical item within the 
metering system. Since many other factors determine the ultimate uncertainty of the 
measured flow rate, the vendor should be in a position to provide an uncertainty budget or 
analysis for the preferred flow metering solution and furnish technical and practical 
suggestions to ensure that this is best achieved. 

 

7 FURTHER CONSIDERATIONS 

7.1 Sand 

When sand is present in the process fluid, over a sufficient time period changes to the meter 
internal geometry can occur that will affect the meter discharge coefficient. CFD predictions 
presented by Barton et al at The Americas Workshop 2010 [4] suggested that the presence 
of sand that would cause a -1% shift in discharge coefficient for a Venturi meter would result 
in a +40% shift for a cone meter. 

7.2 Vibration and Wake Frequency 

For normal operating conditions Venturi meters are considered to be robust and unaffected 
by wake frequency. The same is not true for cone meters, where for many designs the cone 
is suspended from a strut which is prone to resonant frequency issues, which could 
ultimately lead to mechanical failure. Often additional supports are added to dampen this 
effect, but there is very little data available regarding this subject. Solartron ISA has already 
embarked upon a research programme including both FEA and qualification testing so as to 
obtain a better understanding and improved design relating to this issue. 
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8 NOTATION 

Cd The coefficient of discharge of the flow meter (-) 

d Venturi tube throat diameter at operating conditions (m) or 

Cone meter cone diameter or the equivalent diameter that would give the same area 
as the annulus created between the cone outside diameter and the pipe inside 
diameter at operating conditions (m) 

D The upstream pipe internal diameter at operating conditions (m) 

mref The mass flow rate obtained from the test facility reference flow meter (kg/s) 

p1 The absolute pressure at the upstream location (Pa) 

p2 The absolute pressure at the throat or cone edge location (Pa) 

 For a Venturi tube, the diameter ratio d/D (-) or 

 For a cone meter this is given by  (-) 

ε The expansibility factor (-) 

Δp The measured differential pressure (Pa) 

ρ1 The fluid density at upstream conditions (kg/m3) 

κ The isentropic exponent of the fluid 

  The pressure ratio p2 / p1 (-) 
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