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Cameron is a leading provider of flow equipment products, 

systems and services to the oil, gas and process industries 

• Products used to control, direct, 

adjust, process, measure and 

compress flows 

•  Headquartered in Houston, TX 

•  $ 6+ billion in annual orders 

•  2/3 of business non-USA 

• 20,000 + employees 

• 300 + locations worldwide 

• 60 + strong product brands 

• 10 operating divisions holding 

leading positions in global oil & 

gas and process markets 



Agenda 

• Caldon LEFM product history 

• Product line overview 

• Why 4 and 8 paths? 

• Issues with conventional flow conditioners 

• The Caldon Gas Meter and Reducing 

Nozzle liquid ultrasonic flowmeter 

• Calibration and traceability 

• Application experiences 



LEFM History 



History of Caldon meters 

• 1965 - LEFM (Leading Edge Flow Meter) ultrasonic technology is 

developed by Westinghouse Electric Corporation 

• 1968/1971 - Patent applied for and granted to Westinghouse for 

the first chordal multipath meter design using Gaussian 

integration 

• 1975 – Nuclear Industry (Prairie Island primary reactor coolant 

loop, 4-path, 31-inch diameter meter) 

• 1976 – TransAlaska pipeline, Petroleum (23 x 48-inch 4-path 

meters) 

• 1989 - LEFM technology acquired by Caldon Inc. 

• 2000 - Caldon 8-path meter introduced for liquid applications 

• 2006 - Caldon Inc. acquired by Cameron 

• 2012 - Caldon 380Ci 8-path meter introduced for gas 

applications 

 

 

 



The Leading Edge Flow Meter (LEFM) 

Product Range 



Caldon LEFM 240Ci 

• 4 Paths (Gaussian Arrangement) 

• Linearity 

– +/- 0.15 % multi-product 

• Turndown 

– 10:1 (below 10”) 

– 15:1 (10” and above) 

• Flow conditioning 

– Recommended 

– Tube bundle 

• Reynolds no. for best accuracy 

– Greater than 10,000 

 

 



Caldon LEFM 280Ci 

• 8 Paths (Gaussian Arrangement) 

• Linearity 

– +/- 0.1 % multi-product 

• Turndown 

– 10:1 (4, 6 and 8”) 

– 15:1 (10” and above) 

• Flow conditioning 

– Not Required 

• Reynolds no. for best accuracy 

– Greater than 10,000 



Caldon LEFM 280CiRN 

• 8 Paths (Gaussian Arrangement) 

• Linearity 

– +/- 0.1 % multi-product 

• Turndown 

– 10:1 (6 and 8”) 

– 15:1 (10” and above) 

• Flow conditioning 

– Not Required 

• Reynolds no. for best accuracy 

– NO LIMITATIONS 

• Best repeatability/provability of the 

range 



Caldon LEFM 380Ci 

• 8-path (Gaussian) design, swirl 

immunity without the need for 

flow conditioning 

• 5D minimum upstream 

installation length 

• Transducers isolated in 

pressure retaining housings 

and removable under full line 

pressure without the need for 

special tools 

• Coated meter body to maintain 

integrity of the meter’s 

calibration 



Why 4 and 8 paths? 
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Contributors to installed uncertainty 

• Traceability of the calibration standard 

• Calibration residual errors (linearisation) 

• Consistent geometry 

• Transit time measurement accuracy in 

application conditions 

• INSTALLATION EFFECTS 

– VELOCITY PROFILE 

– SWIRL 



• Non-axial flow components (swirl) result in systematic 

errors in individual path velocities 

 

The effects of swirl 

Actual velocity 

Upstream transducer Downstream transducer 

Axial component (wanted) 

Transverse 

component 

(unwanted) 

Measured velocity 



Upstream transducer Downstream transducer 

Swirl 

• When dealing with non-axial flow we also 

have to consider the path orientation 
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Swirl cancels 



Upstream transducer Downstream transducer 

Swirl 

• Crisscrossed paths behave differently to 

parallel paths 

 

+ 

+ 

Swirl does 
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Upstream transducer Downstream transducer 

Swirl 

• With single plane or criss-crossing arrangements, 

swirl only cancels when perfectly centred 
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• With a planar arrangement, swirl only 

cancels when perfectly centred 

 
Upstream transducer Downstream transducer 

4-path, planar configuration 
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4-path, planar configuration 

 

 

 

 

 

 

 

• Swirl error = 0.26 % 
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• Swirl error = 0.33 % 
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Eight-path Caldon 280Ci/380Ci 

• Designed for swirl immunity 

• Flow conditioning not required 
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How the crossed paths work 

• Two crossing paths are placed precisely in 

each chordal plane 
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Paths 1 and 5 



How the crossed paths work 

 

Actual velocity 

Axial component (wanted) 

Transverse component (unwanted) 

Measured velocity 

Path 1 Path 5 

Path 1 + Path 5 

Path 1 + Path 5 

2 

Key: 

= 



Eight-path crossed plane design 

 

 

 

 

 

 

 

• Swirl error = 0 % 
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240Ci 4-path meter installation  

• Upstream 10 diameters inclusive of a flow 

conditioner and a further 5D, typically 23D in total 



280Ci/280CiRN 8-path meter installation  

• Upstream 5 diameters, no flow conditioner, 

typically 13D in total 



Issues with Flow Conditioners 



Flow Conditioners 

• These can be used to eliminate swirl, 

however... 

Tube Bundle     Vortab                 Zanker           Mitsubishi           CPA 



Flow conditioners 

• They create pressure loss 

– For the Keystone pipeline the estimated value of 

the pressure losses over the operation of the life 

of the pipeline was estimated to exceed 20 

million US dollars 

• They have to be applied properly 

• They have to be maintained 



Flow conditioner maintenance 

 



Caldon LEFM 280CiRN 

for 

High Viscosity Liquids 

and In-Situ Proving 

 

  



Caldon meter with reducing nozzle 

• LEFM 280CiRN 

• 8-path, 4-chord measurement section in throat 



Caldon meter with reducing nozzle 

• Developed to tackle heavy crudes and compete 

with PD meter performance even through the 

laminar/turbulent transition region where 

ultrasonic meters and turbine meters perform 

poorly 



Caldon meter with reducing nozzle 

• Reducing elliptical nozzle shaped inlet 

• Substantial diameter/area reduction 

• Beta < 0.64, area ratio < 0.41 

• Downstream pressure recovery cone 



What does it do? 

• The reducing nozzle works by: 

– Increasing the Reynolds number in the throat 

– Flattening the velocity profile and smoothing 

out the transition between laminar and 

turbulent flows 

– Reducing the relative magnitude of the non-axial 

velocities 



Modified velocity profile behaviour 
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Caldon meter with reducing nozzle 

• Equals PD meter performance even through the 

laminar/turbulent transition region 

• OIML certified with no Reynolds no. limitation 
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Pressure loss 

• Pressure loss 

– Losses are minimised by using a conical 

expansion downstream of the throat 



Relative pressure loss 
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Caldon 280CiRN meter with reducing nozzle 

• Rapid acceleration of the flow via the smooth 

contour of the nozzle increases the axial velocity at 

the measurement section and reduces the relative 

magnitude of the turbulent features in the flow 

• This results in a significant improvement in 

repeatability 



Turbulence conditioner 

• Restricts the size of turbulent eddies 

resulting in higher frequency turbulence and 

better averaging 
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Impact on proving volumes required 
• Comparison at 60% success rate 

Field Calibration 

 

 

Prover and master 

meter combination 

 

 

Ball prover, direct 

calibration 

 

 

 SVP, direct 

 calibration 



Custody transfer certification and 

traceable calibration for liquid 

measurement 



Custody transfer certification 

• Certification of full product 

range by NMi, the leading 

European metrology 

certification body 

• MID – Measurement 

Instruments Directive 

• OIML R117 – Dynamic 

measuring systems for 

liquids other than water 

 



Custody transfer certification 

• Broadest range of certification in the market 

• Highest available accuracy class (0.2 % MPE) 

• Covers 4 and 8 path meters, full bore and 

reducing nozzle variants 

• Meter diameters from 4 to 24 inch 

• Viscosity range 0.1 to 3000 cP 

• Temperature from -200 °C to +110 °C 

• Turndown of 50:1 possible 



Caldon meter calibration 

• Every Caldon meter is given a fully traceable 

flow calibration using liquid hydrocarbons . . . 

even if it is going to be proven in-situ 

• This ensures the highest possible 

performance (lowest uncertainty) in the final 

application 



CALDON ULTRSONICS 

TECHNOLOGY CENTRE 

CALIBRATION LABORATORY 



•  Prover 

•  Master meters 

•  Heat exchanger 

•  Test meter lines 

•  7.5 ton bridge crane 

•  Main control room The floor is recessed (7 inches) to provide 

containment in case of a possible spill 

Main laboratory area 



Calibration fluids 

• Refined hydrocarbon oils 

• Oils chosen to give a good range of viscosity 

for Reynolds number overlap 

– EXXSOL D80, kerosene substitute, approx. 3 cSt 

– DRAKEOL 5, approx. 15 cSt 

– DRAKEOL 32, approx. 150 cSt 



• 20-inch diameter, 10 cubic meter calibrated 

volume ball prover, flow range of  40 to 2200 m3/hr 

Unidirectional ball prover 



Chosen route for certification/accreditation 

• NEL, Trapil and SPSE are all accredited to 

ISO17025 by the recognised authority in their 

respective countries (UKAS, COFRAC) 

• Equivalence required that the Caldon laboratory 

should also have ISO17025 accreditation 

• Various providers in the USA 

• Caldon chose to use the National Voluntary 

Laboratory Accreditation Program (NVLAP) 

operated by the National Institute of Standards and 

Technology (NIST) 

 

 



Mutual recognition arrangements 

• NVLAP is a signatory to the following MRA’s: 

– ILAC - International Laboratory Accreditation 

Cooperation 

– APLAC - Asia Pacific Laboratory Accreditation 

Cooperation 

– IAAC - Inter American Accreditation Cooperation 

 

 

http://1.bp.blogspot.com/_g4teiHNtQuU/S98NACSvfqI/AAAAAAAAACk/y61VGjoIDDM/s1600/ILAC logo.jpg


NVLAP Certified Uncertainties 

• 10 to 750 m3/hr 

– Small volume prover 0.03% 

– Turbine master meter 0.04% 

• 150 to 2200 m3/hr 

– Ball prover 10 m3   0.04% 

– Ball prover 3.3 m3  0.07% 

– One master meter   0.09% 

• 600 to 3900 m3/hr 

– Two master meters 0.08% 

 



Calibration Process 

• For Caldon meters the calibration process 

typically involves tests on multiple fluid 

viscosities and entry of the resulting data in 

a look up table in the meter’s electronics 

• This creates a meter that is insensitive to 

changes in viscosity/Reynolds number over 

the range covered by the test fluids 



Reynolds number 

• Reynolds number describes the flow conditions in 

terms of velocity, pipe diameter and viscosity, and 

essentially defines the flow velocity profile 

characteristics of importance to ultrasonic meters 

 

viscosityKinematic

DiameterVelocity
numberReynolds


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Raw Calibration vs Flow Rate 

1.0

1.0

1.0

1.0

1.0

0 100 200 300 400 500 600 700 800

Flow Rate (m3/hr)

M
e
te

r 
F

a
c
to

r

Gas oil at 20 deg C

Kerosene at 20 deg C



Raw Calibration vs Reynolds Number 

1.0

1.0

1.0

1.0

1.0

10,000 100,000 1,000,000

Reynolds Number

M
e
te

r 
F

a
c
to

r

Gas oil at 20 deg C

Kerosene at 20 deg C

MF curve used



Calibration 

• The data is arranged in the form of a curve 
of meter factor versus Reynolds number and 
measured velocity profile shape 

• This curve is then entered into the flow 
meter electronics, where the Reynolds 
number and velocity profile shape are 
calculated without the need of user inputs 

• The result is a meter that is linear even 
when the fluid viscosity changes over a wide 
range 



Final Calibration 
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Method acknowledged in NMi certification 

• “If a measurement sensor is 

intended to be used with 

single or multiple liquids 

without adjustments, then 

the sensor has to be 

calibrated over the 

applicable range of Reynolds 

number, using one or more 

fluids, while the accuracy 

conditions are met for each 

fluid.” 



Summary 

• Every Caldon meter goes through a 
calibration process that ensures it meets 
custody transfer performance requirements 
over the full range of the customers 
operating conditions 

• Each meter is provided with a calibration 
certificate according to Cameron’s NVLAP 
and VSL certification, meaning that the 
meter has sufficient traceability to ensure 
custody transfer accuracy in the field 



Summary 

• For meters that will be proven in situ, each 
meter goes through this process once before 
shipping but thereafter there is no 
requirement to return the meter to return to 
the lab for recalibration 

• In the case of in-situ proving, the calibration 
therefore allows for optimisation of meter 
linearity and also serves as a final quality 
assurance check on the whole meter against 
a flow standard of low uncertainty 



 

 

Custody Transfer Metering 

APPLICATION EXAMPLES 



Conventional systems with permanently 

installed provers 



PEMEX – Bi-directional direct proving 

• Gulf of Mexico 

• Yuum Kak Naab FPSO 

• Five 12-inch Caldon 

240Ci USMs 

• Large 30-inch bi-

directional ball prover 

 

 

 



PEXEX – Yuum Kak Naab FPSO 

 





Proving with portable provers 



Sunoco Toledo refinery, 8-path meter 

 



 



Toledo refinery proving reports 



6-inch 280CiRN – SVP, DIRECT proving 



Master/Duty or Pay/Check installations 



Tullow Oil, 4-path pay and check 



Husky Oil ‘White 

Rose’ FPSO  

4000 m3/h 

Duty meter 

Master/Standby 

meter 

Inlet 

Outlet 

Courtesy of  

http://www.alderleygroup.com/index.asp


Ultrasonic Flow Meters – Multipath Liquid 





• Design Capacity 6500 

m3/h 

• Configuration: 2+Master 

Meter 

• 14” LEFM 240C  

• Master Meter Proving 

 

FPSO Aoka Mizu, Nexen/Bluewater, UK North Sea 



Retrofit/replacement of traditional 

mechanical meters 



Replacement of PD meters 

• Replacement of failed system based on 

positive displacement (PD) meters 

• Limited installation space as PD meters are 

not sensitive to installation effects 

• 16-inch Caldon 8-path 280Ci flowmeters 

installed 

• 5 diameters of upstream pipe, 3 diameters of 

downstream pipe 

• Approved by the UK regulator (DECC) 



Original PD meters and bi-direction prover 

 



 



 



Pipeline Leak Detection 



Leak Detection - Keystone Pipeline 

• TransCanada and 

ConocoPhillips joint 

venture 

• 2,148 mile crude oil 

pipeline from Alberta to 

US markets 

• 39 pumping stations 

along the line 

• One meter per station 



Pumping station layout 

• Meters to be installed in 20-inch section 

downstream of out-of-plane bends 

• Location requires flow conditioning or an 8-path  

meter to achieve the required accuracy 



Pumping Cost 

• Use of flow conditioners at each station 

would generate significant pressure loss 

• The present value of the pressure losses 

over the operation of the life of the pipeline 

was estimated to exceed 20 million US 

dollars 

• Therefore the Caldon 8-path meter was 

selected as it does not require flow 

conditioning 



Keystone meter calibration 

• Each meter was flow calibrated in the 

Cameron facility with three oils to cover the 

multi-product application conditions 



 



LNG Allocation and Custody Transfer 



Qatar Common LNG Facilities 

• Common storage 

and shared 

offloading for 

multiple production 

joint ventures 

• Massive cost 

savings (estimated 1 

billion $ us) 

• Allocation metering 

is a key enabling 

technology 

ININ--LINE MEASUREMENT OF LNGLINE MEASUREMENT OF LNG
COMMON LNG PROJECT (CLP)

INCENTIVESINCENTIVES

•• Enabling technology for approximately Enabling technology for approximately 

1 Billion USD$ in savings in project cost1 Billion USD$ in savings in project cost

–– Common Storage, Fewer TanksCommon Storage, Fewer Tanks

–– Shared Offloading, Fewer BirthsShared Offloading, Fewer Births

–– Feed from Multiple LNG Plants Feed from Multiple LNG Plants 

with different operators & ownerswith different operators & owners

•• Fiscal allocation of LNG is required as a basis for Fiscal allocation of LNG is required as a basis for 

operating a common storage facilityoperating a common storage facility

•• Accurate/repeatable inAccurate/repeatable in--line flow measurement line flow measurement 

of LNG rundown prior to commingling requiredof LNG rundown prior to commingling required

Common LNG Storage & Metering LocationsCommon LNG Storage & Metering Locations
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Field tests 

• A six-inch 8-Path Caldon 280C was selected for 

the tests, along with Coriolis meters from two 

different manufacturers 

• Tests were carried out at the ConocoPhillips LNG 

plant in Kenai, Alaska 



Test site 

Caldon 

ultrasonic 
meter 

Coriolis meters (with 

differential pressure 
cells) 

Densitometer 

LNG Storage Tanks 

From LNG plant 

To LNG tanker 



Out-of-Plane Bends 

 

Caldon 
USM 

Coriolis 
Meters 

Flow 

37 diameters of straight pipe 
upstream 



Path Velocities Confirm Swirl 
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• Max swirl angle of approx 5 degrees (or 

one full rotation every 48 pipe diameters) 

 



A and B Outputs 
Coriolis vs Right 4-path Ultrasonic

Sept 28 - Oct 4, 8-hr totals
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Coriolis vs Left 4-path Ultrasonic

Sept 28 - Oct 4, 8-hr totals
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Coriolis vs. combined 8-path Ultrasonic  (Correction for 

Swirl)

Sept 28 - Oct 4, 8-hr totals

Normal(0.030444, 0.076845)

X <= -0.120

2.5%

X <= 0.181

97.5%

0

1

2

3

4

5

6

7

-1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1

Percent Difference

 

 

Coriolis vs Right 4-path Ultrasonic

Sept 28 - Oct 4, 8-hr totals
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Coriolis vs Left 4-path Ultrasonic

Sept 28 - Oct 4, 8-hr totals
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Coriolis vs. combined 8-path Ultrasonic  (Correction for 

Swirl)

Sept 28 - Oct 4, 8-hr totals
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Coriolis vs Right 4-path Ultrasonic

Sept 28 - Oct 4, 8-hr totals

Normal(0.43894, 0.12666)
X <= 0.191

2.5%

X <= 0.687

97.5%

0

1

2

3

4

5

6

7

-1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1

 

 

Coriolis vs Left 4-path Ultrasonic

Sept 28 - Oct 4, 8-hr totals
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Coriolis vs. combined 8-path Ultrasonic  (Correction for 

Swirl)

Sept 28 - Oct 4, 8-hr totals
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Paths 1 – 4 
-0.45% 

Paths 5 – 8 
+0.45% 

8-Path result 
<0.1% 



Test Outcomes 

• 22 Caldon LEFM 280C-LT flow meters employed 

for allocation metering at Ras Laffan 

• Same technology selected for custody transfer of 

LNG at the Dajeh receiving facilities in India 



Dahej Re-Gasification Plant, India 



Dahej Re-Gasification Plant, India 

• Expansion project includes new storage facility 

and new jetty 

• New Jetty will be able to dock Q-Flex and Q-Max 

tankers 

• Contract with Qatar to receive 7.5 MTPA LNG 

• Dynamic measurement of LNG to Gas using LEFM 

280C meters 



Dahej Re-Gasification Plant, India 

Metering 

skid 
New Jetty 



LNG Custody Transfer 

• ONGC India & partners 

• Dahej receiving terminal 

• NGL recovery and gas transmission by ONGC and 

Gail 

 



Dahej Re-Gasification Plant, India 

Two 8 path 

meters in series 

for redundancy 

Constructed 

by Toyo Eng 

for Petronet  



SUMMARY 

• Caldon products have been engineered to provide 

high accuracy in a diverse range of applications 

• The 8-path configuration enables elimination of 

flow conditioning and reduction of the installation 

footprint for the metering system 

• The Reducing Nozzle variant of the meter enables 

measurement of high viscosity oils and improved 

repeatability 

• The products are supplied with traceable 

calibration, enabling low uncertainty field use with 

or without in-situ proving 

 


