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Overview 

• Introduction: Coriolis mass flow metering 

• Three-phase flow well testing 

• Field experience with well testing 

• New results for heavy oil with gas 
entrainment 

• Future work 
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• 28 years full-time research at Oxford 
University 

• Long term partnership with Foxboro / Invensys 
/ Schneider Electric now ended 

• Pioneered digital Coriolis flow metering, 
especially for two-phase flow 

• 102 granted patents 

• Associate Editor of “Flow Measurement and 
Instrumentation” Journal 

• UK National Physics Laboratory Measurement 
Prize 2007 

• BIS Flow Programme Expert Group 

• Team: 3 senior post-docs + 1 DPhil student 

Prof Manus Henry 
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Coriolis Mass Flow Metering 
• Flow metering is an essential commercial, 

industrial and fiscal activity 

• Goods transfer e.g. bunkers, filling lines 

• Recipes e.g. blending, adding catalysts 

• Accounting e.g. tax on oil and gas products 

• Coriolis meters are high value, accurate (0.1%) 
flow meters. 

• Coriolis meters have two parts 

– The flow tube, a mechanical device, through 
which the fluid flows 

– The transmitter, an electronic device, which 
makes the flowtube vibrate, and which does 
the flow calculation 
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Different flowtube designs 

• There are many different flowtube designs. 

• However the basic operation is the same. 

• Flowtube diameters: 0.7mm … 300mm 

• Flowrates: 1g/hour … 0.8 tonne/second 



Department of  
Engineering Science  

Recent Coriolis Meter Market Report (MarketsandMarkets, Jan 2015) 

• Market size 

– 2014:  $1,145 million 

– 2019:  $1.932 million, 11% CAGR  
 

• Application areas: Oil & Gas, 
Chemical, Petrochemical, Food and 
Beverage, Pulp and Paper, Textiles, 
Water, Waste Water Treatment 

• North America is main market 

• Typical price per unit $5k - $50k 
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Coriolis and two-phase (gas/liquid) flow  
In the past, Coriolis meters responded poorly to two-phase flow: 

• It is difficult to maintain 
flowtube vibration 

• Large errors in mass flow  
and density measurements 
 

Oxford/Foxboro pioneered  
Coriolis for two-phase flow: 

• Maintaining flowtube 
operation by digital drive 

• On-line signal processing 
to correct measurements 
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Coriolis Metering for the Bunkering Industry 

• We began work on Coriolis for Bunkering in 2005 

• Key issues: high viscosity and air entrainment 

• We carried out trials on a Singapore barge 
– Monitored 78 commercial bunkers using Coriolis 

• Results reported to the industry at SIBCON 2008 

• 2014: Singapore make Coriolis metering mandatory 

 

2008 article in 
‘Bunkerspot’ journal, 
co-authored with 
IBIA President Don 
Gregory 
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• Introduction: Coriolis mass flow metering 

• Three-phase flow well testing 

• Field experience with well testing 

• New results for heavy oil with gas 
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Three-phase flow metering 

Application 
Know-how 

Water Cut 
Meter 

2-phase flow 
Coriolis meter 

Gas /Oil / Liquid 
mass flow rates  

Benefits 

• Real-time flow profile 
• Lower cost than current 

multi-phase technologies 
• No radiation source 

 
However 

• New technology 
• Much to learn in field 

applications 
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Net Oil & Gas Solution – Skid Design 

Invensys Confidential 
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Net Oil & Gas Solution – Architecture 

Invensys Confidential 

P/T Transmitter 
* Pressure 
* Temperature 

 
Water Cut Meter 
* Water Cut 

Measurements 

Coriolis Meter 
* Mass Flow 
* Density 

 

Flow Calculations  

Receive uncorrected 
measurements from instruments 

Calculate base Liquid and Gas 
component densities from fluid 
pressure, temperature, water 
cut and configured fluid 
properties and density models.  

Calculate corrected mass flow 
and density measurements based 
on three phase flow models. 

Calculate oil, gas and water 
mass flows based on mass flow, 
density and water cut 
measurements 
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* Oil Mass Flow 
 
 

* Gas Mass Flow 
 
 

* Water Mass Flow 
* Others 

* User interface 
* Configuration 
* Data Archiving 
* Remote access via Ethernet 

 

Display 
Computer  

Ethernet 
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Three Phase Flow Correction - Density  
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Russian Standard GOST 8.165 (amended 2008) 

• Measurement of quantity of oil and petroleum gas extracted from subsoil 

• Allowable limits of relative measurement error: 

Total Liquid: ±2.5% error mass flow 

Net Oil:  ±6% error mass flow up to 70% water cut 
  ±15% error mass flow at 70% – 95% water cut 

Gas: ±5% error volume flow 
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NEL Liquid Results 

• Total Liquid errors mostly within ± 2.5% 
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NEL Gas Results 

• Gas errors mostly within ± 5.0% 
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NEL Oil Results 

• Oil errors mostly within spec 
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Certified to Russian Standard GOST 8.165 
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Overview 

• Introduction: Coriolis mass flow metering 

• Three-phase flow well testing 

• Field experience with well testing 

• New results for heavy oil with gas 
entrainment 

• Future work 
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Net Oil and Gas Solution - Basic Function 

Select Well 2 

• Designed as a separator 
substitute 

• Totalized liquid flows: 
– Oil 
– Water 

• Totalized gas flow 
• Real-time flow profiles 
• Historical record 
• Alarms 
• Configuration 
• Valve control and    

scheduling 
• Network interface 
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Russian Field Trials of Commercial Product 
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Mobile NOG with Test Separator 
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Mobile NOG testing well directly 
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Automatic Report Generation (English and/or Russian) 
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Steady well test flow profile – low water cut 
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Steady well test flow profile – high water cut 
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Cycling well test flow profile 
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Well test flow – cycling pattern develops during the test 
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Regular flow surges driven by artificial pressure step changes 
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Regular surges of flow with substantially varying water cut 
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Well test profile: steady flow with surge 
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Erratic well test profile  
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Erratic well test profile  
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Overview 

• Introduction: Coriolis mass flow metering 

• Three-phase flow well testing 

• Field experience with well testing 

• New results for heavy oil with gas 
entrainment 

• Future work 
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Heavy Oil 

• Remaining oil reserves are increasingly ‘heavy’ 

– High viscosity/density 

• Conventional well test equipment e.g. separators unsuited for heavy oil 

• Test laboratory facilities for heavy oil are limited 

• We have recently carried out trials at NEL (oil and air only) 

– GOST certification for high viscosity oil approved 

• Coriolis meters are well suited to heavy oil and air 

– Better turn-down ratio 

– Higher GVF range – to 90% + 
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NEL Heavy Oil Test Matrix 
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NEL Heavy Oil Test Matrix (continued) 
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NEL Heavy Oil - Liquid error results 
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NEL Heavy Oil - Liquid error results (continued) 
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NEL Heavy Oil – Gas flow error results 
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Overview 

• Introduction: Coriolis mass flow metering 

• Three-phase flow well testing 

• Field experience with well testing 

• New results for heavy oil with gas 
entrainment 

• Future work 
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Future Work 

• The Oxford group is now independent of Schneider, after 20+ years 

• We are developing a next generation Coriolis transmitter architecture 
– Improved base technology for: 

• Short batches 
• Multi-phase flow 

• We are looking for new partners and projects to share in the 
development of the next generation Coriolis meter 

• Coriolis metering is becoming firmly established as one of the metering 
technologies to be used with multiphase flow 

• We will continue to develop Coriolis technology, alone and in 
combination with other measurement types, to provide enhanced 
metering solutions, especially for the oil and gas industry 
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Extra slides 
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• First Phase - Mass meter testing at National Engineering Laboratory (TUV – NEL UK) 

– Purpose - accuracy of meter using single and two phase mixtures of oil and gas  
 

• Second Phase  
- Road test of integrated meter 
 skid on board bunker barge 

– Purpose 
- Mechanical and  
Operational Integrity 
and Impact  
 

 

Singapore Bunker Metering Project Phases 
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NELTrials 

• Trials at NEL (UK National Flow 
Facility near Glasgow) 

• Evaluation of single phase and 
two-phase (oil/gas) performance 

• Simulation of bunkering operation 
to/from empty with tank stripping 

• 8” flowtube 

• Trials were formally witnessed by 
NEL and BP 
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Typical gas-entrained batch 
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NEL Witnessed Trials 

MAX FLOW 33KG/S 120 TONNES/HOUR 

Meter error 

Run Ref total (kg) Meter total (kg)           (kg)   (%) 

1 13679.86 13651.15 -28.71 -0.21 

2 14300.85 14273.6 -27.25 -0.19 

3 12444.67 12419.29 -25.38 -0.20 

4 13092.49 13017.37 -75.12 -0.57 

5 13356.9 13255.77 -101.13 -0.76 

Mean Error -51.52 -0.39 

Spread (max - min) 75.75  0.57 
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Summary of Singapore Barge Trial, 2008 

 

Basic Statistics 

• Number of monitored bunkers with full data available  78 

• Number of days covered      71 

• Total fuel monitored by Coriolis meter    75,608.420 t 

• Value of fuel (based on $300 per tonne)   $30.2M 

• Estimated annual turnover (based on $300 per tonne)  $120M 
 

Overall, good agreement between meter and dips, but many detailed findings 
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“How do we know it is entrained gas?” 
• Meter is highly 

sensitive to gas 

• Drive gain can 
indicate gas 
even at low 
levels  
(< 1% by 
volume) 

• Meter has 
become a useful 
detector of low 
levels of gas 
entrainment 

• Unambiguous 
gas detector 
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Two-phase flow statistics 

• Overall mass flow metered in two-phase conditions  45.60% 

• Time-averaged Gas Void Fraction (including no flow)  29.38% 

• Average mass-weighted Gas Void Fraction     3.11% 

• Maximum mass-weighted GVF (Bunker 15)   16.38% 

• Standard deviation         2.68% 

• Estimated 95% probability bounds on GVF                 0.0 … + 8.5% 
 

 Examples – consecutive batches on Oct 13th, 2008 
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Batch 57 

• Mass in two-phase conditions  2.4% 

• Time-averaged GVF    55.2% 

• Mass-weighted GVF    0.0% 

 

 Very clean batch 

 Very steady density reading 

 Good agreement between dip and 
meter – within 0.1% 
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Batch 58 – a few hours later 

• Mass in two-phase conditions  95.5% 

• Time-averaged GVF    17.1% 

• Mass-weighted GVF    9.4% 

 

 10 minutes of clean flow 

 Rest of bunker has high GVF 

 Poor agreement between dips and 
meter (7%) 

 Change from previous batch 
suggests operating procedure issue 
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