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1 INTRODUCTION 

 

Well flow metering is crucial for safe and efficient production through automatic well control, production 

optimization, and reservoir management. Traditionally, MultiPhase Flow Meters (MPFMs) are deployed to 

determine individual phase flow rates of multiphase flows at the wellhead. However, MPFMs are expensive 

and complex, and have accuracy challenges for high viscous fluids. This creates a need for cost-effective 

alternative flow metering suitable for continuous well flow rate monitoring and production allocation. 

 

Coriolis flow meters provide unique advantages over traditional volumetric flow meters, offering direct mass 

flow and in-situ mixture density measurements. Unlike volumetric meters, which are highly dependent on 

in-situ fluid properties influenced by pressure and temperature variations, Coriolis meters minimize these 

dependencies, making them more suitable for complex multiphase flow environments. Additionally, 

commercially available MPFMs are not qualified in Equinor for high-viscosity oil and face significant 

measurement challenges during liquid phase transitions, leading to increased flow rate uncertainty [1]. In 

contrast, Coriolis flow meters give reliable total mass flow rate performance under such conditions, when 

operated inside the defined envelope. Thus, Coriolis meters can be more attractive for field applications, 

especially under controlled and well-understood production conditions. 

 

This paper presents an overview of the fundamental principles of Coriolis meter and the algorithm used to 

determine phase flow rates. Further, multiphase flow test campaigns focusing metering accuracy and 

determine operational envelope prior to field deployment. Finally, the Coriolis results are validated against 

the existing production allocation method, well test rates, and observations during transient and stable 

operation. The results are discussed along with key lessons learned. 

 

 

2 PRODUCTION ALLOCATION CALCULATION AT PEREGRINO 

 

The Peregrino field [1] consists of three wellhead platforms (WHPs), each connected via long-distance 

subsea flowlines to a Floating Production, Storage, and Offloading (FPSO) unit. Oil production is measured 

on the FPSO following phase separation through two parallel processing trains. Oil rate from wells is deduced 

from measured oil rates from each of the separator trains. However, the long distance between the WHPs 

and the FPSO makes these tests both time-consuming and operationally costly. Consequently, well testing 

is performed at intervals primarily to validate the well flow rates based on the ESP models implemented in 

the Peregrino Allocation Calculator (PAC, [4]) for each well as illustrated in Fig. 1. 

 

All wells in the Peregrino field are equipped with Electrical Submersible Pumps (ESPs) [3] for artificial lift. A 

PAC algorithm has been developed to determine oil, gas, and water production rates from the wells using 

data derived from the ESP systems, fluid samples from the wellhead, and ESP and fluid models. This 

algorithm is approved by the Brazilian National Agency for Petroleum, Natural Gas, and Biofuels (ANP) and 

accepted for production allocation. The PAC [4] algorithm determines flow rates based on a calibrated pump 

performance curve [5] and a set of measured input parameters, including cable voltage losses, pump 

performance characteristics, Bottom Hole Pressures (BHP) at the pump inlet and outlet and pump speed 

(RPM), fluid viscosity, and water cut. 

 

Each ESP model deployed in the Peregrino field has been individually tested across a representative range 

of fluid viscosities, pump frequencies, heads, power consumptions, and flow rates. This ensures that the 

corresponding pump performance curves remain accurate under the full spectrum of operating conditions 

encountered in the field. 



 
The PAC flow rates remain within the specified uncertainty limits under single-phase oil production 

conditions, where the fluid viscosity is well-characterized, and the pressure remains above the bubble point. 

However, as water cut increases, the accuracy of the flow rate calculation deteriorates due to greater 

uncertainty in estimating the effective mixture viscosity. Maintaining measurement accuracy under these 

conditions requires frequent retuning of the viscosity model, a process that is both costly and labour-

intensive, as it depends on manual water cut sampling at the wellhead. 

 

This challenge highlights the potential value of implementing a low-cost flow meter capable of providing 

continuous and accurate liquid flow rate measurements. In the present study, PAC flow rate results are 

used as the reference for assessing the field performance of Coriolis meter measurements. Several wells on 

WHP-C are equipped with Coriolis meters installed at the wellhead, as illustrated in Fig. 1. 

 

3 PRINCIPLES OF MULTIPHASE FLOW USING A CORIOLIS METER 

 

The Coriolis flow meter provides measurements of the mass flow rate, 𝑞𝑚𝑇, and the fluid density, 𝜌𝑚𝑖𝑥_𝑎𝑐𝑡. 

The Coriolis meters are very accurate for single phase flow, but several tests [6]-[10] have also proved the 

meter to work for multiphase flow under certain conditions. To calculate the individual phase flow rates, 

additional information is needed; water fraction and oil properties (PVT model). Ideally, the water fraction 

can be derived from the measured density and the densities of the phases. For Peregrino, the water fraction 

is determined based on a fluid sample from the wellhead.  

 

Based on Coriolis measurements: total mass flow rate, 𝑞𝑚𝑇, and density, 𝜌𝑚𝑖𝑥_𝑎𝑐𝑡, the algorithm is: 

 

The water mass fraction, 𝛼𝑚𝑊, is determined from phase densities and the analysed water cut, WC:    

𝛼𝑚𝑊 =
𝑊𝐶

(
𝜌𝑜_𝑠𝑡𝑑
𝜌𝑤_𝑠𝑡𝑑

(1 +
𝐺𝑂𝑅𝑠𝑡𝑑𝜌𝑔_𝑠𝑡𝑑

𝜌𝑜_𝑠𝑡𝑑
)) (1 −𝑊𝐶) +𝑊𝐶

 
(1) 

 

the hydrocarbon mass fraction, 𝛼𝑚𝐻𝐶, is given by, 
𝛼𝑚𝐻𝐶 = 1 − 𝛼𝑚𝑊 (2) 

 

the hydrocarbon density, 𝜌𝐻𝐶_𝑎𝑐𝑡 t, at actual conditions (i.e. pressure and temperature in meter) is given by, 

𝜌𝐻𝐶_𝑎𝑐𝑡 = (
𝐺𝑂𝑅𝑎𝑐𝑡

𝐺𝑂𝑅𝑎𝑐𝑡 + 1
𝜌𝑔_𝑎𝑐𝑡) + (

1

𝐺𝑂𝑅𝑎𝑐𝑡 + 1
𝜌𝑜_𝑎𝑐𝑡) 

(3) 

 

Assumed that there is no slip between the phases, the mixture density, 𝜌𝑚𝑖𝑥_𝑎𝑐𝑡, is given by, 

 

𝜌𝑚𝑖𝑥_𝑎𝑐𝑡 =
1

𝛼𝑚𝑊

𝜌𝑤_𝑎𝑐𝑡
+

𝛼𝑚𝐻𝐶

𝜌𝐻𝐶_𝑎𝑐𝑡

 
(4) 

 

Fig. 1 - Simplified field diagram for Peregrino. The field consists of three wellhead platforms (WHPs) 

connected via two subsea oil export flowlines to the Floating Production, Storage and Offloading ship 

with two process separator trains. Each WHP have around 20 ESP lifted production wells. 



Based on equations (1) and (2), or equations (2)and (4), the water mass fraction can be found, and then 

the water mass flow rate, 𝑞𝑚𝑊, at is given by, 
𝑞𝑚𝑊 = 𝑞𝑚𝑇𝛼𝑚𝑊 (5) 

 

And the hydrocarbon mass flow rate, 𝑞𝑚𝐻𝐶, is given by, 
𝑞𝑚𝐻𝐶 = 𝑞𝑚𝑇 − 𝑞𝑚𝑊 (6) 

 

Since the hydrocarbon density, 𝜌𝐻𝐶_𝑠𝑡𝑑, at standard condition is given by, 

𝜌𝐻𝐶_𝑠𝑡𝑑 = (
𝐺𝑂𝑅𝑠𝑡𝑑

𝐺𝑂𝑅𝑠𝑡𝑑 + 1
𝜌𝑔_𝑠𝑡𝑑) + (

1

𝐺𝑂𝑅𝑠𝑡𝑑 + 1
𝜌𝑜_𝑠𝑡𝑑) 

(7) 

 

the hydrocarbon standard volumetric flow rate, 𝑄𝐻𝐶, [Sm3/h] is given by, 

𝑄𝐻𝐶 =
𝑞𝑚𝐻𝐶

𝜌𝐻𝐶_𝑠𝑡𝑑
 (8) 

 

the gas volumetric flow rate, 𝑄𝑔, at standard condition is given by, 

𝑄𝑔 =
𝐺𝑂𝑅𝑠𝑡𝑑

𝐺𝑂𝑅𝑠𝑡𝑑 + 1
𝑞𝑚𝐻𝐶 

(9) 

 

the oil volumetric flow rate, 𝑄𝑜, at standard condition is given by, 

𝑄𝑜 =
1

𝐺𝑂𝑅𝑠𝑡𝑑 + 1
𝑞𝑚𝐻𝐶 

(10) 

 

the water volumetric flow rate, 𝑄𝑤 at standard condition is given by, 

𝑄𝑤 =
𝑞𝑚𝑊

𝜌𝑤_𝑠𝑡𝑑
 (11) 

 

Finally, the liquid volumetric flow rate, 𝑄𝑙,  at standard condition is given by, 
𝑄𝑙 = 𝑄𝑜+𝑄𝑤 (12) 

 

 

4 MULTIPHASE FLOW LOOP TESTING AND RESULTS 

 

A comprehensive series of flow test experiments was conducted at Equinor’s Porsgrunn multiphase flow 

loop (PLAB) [[11][13], using fluid composition that closely replicate those found in the Peregrino field. The 

Peregrino crude oil is characterized as heavy, with an API gravity of 14°, a Gas-Oil Ratio (GOR) of 13 

Sm³/Sm³, and a viscosity of 163 cP under reservoir conditions. The PLAB facility, operational since 1996, 

is a closed-loop system specifically engineered for three-phase flow investigations involving natural gas, 

crude oil, and produced water. Fig. 2 illustrates the schematic layout of the flow loop and the test section. 

The system comprises a main separator, gas compressor, liquid pumps, and dedicated heat exchangers for 

both liquid and gas phases. The facility can deliver gas and liquid at flow rates of 205 Am³/h, and 60 m³/h 

respectively, enabling testing over a wide operational envelope with Gas Volume Fractions (GVF) ranging 

from 0% to 100% and Water-Liquid-Ratios (WLR) spanning 0% to 100%. The flow loop operates at 

pressures up to 110 bar and temperatures up to 140 °C. Reference single-phase flow meters are installed 

downstream of the gas compressor and liquid pumps. Single-phase fluids are subsequently mixed at a 

designated point prior to entering the test section with multiple test instruments arranged in series for 

references and instrument qualifications. However, the primary objective of this study is to assess the 

performance and accuracy of Coriolis flow meters under multiphase flow conditions. 

 

Commercially available Coriolis flow meters were evaluated in the dedicated Coriolis meter test section 

illustrated in Fig. 2. A range of meter types and sizes were tested in horizontal and vertical orientation, with 

their specifications summarized in Table 1 provides an overview of the operating envelopes and 

measurement performance of the Coriolis meters evaluated at the PLAB facility. The results indicate that 

the Coriolis meters successfully met performance expectations when operated within their specified design 

parameters. Although certain limitations were identified at higher GVF and during liquid phase inversion. 

The meters exhibited adequate accuracy and robustness for practical use in multiphase flow environments 

encountered in the field. To further improve the understanding and performance of Coriolis flow meters 

under more demanding flow conditions, additional experimental studies and flow loop testing are needed. 
 

The primary outputs measured by the Coriolis meters include total mass flow rate, mixture density, and 

fluid temperature. Further, all diagnostic parameters provided by the Coriolis meters were systematically 

recorded [14][15]. Fluid temperature at the meter location was monitored to ensure alignment with 

calibration conditions, thereby enabling optimal zero-flow calibration. In addition, temperature and pressure 

measurements at the meter location were utilized to estimate fluid viscosity and fluid properties. 



 
Fig. 3 to Fig. 6 present the test results from the Coriolis meters under a wide range of flow conditions, with 

GVF varying from 0% to 100% and WLR from 0% to 100%. In these figures, the blue markers denote test 

points that fall outside the defined operational envelope of the meters, while the red markers represent test 

points within the operating envelope. The performances of the Coriolis meters were assessed by comparing 

their measurements against reference measurement from the flow loop, as well as by analysing the meters’ 

internal diagnostics to ensure stable and reliable measurement performance. 

 

Analysis of Fig. 3a and Fig. 4a indicates that the Coriolis meter provides relatively accurate mass flow rate 

measurements within the meter’s gas handling feature operational range. The effective operating envelope 

extends across Gas Volume Fractions (GVF) ranging from 0% to 35% and Water-Liquid Ratios (WLR) from 

0% to 100%. These results indicate that, within this range, the Coriolis meter maintains sufficient 

measurement stability and accuracy for use in multiphase flow environments with moderate gas 

entrainment. 

 

As illustrated in Fig. 3b and Fig. 4b, the in-situ mixture density measurements remained within acceptable 

limits up to a GVF of 50% and WLR from 0% to 100%. The in-situ mixture density readings were observed 

to be more robust than mass flow measurements at higher GVF levels. However, the associated uncertainty 

in in-situ mixture density measurement remains too high for it to be considered reliable for accurate phase 

fraction determination in multiphase flows. Additional experimental studies and flow loop testing are 

necessary to enhance the understanding and improvement of Coriolis meter measurement technology in 

such conditions. Despite these limitations, in-situ mixture density measurements remain valuable for 

operational monitoring. They can provide meaningful insight when interpreted in conjunction with other well 

data, such as ESP sensor outputs, thereby aiding in the identification of flow regime and fluid properties 

changes to support PAC model adjustments. 

 

Fig. 3 and Fig. 4 further demonstrate that when the Coriolis meter operates outside its specified operational 

envelope, both the measured mass flow rate and in-situ mixture density are systematically underreported 

compared to the reference measurements. This underscores the critical importance of adhering to the 

defined operational envelope to ensure the accuracy and reliability of the Coriolis meter's measurements. 

 

  

Fig. 2 - Sketch of the PLAB test arrangement 

Fig. 3 – Flow loop results for Coriolis2 with entrained gas handling feature 



 
Analysis of Fig. 5a and Fig. 6a demonstrates that the Coriolis meter delivers relatively accurate mass flow 

rate measurements within its operational limits without the entrained gas handling feature. Under these 

conditions, the effective operating envelope was found to be GVF from 0% to approximately 5%, and WLR 

from 0% to 100%. 

 

Shown in Fig. 5b and Fig. 6b, the in-situ mixture density measurements remained within acceptable bounds 

across the tested flow conditions. However, the uncertainty associated with these measurements increases 

significantly in the region of liquid phase inversion, limiting their reliability for accurate phase fraction 

determination in multiphase flows. Despite this limitation, in-situ mixture density data can still yield valuable 

for flow monitoring and for supporting PAC model adjustments. 

 

 

 

Fig. 4 – Flow loop results for Coriolis2 with entrained gas handling feature 

Fig. 5 – Flow loop results for Coriolis3 without entrained gas handling 

feature 

Fig. 6 – Flow loop results for Coriolis4 without entrained gas handling 

feature 



Table 1 provides an overview of the operating envelopes and measurement performance of the Coriolis 

meters evaluated at the PLAB facility. The results indicate that the Coriolis meters successfully met 

performance expectations when operated within their specified design parameters. Although certain 

limitations were identified at higher GVF and during liquid phase inversion. The meters exhibited adequate 

accuracy and robustness for practical use in multiphase flow environments encountered in the field. To 

further improve the understanding and performance of Coriolis flow meters under more demanding flow 

conditions, additional experimental studies and flow loop testing are needed. 

 
Table 1- Coriolis meter specification and results tested at P-LAB 

 Operating range Mass flow rate  Density 

Meter 

identification 

Internal 

diameter 

Installation 

orientation 

Entrained 

gas handling 

feature 

GVF 

(%) 

WLR 

(%) 

Average Rel 

(%) 

Average 

Abs 

(kg/m3) 

Coriolis1 2-inch Horizontal 
Yes 0-30 

 

0-100 

1.03 1.21 

Coriolis2 
3-inch Vertical 

0.07 -2.1 

Coriolis3 No 0-5 1.38 13.52 

Coriolis4 4-inch Horizontal Yes 0-30 -1.77 -0.19 

 

The selection of metering technology for use at Peregrino wells was evaluated based on the results from 

the flow loop testing. Both steady state and transient performances were considered. Some wells have oil 

with low GOR and there will be no gas at wellhead where the meter can be installed. Coriolis meters were 

recommended for this fluid. The Coriolis meter with entrained gas handling feature would be preferred but 

could not meet the pipe pressure rating. Therefore, the coriolis meter without this feature was chosen. 

Venturi meter could potentially be used, but that solution would require mixture density input and seemed 

to be more affected by mixed fluid viscosity when there was no gas. 

 

For wells with a higher GOR, the gas fraction inside the meter would be around 70 % before water break 

through. For these wells a coriolis meter with gas handling feature could be suitable if the meter pressure 

rating had been sufficiently high, thus a Venturi meter was recommended. The Venturi meter requires 

mixture density information, which can be calculated using PVT composition data and Water-Cut samples. 

 

Fig. 7a and Fig. 7b illustrate the actual performance of the Coriolis meter (with and without the entrained 

gas handling feature) and the Venturi meter under low GOR and ‘high’ GOR conditions, respectively, with 

varying Water-Liquid Ratio (WLR) at the PLAB facility. 

 

 

Fig. 7  – Simulating Peregrino well conditions in the multiphase flow loop  

a. Low GOR wells: Oil and Water b. High GOR wells: Oil, Gas and Water 



5 FIELD TEST RESULTS AND LESSON LEARNED 

 

Fig. 8 shows multiple installations of Coriolis meters at the Peregrino WHPC wellheads. These meters are 

installed at wells producing high viscous, undersaturated oil to ensure their operation remains within the 

operating envelopes determined by flow rate tests conducted in the PLAB multiphase flow loop, as described 

in chapter 4. 

 
Fig. 9 presents a comparison between PAC and Coriolis liquid flow rate measurements at standard condition 

during the production of a selected well. The PAC liquid flow rate at standard conditions is computed as 

described in Section 2, while the Coriolis liquid flow rate at standard conditions is derived as outlined in 

Section 3. PAC flow rate liquid measurement serves as the reference for evaluating the field performance 

of the Coriolis meter. 

 

The Coriolis measurements, depicted by the orange trace, show strong agreement with the PAC values, 

represented by the dark teal trace, over the duration of the production period. The relative deviation in the 

liquid volumetric flow rate remains within the ±5% uncertainty band, as illustrated by the green trace. 

A consistent slight negative bias is observed, with the Coriolis meter systematically reporting marginally 

lower flow rates than the PAC estimates. Despite this, the close alignment between the two methods 

demonstrates the robustness and reliability of the Coriolis meter for well performance measurement under 

field conditions. These findings support its applicability as a field-deployable technology for production 

allocation, particularly in heavy oil reservoirs with undersaturated oil systems. 

 

Fig. 8 – Coriolis flow meters installed at the wellheads  

Fig. 9 – Field liquid volumetric flow rate measurement at standard condition 



Fig. 10 illustrates a comparison between the calculated in-situ mixture density using Equation (4) (shown 

in the dark teal trace) and the measured in-situ mixture density obtained from the Coriolis meter (shown 

in the orange trace). The green trace represents the absolute deviation between the two measurements. 

 

The two results exhibit good overall agreement, with the Coriolis meter consistently reading slightly higher 

than the in-situ mixture density calculated from Equation (4). When the bias is removed, the absolute 

deviation remains within ±6 kg/m³. The Coriolis meter exhibits more dynamic behaviour, as it provides 

direct real-time measurements of the in-situ mixture density. In contrast, the in-situ mixture density 

calculated from Equation (4) is relatively static, as it is derived from periodically updated water cut (WC) 

samples and PVT compositional data. 

 

Looking ahead, the real-time in-situ mixture density measurements from the Coriolis meter offer an 

opportunity to refine and tune the parameters, such as gas-oil ratio (GOR) and phase densities, thereby 

improving the representation of fluid properties under actual operating conditions. Additionally, when 

interpreted in conjunction with other well data, such as ESP sensor outputs, Coriolis in-situ mixture density 

measurements can provide valuable insight into evolving flow regimes and fluid property variations as 

illustrated in Fig. 10. This integrated approach can be leveraged to inform and dynamically adjust the PAC 

model, ultimately enabling continuous improvement in production allocation accuracy. 

 
Fig. 11 presents a comparison between the calculated water cut (Coriolis WC), represented by the dark teal 

trace, derived by solving equation (4) and equation (1) for WC based on in-situ mixture density 

measurements from the Coriolis meter, and the manually sampled Basic Sediment and Water (BSW WC), 

shown as orange crosses. The green diamond markers indicate the absolute deviation (in percentage) 

between the two measurements. 

 

The results demonstrate good overall agreement, with the water cut deviation remaining within ±5% 

absolute deviation for most of the time. A minor positive bias is observed in the deviation, which is likely 

attributed to inaccuracies in the estimation of phase densities derived from the Pressure-Volume-

Temperature (PVT) analysis. During the initial period of the graph, the Coriolis WC exhibits over-reading 

beyond the ±5% absolute deviation threshold. This over-reading is hypothesized to result from fluid 

contamination caused by drilling mud activities, as this period corresponds to the startup phase of the well. 

Over time, as the well is cleaned up, the Coriolis WC gradually converges to the BSW WC measurement and 

remains consistently within the ±5% absolute deviation range. 

 

Fig. 10 – Field in-situ mixture density measurement at actual condition 



 
 

The Coriolis meter provides valuable insights into the performance of the PAC model. Fig. 12 illustrates the 

total flow rates from the PAC model, Coriolis meter, ESP models (low and high viscosity), and choke model 

(Appendix – Choke model) during the operation cycle. The ESP model with low viscosity (high water cut: 1 

cP fluid viscosity) sets the upper flow rate limit due to higher ESP efficiency, while the ESP model with high 

viscosity (low water cut: 100 cP fluid viscosity) defines the lower flow rate limit due to reduced ESP 

efficiency. The total flow rates from the PAC model, Coriolis meter, and choke model are expected to remain 

within these boundary limits. The choke model is described in Appendix – Choke model. Note that the 

applied density is measured by the Coriolis meter, thus indicating that both flow rate and density is correct.  

 

During the operation cycle, the well initially operated under normal conditions before being shut in for 

scheduled maintenance. During the shut-in period, liquid segregation occurred inside the well bore and 

probably in the near well part of the reservoir, resulting in phase separation within the well. Upon startup, 

the flow transitioned from low water cut (oil-continuous) flow with increasing water cut, eventually reaching 

high water cut (water-continuous) flow. The water cut then gradually decreases, stabilizing to normal 

production with well-mixed liquid at a lower water cut in an oil-continuous flow regime. These transitions 

were validated by the expected changes in the measured mixture density from the Coriolis meter, ESP 

power, ESP inlet pressure and wellhead temperature. 

 

The Coriolis meter effectively captured and responded to all expected flow sequences, demonstrating 

robustness and insensitivity to phase inversion and viscosity changes. In contrast, the PAC model failed to 

detect these transitions, as it relies on manual updates to water cut and mixture viscosity for accurate flow 

rate calculations, limiting its responsiveness to dynamic flow conditions. This analysis highlights the 

accuracy of the Coriolis meter while providing insights for tuning the PAC model to improve its performance. 

 

 

Fig. 11 – Water Cut measurement at standard condition 
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Fig. 12 – Dynamic flow measurement during the startup period 
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Further verification of the Coriolis and PAC oil flow rate measurements was conducted using well deduction 

test with the two process separators on the FPSO, as shown in Fig. 1. Fig. 13 presents a comparison of the 

PAC, Coriolis, and well deduction test oil flow rate measurements at standard conditions during the 

production of a selected well. The dark teal trace represents the calculated PAC oil flow rate, the orange 

trace represents the calculated Coriolis oil flow rate derived from equation (10), and the yellow star markers 

represent the oil flow rate measurement obtained from the well deduction test. The green and blue bars 

illustrate the relative deviations of the PAC and Coriolis oil flow rates, respectively, relative to the well 

deduction test. 

 

The results demonstrate that the PAC oil flow rate exhibits a deviation of approximately 18% higher than 

the well deduction test measurement, whereas the Coriolis oil flow rate deviation is approximately 5% 

higher. These findings indicate that the Coriolis measurement performs more correctly compared to the PAC 

model when benchmarked against well deduction test results. As previously discussed, the Coriolis 

measurement can provide insights into the increasing deviation of the PAC model, which can be attributed 

from variations in flow regimes and fluid properties. This ability enables continuous monitoring and iterative 

tuning of the PAC model, thereby improving production allocation accuracy. 

 

 
 

 

  

Fig. 13 – Field oil volumetric flow rate measurement at standard condition 



6 CONCLUSIONS 

 

This study has demonstrated the feasibility and effectiveness of using Coriolis flow meters for wellhead 

monitoring and production allocation in wells producing viscous, undersaturated oil. Through extensive 

multiphase flow loop testing at Equinor’s PLAB facility, the Coriolis meters, particularly those equipped with 

entrained gas handling features, demonstrated reliable performance within a defined operational envelope. 

Accurate mass flow rate and in-situ mixture density measurements were achieved for flow conditions with 

GVF up to 35% and full WLR range. Even the meters without gas handling features, the meters 

demonstrated acceptable accuracy under low GVF conditions blow 5% and full WLR range. 

 

From the multiphase flow loop testing, it was observed that if the meter unintentionally operates outside 

its defined operating envelope, the mass flow rate consistently underreports the true value, which is also 

observed in many tests [6][7]. This underreporting can be advantageous, as it ensures that the correction 

factor for allocated well rates will always be positive, eliminating the complexity of managing both positive 

and negative correction factors. Essentially, when Production Allocation Calculation (PAC) models yield lower 

rates, the model parameters can be adjusted to align with the Coriolis meter's readings. Furthermore, for 

ESPs operating at low flow rates, the underreporting by the Coriolis meter acts as a conservative safeguard, 

mitigating the risk of operating below the minimum design flow rate causing high uncertainty in flow rate 

calculations from the PAC model. Finally, wells will invert to water continuous flow when water cut is high, 

and then the Coriolis flow rate can be used to adjust the mixed fluid viscosity to ensure match between PAC 

and Coriolis flow rates. 

 

While in-situ mixture density measurements proved more robust than mass flow rate readings at elevated 

GVFs, the associated uncertainty limits their use for direct phase fraction determination. Nevertheless, the 

real-time nature of Coriolis mixture density data offers valuable diagnostic insights, particularly when 

interpreted in conjunction with other well data such as ESP sensor outputs. These insights support the 

detection of flow regime transitions and enable more effective PAC model adjustment and reduce well testing 

campaign. 

 

Field validation further confirmed that Coriolis liquid flow measurements closely align with PAC liquid flow 

rates, with relative deviations maintained within ±5% before water break through. A consistent but minor 

negative bias was observed, nonetheless the overall measurement reliability supports the suitability of 

Coriolis meters for field deployment in continuous wellhead production allocation measurement. 

 

Integrating of real-time Coriolis measurements with PAC algorithms holds significant promise for enhancing 

model responsiveness and reducing dependence on manual water cut sampling and well testing. Cross-

validation between the two approaches can further improve reliability, offering a pathway toward more 

accurate, cost-effective, and autonomous well monitoring and production allocation in heavy oil fields. 

Furthermore, Coriolis meter-based flow rates can fully substitute PAC rates in scenarios where downhole 

signals are compromised, providing a reliable alternative for production allocation under challenging flow 

conditions. 
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8 NOTATION 

 

𝑊𝐶  Water-Cut value from BS&W sampling unit in (%) 

𝑊𝐿𝑅  Water-Liquid-Ratio (%) 

𝐺𝑉𝐹  Gas Volume Fraction (%) 

𝐺𝑂𝑅𝑠𝑡𝑑  Gas-Oil-Ratio at standard condition (Sm3/Sm3) 

𝐺𝑂𝑅𝑎𝑐𝑡  Gas-Oil-Ratio at actual condition (m3/m3) 

𝜌𝑔_𝑠𝑡𝑑  Gas density at standard condition (kg/m3) 

𝜌𝑜_𝑠𝑡𝑑  Oil density at standard condition (kg/m3) 

𝜌𝑤_𝑠𝑡𝑑  Water density at standard condition (kg/m3) 

𝜌𝑔_𝑎𝑐𝑡  Gas density at actual condition (kg/m3) 

𝜌𝑜_𝑎𝑐𝑡  Oil density at actual condition (kg/m3) 

𝜌𝑤_𝑎𝑐𝑡  Water density at actual condition (kg/m3) 

𝑞𝑚𝑇  Total mass flow rate measured by the Coriolis meter  

PVT  Pressure-Volume-Temperature 

PAC  Production Allocation Calculation 

FPSO  Floating Production, Storage, and Offloading 

ESPs  Electrical Submersible Pumps 

PLAB  Equinor’s Porsgrunn multiphase flow loop 

WHPs  Wellhead platforms 

ANP  Petroleum, Natural Gas, and Biofuels 

MPFMs  MultiPhase Flow Meters 
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Appendix – Choke model 

 

According to [16] the mass flow rate, 𝑞𝑚, for incompressible fluids through a valve, is expressed by the 

following equation for turbulent flow:  

𝑞𝑚 = 𝑁1𝐶𝑉(𝑧)√𝜌𝑚𝑖𝑥_𝑎𝑐𝑡(𝑝𝑈𝐶 − 𝑝𝐷𝐶) 
(13) 

 

where z is the choke position [%], 𝜌𝑚𝑖𝑥_𝑎𝑐𝑡 is the fluid density, pUC and pDC are the pressures upstream and 

downstream the valve. 𝐶𝑉 is the choke capacity (depends on the position z) and 𝑁1 is a constant to ensure 

correct units as described in [16]. The choke performance for Peregrino wells is shown in Fig. 14. 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                                   

Fig. 14 – Peregrino wells choke performance 


