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In this White Paper

Pressure plays a significant role in Coriolis flow meter performance, particularly
in high-pressure applications such as natural gas transmission, carbon capture
and storage (CCUS), LNG facilities, hydrogen infrastructure, and refining
operations. While pressure compensation is a well-established method for
improving measurement accuracy, conventional approaches typically require
extra instrumentation, additional configuration, and ongoing validation.

This white paper examines the relationship between process pressure and
Coriolis flow meter performance, including its impact on mass flow, density, and
derived volume measurements. It also introduces Dynamic Internal Pressure,

a new capability that derives pressure directly from the Coriolis sensor itself,
enabling operators to verify pressure compensation inputs or automatically
compensate for pressure effects without additional instrumentation.

Readers will learn:
* How pressure affects Coriolis flow meter measurement performance

«  Why pressure compensation becomes increasingly important in high-pressure
applications

« How Dynamic Internal Pressure derives pressure from the flow meter sensor

* How the technology can improve measurement confidence and simplify
system design

«  Where Dynamic Internal Pressure can provide the greatest value across oil
and gas, renewable enerqgy, and refining applications
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Section 1. Introduction

1.1 Background

Coriolis flow meters are widely recognized as one of the most accurate and versatile flow
measurement technologies available today, providing direct measurement of mass flow and
density across a broad range of liquids and gases. As operating pressures increase, however,
pressure-related effects within the sensor can influence measurement performance and introduce
uncertainty if not properly compensated.

Industries such as natural gas transmission, CCUS, LNG, hydrogen, and refining increasingly rely
on high-pressure flow measurement systems where maintaining measurement confidence is

critical for operational efficiency, process control, and internal allocation. In these applications,
understanding and managing pressure effects is becoming increasingly important.

1.2 Practical Challenges

While pressure compensation is a proven method for improving Coriolis flow meter performance
under varying operating conditions, implementation often introduces additional complexity.
Traditional approaches typically require external instrumentation, impulse piping or tapping
points, integration with control systems, ongoing maintenance, and periodic validation to ensure
compensation remains accurate over time.
For many operators, challenges arise from:

Maintaining pressure signal integrity

Detecting configuration or scaling errors

Validating compensation over the life of the installation

Managing changing operating conditions when static or assumed pressure values are used
Dynamic Internal Pressure addresses these challenges by deriving pressure directly from the

Coriolis sensor itself. This provides an independent pressure value that can be used to validate
external pressure measurements.
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Section 2. Pressure Effect in Coriolis Flow Meters

2.1 Physical Origin of Pressure Effect

Coriolis flow meters determine mass flow by measuring a phase shift between motion signals on
the vibrating flow tubes. The phase shift depends on process mass flow rate and the mechanical
stiffness of the tubes. When internal process pressure increases, the tubes are stressed, increasing
the effective tube stiffness (pressure-induced stiffening). Increased stiffness affects the phase shift
for a given Coriolis force, which introduces an indicated mass flow bias if the meter is operated at
a pressure different from its calibration pressure. In addition to stress-stiffening, pressure causes

a slight increase in the internal flow tube volume and the corresponding process mass within the
meter. These effects can influence density accuracy, while pressure-induced changes in tube shape
can affect both mass and density measurements.

—

Figure 2-1. Pressure-induced tube stiffening at elevated pressure. Conceptual illustration
(exaggerated) showing how pressure deforms the tubes.

As shown in this paper, Dynamic Internal Pressure exploits these physical effects to characterize
and automatically compensate for errors due to pressure, with no additional hardware required.
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2.2 Characteristics of Pressure-Induced Span Effect

Pressure effect is commonly observed as a span-type influence (gain change) rather than a
zero offset. It is typically flow-rate independent over much of the operating range and is often
approximately linear with the difference between operating pressure and calibration pressure.

Because the magnitude depends on sensor design (tube geometry, material, and size),
manufacturers characterize pressure effect and provide a pressure compensation coefficient along
with guidance on when pressure compensation is required.

2.3 Impact on Density and Derived Volume

Coriolis meters also provide density from the resonant frequency of the vibrating system. In many
cases, mass flow shows stronger pressure sensitivity than density, but both mass and density may
contribute to derived volume flow (volume = mass/density). Therefore, even modest pressure
effects can propagate into volume calculation and proving results.

2.4 Practical Guidance: When Pressure Effect Matters

For many installations, small pressure deviations from calibration pressure may be negligible.
However, in high-pressure service, larger line sizes, or accuracy-critical applications (including
custody transfer), pressure effect compensation should be evaluated and applied when necessary.

Section 3. Dynamic Internal Pressure
3.1 How Dynamic Internal Pressure Works

Dynamic Internal Pressure derives an internal pressure value by analyzing changes in the
vibrational behavior of the Coriolis sensor under varying process conditions. By evaluating multiple
vibrational modes within the sensor, the technology establishes a direct relationship between
sensor dynamics and internal pressure.

3.1.1 Pressure-Induced Changes in Sensor Dynamics

As mentioned previously, increased pressure causes several physical changes to the flow tubes of a
Coriolis meter:

Pressure-induced stress stiffening
The tube geometry deforms slightly

Internal volume of flow tube slightly increases
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These changes alter the resonant characteristics of the sensor. In particular, the natural
frequencies of vibration shift as a function of internal pressure. This establishes the fundamental
principle behind Dynamic Internal Pressure: Internal pressure can be inferred from how it
modifies the resonant behavior of the Coriolis sensor.

3.1.2 Multiple Vibrational Modes in the Coriolis Sensor

Like any mechanical structure, a Coriolis sensor has multiple natural modes of vibration, each
associated with a distinct deformation shape and resonant frequency. Dynamic Internal Pressure
functions by exciting two of these modes simultaneously.

The first (primary) mode is used for conventional flow measurement

The second mode is a higher-frequency mode with a different deformation pattern
Each mode:

Occurs at a specific resonant frequency

Responds differently to changes in structural stiffness and tube shape

Is influenced differently by internal pressure

Importantly, these modes always exist within the structure. Conventional meters utilize only the
first mode, while Dynamic Internal Pressure enables simultaneous use of both.

Figure 3-1. Beam vibration modes. Illustration of first and second mode shapes,
highlighting differences in deformation.
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3.1.3 Simultaneous Excitation of Multiple Modes

Dynamic Internal Pressure uses advanced drive control to excite multiple vibrational modes
simultaneously.

The sensor continues to operate primarily in the first mode
The second mode is excited concurrently at a lower amplitude
Both modes coexist as part of the overall vibration of the structure

The resulting motion can be understood as a superposition of two independent resonant
responses, with digital signal processing used to separately track the frequency of each mode.

Figure 3-2. Dual-mode excitation concept. Illustration showing simultaneous excitation of
first and second modes and separation of their frequencies.

3.1.4 Pressure-Induced Changes in Sensor Dynamics

Because the two modes deform the flow tubes differently, they do not respond identically to
pressure-induced changes in stiffness.

Both mode frequencies change as pressure increases
However, they change at different rates
This difference in sensitivity creates a measurable relationship between the modes.

Pressure does not only shift frequency—it changes the relationship between mode frequencies.
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3.1.5 Frequency Ratio as a Pressure Indicator

Dynamic Internal Pressure determines pressure by evaluating the relationship between the two
excited modes frequencies.

where:
f, is the first-mode frequency
f, is the second-mode frequency

As pressure changes, the differing sensitivity of each mode causes the ratio R to change in a
predictable way.

This leads to a robust measurement principle:

Pressure — structural change -~ mode-dependent frequency shifts - measurable frequency ratio
Using a ratio-based approach provides several advantages:

+  Reduces sensitivity to common influences affecting both modes

+  Enhances sensitivity to pressure-specific effects

Provides a self-referenced measurement tied to the sensor structure

Figure 3-3. Frequency ratio versus pressure. Illustration showing a monotonic relationship
between frequency ratio and pressure.
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3.2 Dynamic Internal Pressure for Verification and Diagnostic Insight

A primary application of Dynamic Internal Pressure is measurement system verification and
diagnostics. By providing an independent pressure value, Dynamic Internal Pressure enables direct
comparison between internally derived pressure and externally measured pressure when available.

This comparison can be used to:

Identify discrepancies between measurement locations (for example, between the sensor and
external tapping points)

+  Detect configuration or scaling issues in external pressure inputs
Reveal degraded, frozen, or non-updating external pressure signals

+ Highlight conditions where the applied pressure value may not be representative of the actual
conditions within the meter

Figure 3-4. Internally derived pressure versus reference pressure. Comparison of Dynamic
Internal Pressure response to a reference pressure measurement.

Through this capability, Dynamic Internal Pressure improves visibility into pressure-dependent
measurement inputs and supports validation of pressure compensation configuration. For many
operators, pressure verification may represent the most immediate benefit of Dynamic Internal
Pressure, helping improve confidence in both measurement performance and pressure
compensation inputs.
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3.3 Dynamic Internal Pressure as a Pressure Compensation Source

In addition to its diagnostic role, Dynamic Internal Pressure can be used as the pressure input for
Coriolis pressure compensation. When selected, the internally derived pressure value is applied to
the same compensation algorithms used with external pressure measurements.

Because Dynamic Internal Pressure is derived from the same physical system affected by
pressure-induced stiffness changes, it reflects the pressure influence most directly relevant to flow
measurement performance.

Use of Dynamic Internal Pressure as the active pressure source for compensation is optional and
should be based on:

Validation of the internal pressure signal under representative operating conditions
Understanding of signal behavior and limitations
Application-specific requirements and constraints

No additional hardware is required when Dynamic Internal Pressure is used for compensation.

Section 4. Applications

Dynamic Internal Pressure delivers value in two primary ways: by providing an independent
verification of pressure measurements and by enabling automatic pressure compensation without
requiring additional instrumentation in many non-custody applications. These capabilities can
improve measurement confidence, simplify system design, reduce maintenance requirements,
and provide additional diagnostic insight across a wide range of high-pressure flow measurement
applications.

4.1 Custody-Transfer Applications

For custody-transfer applications, external pressure measurement remains the primary source for
pressure compensation. In these environments, Dynamic Internal Pressure serves as an independent
verification tool that continuously compares internally derived pressure to external pressure
measurements. This additional layer of validation can help identify configuration issues, instrument
drift, scaling errors, or abnormal pressure signals before they affect measurement confidence.

Operators can use Dynamic Internal Pressure to:
Verify pressure compensation inputs in real time
Detect degraded or non-responsive pressure transmitters
Improve confidence in metering system performance
Provide additional diagnostic insight during troubleshooting and audits

This additional verification capability helps support measurement confidence in critical
metering applications.
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4.2 Non-Custody-Transfer Applications

In non-custody applications such as internal allocation, balancing, inventory management, storage,
and process monitoring, Dynamic Internal Pressure can be used as the pressure source for
automatic pressure compensation without requiring an external instrumentation.

By eliminating the need for additional instrumentation in suitable applications,
operators can:

Reduce instrument count
Simplify installation and commissioning
Minimize maintenance requirements
Eliminate pressure taps and associated piping
Reduce project costs and engineering effort
Improve measurement confidence through automatic compensation
This capability is particularly beneficial in remote installations, brownfield upgrades, and

applications where minimizing instrumentation complexity is important.

4.3 Industry Applications

Midstream Natural Gas Pipelines

Dynamic Internal Pressure provides an independent verification of pressure compensation in
high-pressure gas transmission systems. Operators can compare internally derived pressure
against external pressure measurements to improve confidence in meter performance and identify
potential instrumentation or configuration issues before they impact operations.

Carbon Capture, Utilization and Storage (CCUS)

Dense-phase CO, transportation often operates under elevated pressures where pressure
compensation is critical to measurement performance. Dynamic Internal Pressure provides
continuous pressure verification while offering the potential to simplify compensation architecture
in non-custody applications.

LNG Facilities

LNG storage and transfer systems frequently require accurate measurement under changing
pressure conditions. Dynamic Internal Pressure helps maintain compensation accuracy while
reducing dependence on external instrumentation where permitted by application requirements.

Hydrogen Infrastructure

Hydrogen applications often operate at elevated pressures, making pressure-related measurement
effects more significant. Dynamic Internal Pressure provides pressure compensation and
verification capabilities while helping simplify instrumentation architectures in emerging

hydrogen systems.

11
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Refinery Transfer Systems

Refineries use internal allocation and balancing measurements throughout production processes.
Dynamic Internal Pressure helps improve pressure compensation accuracy while reducing
instrumentation complexity in pressurized transfer and allocation applications.

Section 5. Validation and Evidence Base (NEL / TUV SUD EPAT Testing)
5.1 Test Overview and Configurations

Independent elevated-pressure testing was performed at TUV SUD National Engineering
Laboratory (NEL) using the Elevated Pressure and Temperature (EPAT) facility. Testing included
configurations intended to establish an uncompensated baseline and compare external pressure
compensation to Dynamic Internal Pressure compensation.

5.2 Results: Mass Flow Pressure Compensation Comparison

Figure 5 compares mass flow error for a Coriolis sensor operating with no pressure compensation,
external pressure compensation, and internal/Dynamic Internal Pressure compensation. The
comparison is intended to demonstrate that Dynamic Internal Pressure-based compensation
produces corrected behavior comparable to conventional external pressure compensation under
flowing, elevated-pressure conditions.

Figure 5-1. NEL EPAT testing: Mass flow error with no pressure compensation (square points),
external pressure compensation (circle points), and internal compensation using Dynamic
Internal Pressure (diamond points).
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Coriolis Meter Calculated Pressure vs Reference Pressure

Figure 5-2. NEL EPAT pressure measurement results. Calculated pressure
versus reference pressure.

Section 6. Conclusion

Process pressure has long been a source of measurement uncertainty in high-pressure Coriolis
flow meter applications. Dynamic Internal Pressure introduces a new approach by deriving
pressure directly from the Coriolis sensor itself. The technology can serve as an independent
verification tool, support automatic pressure compensation, and help operators improve
measurement confidence. As industries such as natural gas transmission, CCUS, LNG, hydrogen,
and refining continue to demand higher performance and greater operational efficiency, Dynamic
Internal Pressure provides a powerful new capability for high-pressure flow measurement.
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