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Abstract

In this paper, a dual U-shaped Coriolis mass flowmeter operating at the millimeter scale is designed and numerically analyzed
for low flow rate measurement. A novel fast computational approach, referred to as the Rapid Computational Method (RCM), is
introduced to estimate the Coriolis force without performing time-dependent structural simulations. The proposed method replaces
the direct calculation of tube velocity with the curl of the displacement field multiplied by the natural angular frequency of the
vibrating tube. This simplification significantly reduces computational cost while preserving acceptable accuracy under resonant
operating conditions.

The proposed flowmeter consists of two symmetric U-shaped copper tubes oscillating in anti-phase, which enhances immunity
to external disturbances such as environmental vibrations and thermal variations. The structure is modeled and analyzed using
COMSOL Multiphysics 5.6. Geometrical parameters, particularly tube thickness, are systematically investigated to evaluate their
influence on tube mass, resonant frequency, and phase difference sensitivity. Analytical expressions are used to estimate tube and
fluid mass, while finite element simulations are employed to extract the natural frequency of the structure under resonant excitation.

A fluid dynamics analysis is conducted to obtain the velocity distribution of water flowing inside the tube under low-pressure
conditions. The resulting fluid velocity, together with the tube vibrational velocity derived from the displacement curl, is used to
compute the Coriolis force based on an algebraic formulation. This force is then applied symmetrically to the tube arms in a steady-
state mechanical analysis to determine the relative displacement and phase difference between the sensing points.

Simulation results demonstrate that tube thickness plays a dominant role in flow sensitivity. Reducing the tube thickness from 1.5
mm to 0.5 mm increases the natural frequency and significantly enhances the measurable phase difference at low flow velocities.
For the optimized geometry with a tube thickness of 0.5 mm, a phase difference of approximately 5.8 degrees is obtained at low
flow rates, confirming the feasibility of accurate mass flow detection in this regime. The results also show that increases in tube
thickness suppress Coriolis-induced phase shifts more strongly than reductions in fluid velocity.

Compared to conventional approaches, the proposed RCM eliminates the need for time-dependent fluid—structure interaction
simulations, offering a fast and computationally efficient alternative for preliminary design and geometry screening of Coriolis mass
flowmeters. While the method involves controlled simplifications, it maintains sufficient accuracy under resonant operation and
provides clear physical insight into the relationship between tube geometry, vibrational behavior, and Coriolis-induced phase
difference. Overall, this work presents a practical and low-cost design methodology for developing reliable Coriolis mass flowmeters
for low flow rate applications.
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1. Short Introduction

Accurate measurement of low mass flow rates is essential in many industrial, medical, and pharmaceutical applications. Coriolis
mass flowmeters are widely used due to their high accuracy and robustness against variations in fluid properties. However, the
design and optimization of Coriolis flowmeters operating at low flow rates often rely on time-dependent simulations, leading to high
computational cost. This creates a need for fast and reliable computational approaches that can support preliminary design and
geometry optimization of low-flow Coriolis mass flowmeters.

2. Proposed Work

In this study, a dual U-shaped Coriolis mass flowmeter with millimeter-scale copper tubes is designed and analyzed. A rapid
computational method based on the curl of the displacement field is introduced to estimate the tube velocity and Coriolis force
without requiring time-dependent simulations. Structural, fluidic, and mechanical analyses are performed using COMSOL
Multiphysics. A parametric investigation of tube thickness demonstrates its strong influence on resonant frequency and phase
difference sensitivity. Simulation results indicate that a tube thickness of 0.5 mm provides optimal performance, yielding a
measurable phase difference of 5.8 degrees at low flow rates, thereby validating the effectiveness of the proposed design and
computational approach.

3. Conclusion

A fast and efficient design methodology for a low-flow Coriolis mass flowmeter has been presented. The proposed rapid
computational method significantly reduces simulation time while maintaining acceptable accuracy. The results confirm that tube
thickness is a key design parameter for enhancing sensitivity at low flow rates. The proposed approach is suitable for preliminary
design and optimization of compact Coriolis mass flowmeters.
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2 Coriolis principle

3 Theoretical modelling

4 Signal processing
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6 Coriolis mass flowmeter (CMF)
7 Dual U-tube

8 Actuator

? Vibration detectors

10 phase difference

T Mass flow rate
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1 Negative frequency correction

2 Hilbert transform

3 Vector inner product

4 Digital phase-locked loop

3 Quadrature demodulation

6 Adaptive notch filter

7 Rapid calculation method: RCM
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