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Abstract: Objective: To increase heat calculation accuracy, the numerical
simulation of the ultrasonic heat meter is explored by Multiphysics coupling.
Methods: COMSOL, a Multiphysics coupling finite-element simulation
software, is used to build the coupling model of the sound field, structure field,
and electric field. The propagation of ultrasonic waves in heat meters is
simulated, and its sound field distribution in pure water is analyzed.
According to the operating conditions of ultrasonic heat meters, the influence
of impurities with different concentrations on ultrasonic propagation is
analyzed. The end-face sound pressure levels of the incident transducer and
the receiving transducer are compared to obtain the attenuation laws of
ultrasonic waves in the liquid-solid two-phase flow. Results: The main lobe
and multiple side lobes exist during the propagation of ultrasonic waves. The
energy of the main lobe is higher than that of the side lobes. Bubbles resonate
under the action of the sound field. Also, bubbles of different diameters
correspond to different resonance frequencies, which have larger sound
pressure than that of the incident sound field. Most of the sound waves are
reflected at the liquid-solid interface, while some of them continue to
propagate through the media, affecting the sound pressure distribution on the
end-face of the receiving transducer, thereby affecting the measurement
accuracy of the ultrasonic heat meter. Conclusion: The reliability and
detection efficiency of the heat meter is improved, which is significant and
theoretically valuable.
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1. Introduction
With the rapid development of economy and technology, energy consumption in China continues
to rise. Gradually, resources are in short supplies. Meanwhile, environmental problems are becoming
increasingly severe. To solve the energy shortage and environmental pollution problems, in addition to
developing new energy, another powerful measure is energy saving and emission reducing [1]. For
energy saving, developing energy-efficient buildings is one of the major tasks. Among the energies
consumed by buildings, the heating system marks the majority. Especially, in Northern cities of China,
with the popularity of heating systems, the proportion of heating consumption continues to rise [2].

To ensure the smooth progress of the heating metering reform, developing a reliable and precise
heat meter with low pressure loss and its corresponding detecting equipment has become the key [3]. At
present, the research and development of the ultrasonic heat meter mainly focus on the circuit module
of the totalizer that collects the ultrasonic signals. Scholars have investigated the circuit design of the
ultrasonic heat meter that uses the time-difference measurement and temperature measurement. Also,
scholars have proposed design solutions based on TDC-GP2 high-precision chips for flow measurement,
temperature measurement, and low power consumption. Other scholars have applied Computational
Fluid Dynamics (CFD) to explore the ultrasonic flowmeter with bends and obtained the velocity
distribution in the pipes; experiments have verified that numerical simulation calculation can analyze
the design of ultrasonic flowmeter [4, 5]. The key to the transmission of ultrasonic measurement signals
is the water flow characteristics in the base meter. Flow field analysis is the theoretical foundation of
exploring the adaptability of the heat meter flow field. Understanding the flow field conditions in the
base meter at different operating conditions is the core to solve the problems of heat meter flow
measurement [6].
The accuracy of flow measurement in ultrasonic heat meters is the vital and difficult breakthrough
in developing heat meters, which is affected by the following three aspects, i.e., the way that heat meter
circuit collects and processes the time difference signals, the influence of speed distribution in the base
meter on correction coefficients, and the reliability of the detecting devices. Therefore, by referring to
relevant technical data on ultrasonic heat meters worldwide, this study utilizes COMSOL, a
Multiphysics coupling finite-element simulation software, to build the coupling model of the sound field,
structure field, and electric field. The propagation of ultrasonic waves in heat meters is simulated, and
its sound field distribution in pure water is analyzed. According to the operating conditions of ultrasonic
heat meters, the influence of impurities on ultrasonic propagation is analyzed. The end-face sound
pressure levels of the incident transducer and the receiving transducer are compared to obtain the
attenuation laws of ultrasonic waves in the liquid-solid two-phase flow. The influences of impurities on
the measurement error of ultrasonic heat meters are explored from the acoustic aspect.
2. Methodology
Statistics show that in winter, heat-supply is mainly concentrated in Northern China, of which the
centralized heat-supply of urban buildings reaches 2.52 billion m2, accounting for 38% of the total
building area in Northern cities and towns. The heating systems consume 130 million tons of standard
coal annually, accounting for 20% of total energy consumption in Northern China. Compared with
developed countries of the same climate, the heating energy consumption in China is tremendous. In
addition to the low-efficient heat-supply systems, the charging of heat-supply is another major cause of
energy waste. Without household metering and charging, residents cannot regulate the heating and
control the costs according to their needs, resulting in their weak energy-saving awareness. Moreover,
once they leave the buildings, or they feel uncomfortable with the indoor temperature, residents cannot
adjust the heating valves, thereby leading to severe energy waste [7, 8].
2.1 Measurement methods of ultrasonic heat meter
A heat meter, i.e., thermal energy meter, is an instrument that measures heat [9]. It can measure
both the heat supply and cold capacity. Generally, a heat meter consists of flow sensors, temperature
sensors, and totalizers. Installing a heat meter includes installing a pair of temperature sensors onto the

inlet and outlet pipes and the flow sensors onto the inlet or outlet pipes of the heat-supply system [10].
The temperature sensors measure the temperature of the inlet and outlet waters. The transducers in flow
sensors send and receive ultrasonic waves. The totalizer calculates the temperature difference between
the inlet and outlet waters, as well as the time difference between the propagation of ultrasonic waves
in the forward and backward water flows. Therefore, the volume of flown fluid is obtained, and the heat
is calculated by Eq. (1):
t

Q =  q m hdt
0

(1)

Where: Q is the released or absorbed heat, measured by kJ; qm is the fluid mass flow, measured
by kg/h; t is the time, measured by h; Δh is the specific enthalpy difference between the inlet and outlet
of the heat cycling system, measured by kJ/kg.
In practical applications, the enthalpy difference cannot be directly measured by the device.
Therefore, the k coefficient is often used in the measurement and calculation of heat meters. The k
coefficient is a component function of hot water about the actual temperature. Through temperature
compensation correction on the measurement results, it can improve the measurement accuracy of the
heat meter significantly. Its measurement equation is shown in Eq. (2):
V2

Q =  K dq
V1

(2)

Where: Q is the released heat, measured by kJ; Δθ is the difference between the inlet and outlet
of the heating supply, measured by ℃; ΔV is the volume of flown heating water, measured by m3; K is
the heat coefficient, which is the function of heat-carrying fluid under corresponding temperature and
pressure, measured by kJ/m3℃.
The framework of heat meter is shown in Fig. 1:
Integrating instrument
Outlet valve
Temperature sensor

Users
Heat station
boiler
Inlet valve
Temperature sensor

Flowmeter

Figure 1: Framework of heat meter
An ultrasonic transducer is a sensor that converts electrical signals and ultrasonic signals mutually.
This study uses a piezoelectric crystal ultrasonic transducer [11]. It converts energy according to the
piezoelectric and inverse-piezoelectric effects between crystals. Piezoelectric effect refers to the
polarization of a crystal once it receives an external force from a certain direction, at which both surfaces
of the crystal respectively carry positive and negative charges [12]. Therefore, the ultrasonic transducer
can convert ultrasonic signals into electrical signals. On the contrary, if the dielectric receives an electric
field from a certain direction, it will undergo mechanical deformation, which is the inverse-piezoelectric
effect. Mechanical vibration will drive the medium to radiate sound waves outward, thereby converting

the electrical signals into ultrasonic signals [13]. The ultrasonic transducer is a device that converts
electrical signals and ultrasonic signals mutually. Therefore, it has two operating states. When it is in
the transmitting state, it converts electrical energy into sound energy for outward emission, which is the
transmitting transducer. When it is in the receiving state, it converts the acoustic energy into electrical
energy to receive ultrasonic signals, which is the receiving transducer [14].
2.2 Finite-element simulation calculation method based on Multiphysics coupling
In this study, the finite-element calculation involves the couplings among the physical fields of
electricity, structure, and sound. The wave equation of the sound field is shown in Eq. (3):
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Where: p represents the sound pressure; ρ0 represents the density of water, ρ0=1000 kg/m3; c
represents the propagation velocity of sound waves in fluids, c=1500 m/s. The equation of structural
mechanics is shown in Eq. (4):

−  2u −   = FV ei

(4)

Where: ρ represents the density of piezoelectric material; u represents the displacement of
piezoelectric material; σ is the stress; FV is the volume force; eiϕ is the phase factor.
As shown in the calculation model of Fig. 2, the calculation area is bilaterally symmetric. To
reduce the calculation amount and accelerate the convergence rate, half of the calculation area is taken
in the subsequent simulation process. The Multiphysics coupling software COMSOL is used to build a
2D symmetrical model. The pipe diameter is 20 mm.
The inner boundary 2 of the transmitting transducer is set as follows: the voltage amplitude is 3.3
V, the frequency is 1 MHz, and the acoustic boundary condition is the structure-acoustic coupling. The
outer boundary 1 of the transmitting transducer is set as follows: the electrical boundary condition is
structure-acoustic coupling, and the structural boundary condition is roller support. Other boundaries 3,
4, and 5 of the pipe walls are set as follows: the structural boundaries are free, and the acoustic boundary
conditions of 3 and 4 are matching boundaries.
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Figure 2. Calculation model

To ensure the accuracy of simulation calculations, the maximum grid size in the calculation
domain is strictly controlled. For the calculation of acoustic waves, at least 6 grids are required in each
wavelength range. Therefore, the maximum grid size is 1500 [m/s]/1000 [kHz]/6=0.25 mm, i.e., the
largest grid size is 0.2 mm.
Flow measurement is vital for the heat meter. The accuracy of the flow measurement directly
determines the accuracy of the heat meter, as well as the success of the heat meter design [15]. Ultrasonic
heat meter utilizes the principle of ultrasonic waves to measure flow. Specifically, the propagation
velocity of the ultrasonic waves in the medium is affected by the flow velocity of the medium itself.
Thus, the flow velocity of the medium is calculated by measuring the propagation velocity of the
ultrasonic waves in the medium, thereby obtaining the volume flow rate. According to the different
ultrasonic flow detection principles, the methods of ultrasonic flow detection include beam shift method,
the Doppler method, correlation method, noise method, and time difference method.
This study uses the time difference method. In a flowing medium, the propagation velocity of the
ultrasonic waves will change due to the flowing direction of the medium, which will increase in the
forward direction and decrease in the backward direction. Therefore, the medium velocity is calculated
by measuring the difference between the propagation time of the ultrasonic waves in the forward and
backward flows of the medium.
3. Results
3.1 Numerical simulation results of ultrasonic heat meter
Given the stable flow rate, at a small flow Q=0.07 m3/h, the k coefficient is small. With the
increase in flow rate, the k coefficient increases. After Q=0.35 m 3/h, the changes in the k coefficient
become slight and tend to a horizontal line.
The flow rate reaches a steady state after the valve is opened. During the period, the linear average
speed measured by the flow sensors is constant. However, in previous designs of heat meters, the
coefficient used in this period is the same as that in the steady-state. Since the coefficient is different
from that in the flow changing process, flow measurement errors occur. To compare the influence of
flow correction coefficient on flow measurement during steady-state and the open valve, the flow rates
corrected by unsteady simulation coefficients and steady-state coefficients are calculated respectively.
Once the valve is opened, due to the continuous increase in flow rate, at the small flow rate points,
the flowing state in the base meter of the heat meter is not a typical laminar flow. Also, the current k
coefficient is larger than that at a steady flow state. As the flow rate increases, the k coefficient becomes
larger. Meanwhile, compared with that at steady state, the k coefficient is no longer a horizontal line;
instead, it increases as the flow points increase. As the flow rate gradually stabilizes, the k coefficient
tends to stable, and its value is consistent with the steady flow state. The coefficient changes of the
ultrasonic heat meter in the unsteady state can provide theoretical guidance for the flow correction
during the valve opening or closing process. It is significant for improving the measurement accuracy
of the heat meter under various operating conditions. Figure 3 shows the comparison of k coefficient
changes between steady-state and open-valve. Figure 4 shows the comparison of changes in average
speed after opening the valve.
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Figure 3. Comparison of k coefficient changes between steady-state and open-valve

5

v(m/s)

4
Valve open back
line average speed
Open valve

3

2

0.5

1

1.5

2

t(s)

Figure 4. Comparison of changes in average speed after opening the valve

3.2 Influences of impurities on measurement errors of ultrasonic heat meters
Under the actions of the voltage across the ultrasonic transducer, the ultrasonic transducer
generates mechanical vibration to convert electrical energy into mechanical energy, thereby emits
ultrasonic waves. The energy of ultrasound is concentrated on the central axis, i.e., the main lobe area.
For an ultrasonic transducer in which the piezoelectric wafer is a cylinder, multiple side lobes exist in
addition to the main lobe area. Compared with the main lobe, and the energy of the side lobes is smaller.
When sound waves propagate in pure water, due to the equal acoustic impedance everywhere,

sound scattering will not occur. However, when sound waves propagate in water containing impurities,
due to the different acoustic characteristics of the fluid medium and the particles, acoustic scattering
occurs during the propagation of the sound waves, which makes the sound propagation problem
complicated. This study chooses bubbles with four diameters of 0.1 mm, 0.2 mm, 0.3 mm and 0.4 mm.
The scattering field of a single bubble is calculated to verify the accuracy of the simulation.
Figure 5 shows the correlation between the sound pressure and frequency at (0.3 mm, 0, 0) for a
single bubble with four different diameters. As shown in Fig. 5, (1) Spherical bubbles with four different
diameters all resonate, among which the resonance frequency of D=0.1 mm bubble is 65.632 kHz, the
resonance frequency of D=0.2 mm bubble is 32.836 kHz, the resonance frequency of D=0.3 mm bubble
is 21.853 kHz, and the resonance frequency of D=0.4 mm bubble is 16.411 kHz. (2) The sound pressure
value when the bubble resonates is much larger than that when no resonance occurs. (3) Bubbles with
different diameters correspond to different resonance frequencies, and the resonance frequency
decreases as the bubble diameter increases.
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Figure 5. The correlation of sound pressure with frequency
Under the actions of sound waves, accompanied by volume vibrations, bubbles in fluid media
generate periodic expansion and compression. These bubbles are equivalent to simple harmonic
oscillators. If the frequency of the incident sound wave is the same as the natural oscillation frequency
of the bubbles, the bubble resonance will be the most apparent, and the resonance frequency is calculated
by Eq. (5):

f Minnaert =

1 3 p0
 D L

(5)

Where D is the diameter of the bubble, p0 represents the static pressure, p0=101325 Pa; γ is the
specific heat capacity of the gas, in the adiabatic state, γ=1.4; ρL is the fluid medium density around the
bubble, which takes the density of water as ρL=1000 kg/m3. Taking the bubble of D=0.1 mm as an
example, the resonance frequency obtained by simulation is 65.632 kHz, and the analytical solution
obtained by Eq. (5) is 65.698 kHz.

Sound pressure level attenuation rate/%

When a bubble resonates, its resonant sound pressure is greater than that of the incident sound
wave. During resonance, the maximum sound pressure can reach 19 kPa, while the incident sound
pressure used in the calculation process is only 1 kPa, i.e., the incident sound field slightly affects the
total sound field. Currently, the resonating bubbles continuously emit energy outward, affecting the
sound field distribution around the bubbles.
In the practical applications of ultrasonic heat meters, water often contains various impurities.
Besides, the filters installed in the major pipe network cannot remove the impurities whose particle sizes
are close to ultrasonic wavelength. Therefore, this study builds a liquid-solid two-phase flow model in
the ultrasonic heat meter by placing circular iron particles with a radius of 0.1 mm evenly on the lower
side of the pipe. Another spatial medium is water. The influences of impurities on the propagation of
ultrasonic waves at different concentrations are analyzed.
As shown in Fig. 6, when the particle concentration changes between 0% and 3.5%, in the liquidsolid two-phase flow, the attenuation rate of sound pressure level changes between 0% and 7%. Given
1 MHz transmitting frequency of the ultrasonic transducer, the attenuation rate of the sound pressure
level at the receiving end fluctuates around 4%. Such changes are disordered without apparent laws.
According to the definition of acoustic impedance Z=ρ∙c (where ρ is the medium density and c is the
sound velocity in the medium), the acoustic impedance of water and iron at 20°C is 1.5×106 Pa·s/m and
4.466×107 Pa·s/m, respectively. Therefore, the acoustic reflectivity R=0.8742 at the interface between
both media is obtained, i.e., most of the sound waves are reflected at the interface, while some waves
continue to propagate through the iron. Consequently, the sound pressure at the end-face of the receiving
transducer changes, which affects the measurement accuracy of the heat meter.
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Figure 6. Attenuation rates of sound pressure level at different impurity concentrations

4. Discussion
To solve the energy shortage and environmental pollution problems, in addition to developing
new energy, another powerful measure is energy saving and emission reducing. Heat-supply is the major

cause of energy waste and environmental pollution. The traditional area-based charging of heat-supply
is the main reason for heat waste. The only solution to the resource-wasting problem is household
metering and charging of heat-supply, which charges the fee according to the heat consumption. Such a
solution not only prevents resource-wasting but also makes residents understand their energy
consumption clearer. To implement this solution, heat meters with excellent performance are necessary.
This study explores several issues affecting the measurement accuracy of ultrasonic heat meters.
This study combines theoretical analysis and numerical simulation. By utilizing COMSOL, a
Multiphysics coupling finite-element simulation software, this study builds a coupling model of the
sound field, structure field, and electric field. The propagation of ultrasonic waves in heat meters is
simulated, and its sound field distribution in pure water is analyzed. According to the operating
conditions of ultrasonic heat meters, the influence of impurities with different concentrations on
ultrasonic propagation is analyzed. The end-face sound pressure levels of the incident transducer and
the receiving transducer are compared to obtain the attenuation laws of ultrasonic waves in the liquidsolid two-phase flow. The influences of impurities on the measurement error of ultrasonic heat meters
are explored from the acoustic aspect. This study analyzes factors affecting the accuracy and
performance of flow measurement by ultrasonic heat meters. Starting from the processing of the
collected time difference signals, the water flow characteristics in the base meter, the reliability of the
detecting device, and the valve opening process, this study investigates the impacts of these factors on
the performance of the base meter of the ultrasonic heat meter. Consequently, this study proposes
corresponding solutions.
5. Conclusion
By coupling the physical fields of electricity, structure, and sound, the propagation of ultrasonic
waves in pipes is simulated, and the distribution of ultrasonic waves in pure water is obtained. The main
lobe and multiple side lobes exist during the propagation of ultrasonic waves. The energy of the main
lobe is higher than that of the side lobes. The sound scattering field of a single bubble is explored.
Bubbles resonate under the action of the sound field. Also, bubbles of different diameters correspond to
different resonance frequencies, which have larger sound pressure than that of the incident sound field.
Changes in the sound pressure level attenuation rate of ultrasonic waves are disordered in the liquidsolid two-phase flow. Most of the sound waves are reflected at the liquid-solid interface, while some of
them continue to propagate through the media, affecting the sound pressure distribution on the end-face
of the receiving transducer, thereby affecting the measurement accuracy of the ultrasonic heat meter.
Meanwhile, there are also improvements to be made on the research contents of this study. For example,
the water flow velocity can be controlled and kept within a stable range to facilitate calculations. Also,
practical situations should be investigated. Most of the analyses in this study are simulation results in
the theoretical stage. Corresponding explorations in practical applications can guarantee the
requirements.
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