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PROJECT OVERVIEW

SMART-PUMPS aims (1) to optimally redesign heat pump components under the newly introduced
Design for Additive/Hybrid Manufacturing concept, which apart from operational characteristics,
includes all life-cycle parameters, such as recycled material sourcing and component recyclability, for
maximum efficiency, sustainability, safety and reliability, (2) to utilize multiple materials which are
mixed at different percentages in the various operational sections of heat pump components,
following the Functional Grading methodology, thus fully exploiting their properties (mechanical,
thermal, electrical, etc) and maximizing material usage efficiency, (3) to embed sensors and devices
within heat pump components for monitoring and operational data extraction, and also for actively
changing heat pump component structure to optimize operation, (4) to standardize testing and create
manufacturing process and assembly protocols, and (5) to create training curricula for all relevant
stakeholder on digital design, manufacturing and testing of Smart Heat Pumps.

agreement No. 101147440. This document reflects only the author’s view, and the Commission is not responsible for any use that may be
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EXECUTIVE SUMMARY

The Smart-Pumps project evolves heat pump technology with the integration of new sensors and
smart solutions. The project faces critical challenges in real-time monitoring and optimization of heat
pumps operations.

The technical core focuses on advanced sensors and development, particularly in ultrasonic
refrigerant-liquid sensing technology. Such sensors allow precise and non-invasive fluid monitoring in
heat pump (HP) systems and provide real-time data on the system’s efficiency. Machine Learning (ML)
algorithms have been integrated to utilize the ultrasonic dataset and predict the refrigerant gas and
liguid phase content based on temperature and pressure changes. An integrated actuation and
sensing assembly has been developed to present advanced diagnostics and safety functionalities in
residential HPs. Moreover, a connectivity framework has been designed to integrate sensor networks
with cloud infrastructure for sophisticated data management and remote control and monitoring
capabilities. The developed user dashboard offers visualization of system performance metrics.
Control and automation scenarios allow users to optimize HP operations based on real-time
conditions, occupancy patterns, and energy pricing. These innovations represent a substantial
advancement over traditional sensing methods reducing the maintenance requirements.

The structure in this deliverable with the related objectives of WP2 is as follows:

In Chapter 1, the advances in HP sensor technologies are presented, along with an integrated
actuation and sensing assembly to demonstrate advanced control, diagnostics, and safety
functionalities in HPs.

In Chapter 2, an innovative in-house design of a new ultrasonic sensor to measure the refrigerant’s
mass fraction of the vapor phase in the two-phase mixture (quality) is presented and tested,
introducing a plug-and-play principle without excessive modifications on the pipeline transportation
system. Ultrasonic data is utilized for training ML models to export the weight percentage of the two-
phase mixture.

In Chapter 3, the smart capabilities of HPs with the sensors interconnection system, the cloud
integration and data management, the user dashboard requirements, and the control and
automation scenarios are covered.

In Chapter 4, it is stated that there is no involvement in human subjects or sensitive personal
information, and the experimental dataset is strictly technical and consists only of acoustic
measurements.

In Chapter 5, the summary and conclusions are presented.

This project has received funding from the European Union’s research and innovation programme Horizon Europe under the grant
agreement No. 101147440. This document reflects only the author’s view, and the Commission is not responsible for any use that may be
made of the information it contains.
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ABBREVIATIONS

Table 0.1.1 Abbreviations

Acronym Description

AE Acoustic Emission
API Application Programming Interface
CNN Convolutional Neural Network
cop Coefficient Of Performance
CWT Continuous Wavelet Transform
HP Heat Pump
MAE Mean Absolute Error
ML Machine Learning
NN Neural Network
OTS Off-The-Shelf
REST Representational State Transfer
RMSE Root Mean Squared Error
UFM Ultrasonic Flow Meter
uTt Ultrasonic Testing
SCADA Supervisory Control and Data Acquisition
SVR Support Vector Regressor
TOF Time Of Flight

This project has received funding from the European Union’s research and innovation programme Horizon Europe under the grant
agreement No. 101147440. This document reflects only the author’s view, and the Commission is not responsible for any use that may be
made of the information it contains.



D 2.1 | Novel sensors and devices for smart heat pump components

SMART
PUMPS 11

1. Heat Pumps Sensors - Introduction

Technology of the residential heat pumps (HPs) has evolved rapidly due to the growing need for higher
efficiency, improved cold-climate reliability, and compatibility with intelligent, grid-interactive home
energy systems. Central to this progress are significant advances in sensor technologies, which provide
the precise, stable, and high-resolution data required for modern controllers to manage system
performance under varying environmental and load conditions. Sensors now act not only as
measurement devices but as fundamental enablers of adaptive control, predictive maintenance, and
long-term reliability. As they have been described in the subsections 3.4.2 - 3.4.6. of Deliverable D1.1
Requirements of sustainable smart heat pumps, various sensors are utilized for the safe and optimal
operation of the system. In a HP, they are located both in the refrigerant circle, the water side
(condenser) and water or air side (evaporator). The controller operates as the system’s intelligence
hub, interpreting many sensors signals to modulate actuators such as valves and variable speed
motors such as compressors, circulation pumps and fans. Sensors are used in the refrigerant circuit of
the heat pump and in the heating water or air side.

Temperature sensing is one of the most essential functions for the operation of the heat pump. They
are used in the compressor’s outlet for protection, the condenser’s outlet for monitoring and energy
performance calculations (capacity, COP, SCOP), and the evaporator’s outlet (after 4-way valve to
cover heating and cooling mode) for system control over superheat and compressor protection.
Temperature sensors are set in the inlet and outlet of air-source and heating water side of HPs for
system protection and control, e.g. fan speed, defrost control, and performance calculations. Also, in
the evaporator coil, as additional information for defrost control to avoid long term ice buildup. In this
case the temperature sensor is located at the place where the ice buildup is worse. In case internal
heat exchangers are utilized in the HP system, there should be temperature sensors at the outlet of
both cold and hot stream.

The NTC thermistors remain the dominant technology due to their low cost, strong sensitivity, and
proven durability. These sensors, typically rated at 10 kQ at 25 °C and operating between —-50 and
+150 °C with accuracy of £0.3 to £0.5 °C, provide the necessary monitoring of indoor and outdoor air,
refrigerant lines, heat exchangers, and hydronic circuits. A typical residential HP contains eight to
twelve temperature sensors, with one often integrated onto the user interface screen PCB as a built-
in room-temperature sensor. More advanced designs or custom-built units may incorporate silicon-
based temperature sensors or digital RTDs where higher accuracy or integrated signal conditioning is
required.

Pressure sensors provide vital protection and control functions to complement the thermal
measurements and ensure safe operation of the compressor while supporting optimized refrigerant
cycle control. The refrigerant in the main loop of a HP operates in phase change between liquid and
gas, and therefore, temperature alone does not provide enough information to determine the fluid’s
thermodynamic state. To solve the issue and precisely determine the state of the refrigerant fluid in
various points within the vapor compression-refrigeration loop, pressure sensors alongside
temperature readings are deployed. Sensors used in refrigerant circuits usually operate across a range
of —1 to +25 bar, and hydronic water-circuit sensors typically operate between —1 and +7 bar. They
generally rely on the industry-standard 4—20 mA signal and require a supply between 10 and 28 VDC.
Most residential HPs use two refrigerant pressure sensors and one or two water-side sensors

This project has received funding from the European Union’s research and innovation programme Horizon Europe under the grant
agreement No. 101147440. This document reflects only the author’s view, and the Commission is not responsible for any use that may be
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depending on whether the unit is an air-to-water or water-to-water design. A pressure sensor can
serve as an effective leakage-detection mechanism in residential HPs because even small refrigerant
losses produce measurable and characteristic variations in system pressure over time. The
relationship between suction pressure, discharge pressure, and corresponding saturation
temperatures follows predictable thermodynamic patterns in normal operation. When a leak occurs,
the reduction in refrigerant mass causes the suction pressure to decline gradually while the discharge
pressure may drop or fluctuate depending on operating conditions.

The controller can detect deviations from expected pressure—temperature behavior and identify
early-stage leakage before it leads to performance degradation or compressor damage, by
continuously monitoring these trends through high-resolution pressure sensors. In advanced systems,
pressure measurement is combined with temperature residual analysis and ML-based fault detection
to distinguish leaks from other anomalies such as non-condensable gases or partial blockages, making
pressure sensors a fundamental component of modern refrigerant charge supervision systems.

The residential hydronic systems also incorporate some flow sensors to ensure correct water flow,
protect against freezing, and maximize heat transfer. Turbine flow meters are common due to their
low cost, whereas ultrasonic flow sensors offer higher accuracy and longer service life by avoiding
mechanical wear. For small residential HPs (6—12 kW), the required flow range is typically 5 to 40 L/min
and the accuracy of a turbine flow meter is typically around 5% of full scale. The water flow meters
play a crucial role in frost prevention in residential HPs by ensuring that the hydronic circuit maintains
sufficient circulation during cooling operation in air-to-water systems, or heating and cooling
operation in water-to-water systems. When water flow drops below the required threshold due to
malfunctions, the heat exchanger surfaces can become very cold, increasing the risk of ice formation
and potentially damaging the system. The controller can monitor and detect these abnormalities early
and take protective actions, such as increasing pump speed, adjusting the HP capacity, or initiating a
controlled shutdown and alarm activation before freezing occurs.

Modern HP controllers acquire also electrical parameters such as compressor current, fan and pump
power draw, and inverter frequency. These measurements enable real-time performance analysis,
including estimation of COP, early fault detection, and detailed load modeling. While many of the
sensors used in HPs are pre-defined by the controller manufacturer, increasingly sophisticated
controller platforms allow installers or engineers to adjust calibration values, redefine alarm
thresholds, and assign auxiliary universal inputs to new sensing functions. Such flexibility is particularly
beneficial in harsh climates, hybrid installers’ systems, and research environments. A schematic
diagram of a typical HP system showing the main components and control elements, is shown in Figure
1-1.

Off-the-shelf vs customized sensors

There is a distinction between off-the-shelf (OTS) sensors and custom-engineered components. OTS
sensors are widely available, cheap and compatible with many controllers. They are triggered with
signals such as 4-20 mA loops and are easy to service or replace without specialized tools. This makes
them ideal for mass-produced residential HPs and for installations in remote regions where supply
chains are limited.

This project has received funding from the European Union’s research and innovation programme Horizon Europe under the grant
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On the contrary, custom sensors are engineered specifically for a particular HP model or research
prototype. They offer improved accuracy, specialized calibration, or enhanced resistance to thermal
cycling, refrigerant compatibility challenges, or vibration. However, custom sensors come with higher
costs, longer procurement times, and lower interchangeability. Their replacement may require model-
specific firmware or proprietary connectors, which can pose serviceability limitations in remote

environments.
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Figure 1-1 Sensors in a HP

Advances in HP sensor technologies

Residential HPs that operate in remote or harsh climates impose additional demands on sensor
reliability. These systems must operate without frequent service, so sensors must exhibit low failure
rates, withstand large ambient temperature swings, and resist moisture or dust intrusion. High
ingress-protection ratings, typically IP67 or IP68, ensure that sensors remain stable over many years.
Remote-area deployment also favors plug-and-play designs with standardized connectors, minimal
calibration drift, and onboard self-diagnostics. Features such as redundancy in refrigerant
temperature sensing and integrated failure-mode reporting further strengthen system resilience.
Significant research advances are accelerating the improvement of sensor technologies applicable to
residential HPs. MEMS-based sensors have introduced new levels of precision, spatial resolution, and
responsiveness. Dejima et al. demonstrated a MEMS heat-flux sensor capable of measuring heat
transfer rates up to five megawatts per square meter, enabling thermal studies and diagnostics at a
level previously impossible with thermocouples [1]. Wang et al. developed a CMOS-MEMS nanoscale
hot-wire flow sensor achieving microsecond response times and kilohertz bandwidth, making it
suitable for high-dynamics water-flow monitoring in compact systems [2]. These developments point
toward a future in which HPs incorporate small, intelligent, energy-efficient sensor modules capable
of delivering real-time data for advanced control algorithms.

Simultaneously, virtual sensing -where software algorithms estimate physical quantities- has emerged
as a powerful complement to hardware sensors. Boahen et al. demonstrated that ML models can
accurately detect refrigerant undercharge conditions, achieving mean squared errors of +3.7% [3].

This project has received funding from the European Union’s research and innovation programme Horizon Europe under the grant
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Rahal et al. expanded similar methods to domestic hot water HPs, improving operational resilience
through anomaly detection [4]. Llopis et al. showed how virtual sensors can detect evaporator fouling
without physical sensors, thus reducing hardware cost and improving fault-detection granularity [5].
Additional studies have investigated photoelectric frost detection, image-guided optimization of frost-
sensor placement, leak quantification via controlled volumes, and thermodynamic diagnostics for
identifying non-condensable gases [6]-[9]. Embedded thermistor networks have also proven effective
for long-term monitoring of submerged or unconventional HP designs [10].

The Smart-Pumps project adopts such technologies through the Danfoss Alsmart® controller platform,
which supports IEC 61131-3 programming, modular expansion, strong cybersecurity measures under
IEC 62443, and integrated simulation tools [11]. Compatible sensing components such as the Danfoss
EKS 221 temperature sensor, with a temperature range -50 to 180 °C and resistance 10 kOhm at 25°C,
and the DST P110 pressure sensor illustrate the trend toward diagnostics-enabled, robust, refrigerant-
compatible measurement solutions suitable for long service life and operation in remote or
challenging environments. The DST P110, with its welded stainless-steel housing, +1% total error band,
and self-diagnostic capabilities, exemplifies how sensor design is evolving to reduce troubleshooting
time and improve system serviceability.

Looking ahead, residential HP sensors are likely to become more integrated, more autonomous, and
increasingly hybridized across physical and virtual sensing domains. Advances are ongoing in MEMS-
based thermal sensors, wireless sensor networks, embedded thermistor arrays inside heat
exchangers, and Al-assisted control strategies that continuously adapt actuator behavior to optimize
efficiency and reliability. Although actuator technologies such as microfluidic valves or magnetically
levitated flow controls remain impractical for residential applications due to cost and durability
constraints, the direction of sensor innovation is clear: toward smarter, more adaptive, and more
serviceable HP systems capable of delivering robust performance even under demanding remote-area
conditions.

Modern residential HP actuators and actuation systems have advanced significantly towards
integrated, electronically controlled modules that blend precise motion control with sensing and
diagnostics. For example, the widespread adoption of electronic expansion valves (EEVs) with step-
motor actuation has enabled far more accurate refrigerant metering and superheat control compared
to older thermostatic valves [12]. At the same time, variable-speed drives for compressors, circulation
pumps and fans often use BLDC motors and embedded controllers, allowing continuous capacity
modulation and improved part-load efficiency, while also providing internal feedback such as speed,
torque and electrical current monitoring. Simultaneously, actuator modules are increasingly
developed as “smart nodes” that combine actuation with sensing such as valve modules with
integrated position and temperature sensors or pump modules with built-in flow and current sensing.
These combined actuation/sensing systems support advanced control strategies and remote
diagnostics, enabling the HP to dynamically optimize operation, detect faults early, and interface with
loT/cloud-based analytics. Research in mechatronics underscores how coupling actuators and sensors
within a unified module boosts system reliability and controllability in HVAC applications [13]. In sum,
these advancements mean that rather than mere on/off devices, modern actuation systems in
residential HPs are sophisticated, intelligent elements of the control architecture, capable of both
executing mechanical motion and reporting their own status for adaptive, high-efficiency operation.

This project has received funding from the European Union’s research and innovation programme Horizon Europe under the grant
agreement No. 101147440. This document reflects only the author’s view, and the Commission is not responsible for any use that may be
made of the information it contains.



D 2.1 | Novel sensors and devices for smart heat pump components

v) SMART
PUMPS 15

In the Smart-Pumps project, an integrated actuation and sensing assembly has been developed to
demonstrate advanced control, diagnostics, and safety functionalities in residential HPs. In this
design, the traditional distributor and collector of the fin-and-tube heat exchanger are consolidated
into a single multifunctional component (Figure 1-2). Ten solenoid refrigerant valves are incorporated
into the unit, arranged in inlet/outlet pairs to selectively isolate sub-circuits of the heat exchanger
during partial-load operation. Simulation results within the project have shown that this strategy
increases the convection coefficient of the heat exchanger and enhances the overall efficiency of the
refrigeration cycle by reducing active heat-transfer area at low loads. The same component also
supports advanced leak detection by coupling embedded temperature and pressure responses with
smart algorithms capable of identifying and locating refrigerant leakage within the heat exchanger
where most residential HP leaks typically occur. Upon detecting a leak, the corresponding sub-circuit
can be automatically isolated to minimize refrigerant loss and mitigate safety risks associated with
flammable working fluids such as R290 undertaken in this project. To further strengthen sensing
capability, two refrigerant-line temperature sensors are by design integrated directly into thermistor
pockets within the component body to be hybridly manufactured, improving thermal contact and
measurement accuracy. Altogether, this multifunctional assembly demonstrates how hybrid
manufacturing, combined actuation-and-sensing, and algorithmic intelligence can be unified to
support preventive maintenance, efficiency optimization, and enhanced safety in next-generation
residential HPs.

Figure 1-2 Consolidated fin-and-tube heat exchanger distributor/collector component (front face left, back
face right)
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2. Heat Pumps Sensors Integration - Innovative Ultrasonic Refrigerant-Liquid
Sensor Development

2.1. Ultrasonics in fluid monitoring testing

Ultrasonic testing (UT) is a critical tool for non-invasive analysis and monitoring of fluids. It is widely
used for gas percentage and leakage detection. The notion relies on Wood’s equation with calibrated
table of sound speeds to calculate mixture fractions with high precision, so that accurate gas content
monitoring in flowing mixtures is possible in real-time industrial environments. Gas leakage detection
via ultrasound is a well-established technique with high accuracy, in the frequency range 10-100 kHz,
while frequencies centered around 40 kHz offer the best signal-to-noise ratio for gas leakage peak.
For gas fraction measurement, experiments vary widely. Frequencies << 1 MHz are preferred to
reduce scattering and ensure penetration in liquid-dominated flows, although results are still largely
experimental. Regarding the shape of pipes and material, circular and smooth-walled pipes provide
consistent wave paths and minimal diffraction, which are crucial for accurate detection. On the other
hand, rectangular or irregular cross-sections cause reflections, scattering, and mode conversion, thus,
complicating analysis and reducing reliability.

Modeling and experimentation have been conducted on more complex two-phase flow states,
including stratified and annular flows. Xing et al. [14] developed a mathematical model for ultrasonic
transit-time flow meters designed specifically for stratified gas—liquid flows. This study addressed the
effect of gas phase distribution on flow measurement and introduced dynamics inside industrial
pipelines. The absence of physical contact with the fluid is particularly valuable for determining gas
percentages in two-phase mixtures and detecting gas leaks. Ultrasonic methods utilize the sound
propagation properties like speed, attenuation, and wave reflection, in different media to investigate
fluid properties and detect anomalies.

Regarding the gas-liquid flow analysis, ultrasonic methods have been employed primarily to measure
the gas fraction. Carle et al. [15] demonstrated the use of ultrasonic transit-time measurements with
temperature and pressure compensation, to accurately determine the concentration of binary gas
mixtures correction factors to account for variations in void fraction and flow geometry. Morala and
Chang [16], presented applied pulse-echo UT techniques to measure the interfacial area between gas—
liquid phases, enabling the characterization of the spatial geometry of multiphase flows.

The various ultrasonic techniques are categorized into transit-time, attenuation-based, Doppler-
based, resonance-based, and guided-wave. The main limitation is the difficulty in achieving high-
resolution measurements in flow regimes such as slug or churn flow, where gas content is highly
variable over short distances and time periods.

As far as gas leakage detection is concerned, UT techniques, and especially those involving acoustic
emission (AE), have reached a high level of technological maturity. Mostafapour and Davoodi [17],
applied AE sensors to detect leaks with notable accuracy, even in high-pressure and underground gas
pipelines, by using wavelet transforms and cross-correlation analysis. This approach leverages the
characteristic high-frequency sound signatures of escaping pressurized gas. There also have been
applied signal processing techniques, such as the Hilbert—Huang transform and time—frequency
domain analysis, to further enhance leak detection under variable field conditions. Adnan et al. [18],
showed the importance of these techniques for interpreting complex acoustic data, concluding that
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when paired with appropriate filtering, the ultrasonic AE systems could effectively detect small leaks
in gas distribution networks. Jahanian et al. [19], proposed a leak detection system of acoustic sensors
to offer dynamic estimation of leak location. In 2024, Zhang et al.[20] applied an acoustic imaging
method with a virtual phased-array ultrasonic system for high-resolution gas leak localization.
Ultrasonic transit-time and pulse-echo methods are effective under controlled conditions, particularly
in stratified flow states. This is due to the signals are subject to high scattering, attenuation from the
bubbles and phase interface, and acoustic impedance mismatches. The challenge is significant when
the gas content exceeds 20%, limiting the accuracy and penetration signal depth. Flow regimes with
irregular gas distributions, such as slug flow, further complicate interpretation due to rapid phase
changes and complex interface dynamics. However, new research into the combined use of sound
speed and attenuation, as well as hybrid systems that integrate ML algorithms for real-time data
correction, may seem promising in overcoming these limitations. Therefore, for gas systems, leak
detection is well-established with AE methods, phased-array setups, and sophisticated signal
processing. In two-phase gas—liquid mixtures most studies are still experimental and there is no widely
adopted standard for accurate percent gas quantification in-line.

Coriolis flow meters are established for directly measuring mass flow, density, and temperature, and
can maintain accuracy at very low flow rates and viscous fluids. It is an intrusive method with higher
maintenance and installation costs, and the pressure of the mixture at that point drops significantly.
An ultrasonic flow meter (UFM) measures indirectly the mass flow with the density input. It is non-
intrusive, less expensive and easier to maintain than Coriolis flow meters. It can be used in low-
pressure systems or large pipelines, as ultrasonics scale well with pipe size and does not suffer from
the same mechanical constraints or pressure drop. Some ultrasonic flow meters can estimate mass
flow using density inputs from a separate sensor or database. However, as they measure velocity and
require external or estimated density values, the accuracy is reduced in variable media, and they often
lose sensitivity at low flows or in noisy environments.

The replacement of Coriolis with ultrasonic flow meters could be feasible in one-phase flow, as the
latter perform well in homogeneous flows, and particularly in large-diameter pipes. However, UFMs
face challenges in CO,-rich applications due to the high acoustic attenuation of CO,, particularly at
lower frequencies and pressures. This attenuation, which is caused by thermal relaxation and
molecular vibrations, can weaken or even eliminate the ultrasonic signal, impacting measurement
accuracy.
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2.2. Ultrasonic refrigerant measurements

In Smart-Pumps project, the refrigerant medium is considered as propane (R290). We should note
here that Smart-Pumps deals with residential propane (R290) heat pumps, not methane, as is
inadvertently written in Task 2.3 description in the Grant Agreement. Due to safety restrictions, for
the experiments Carbon Dioxide (CO,, R744) was used as an alternative instead of propane, which
is a well-studied gas [21], with acoustic properties similar to propane. Propane and CO, are natural
refrigerants and have nearly identical molecular weights, more specifically 44.01 g/mol for CO, and
44,10 g/mol for propane, which results in similar acoustic responses under comparable
thermodynamic conditions [22]. This molecular similarity translates to similar sound speeds (c),
specifically ~200-300 m/s in vapor and ~800-1200 m/s in liquid phase. This is critical in time-of-flight
measurements and signal attenuation in ultrasonics. Therefore, CO, is an appropriate non-flammable
surrogate for developing and validating our ultrasonic measurements.

For many materials, the speed of sound depends on density (p) and bulk modulus (K) between liquid
and vapor phases. In real gases like polyatomic CO,, temperature, molecular weight, and the ratio of
specific heats (y) are more directly relevant. Vibrational and rotational relaxation can drive energy into
internal modes, affecting y and causing dispersion, which means frequency-dependent speed. At low
frequencies, vibrational modes do not participate, y is higher, and sound travels faster. As frequency
increases and vibrational modes become active, y decreases slightly and sound speed drops. Liquids
generally allow faster sound propagation than gases because their much higher bulk modulus
outweighs their higher density.

Measuring sound speed in pure CO, is quite challenging at ultrasonic frequencies (=5 MHz), due to the
exceptionally high absorption. Even for frequencies around 2 MHz, in pulse-echo set-ups, no signal at
all may be detectable [23]. Reducing frequency by an order of magnitude gave partial success; for
example, at 500 kHz, speed of sound measurements is possible at -10 — 90 °C and up to 325 MPa,
without excluding the difficult signal interpretation due to the overlapping echoes and large
diffraction. This work showed that these difficulties make precise high-pressure sound speed
measurements in pure CO, inherently challenging.

CO; exhibits strong attenuation of ultrasonic waves, making it one of the most difficult gases for
ultrasonic measurements. Sound absorption in gases comes from classical absorption, with viscosity
and thermal conductivity, and thermal relaxation. Classical absorption increases with the square of
frequency but differs little between gases and cannot explain CO, high attenuation. In contrast,
thermal relaxation, especially vibrational relaxation, accounts for the large losses, as energy exchanges
between molecular vibrations and translations dissipate acoustic energy. CO, has vibrational modes
as the symmetric and asymmetric stretch, and bending, that couple with translational motion when a
sound wave compresses and expands the gas. These modes relax over a finite time, so the energy is
not fully recovered within each cycle, causing absorption. The characteristic relaxation frequency f, =
1/2nt marks the point of maximum attenuation. This leads to exceptional absorption levels that
restrict the usable frequency range for acoustic measurements in pure CO,. The long relaxation time
shifts the absorption peaks into tens to hundreds of kHz. At room temperatures, the absorption
between 20-200 kHz can be orders of magnitude higher than in air, which is a critical limitation for
ultrasonic sensing. Regarding attenuation in different phases, in liquids the sound energy is mainly lost
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through viscosity, which converts motion into heat, whereas in gases, it is lost from molecular
relaxation and scattering.

For frequencies below 100 kHz there is excessive penetration with insufficient resolution to detect
bubbles and interfacial structures, while frequencies higher than 500 kHz suffer from high attenuation
and scattering from vapor bubbles, so the measurement range and signal-to-noise ratio is limited.

2.2.1 Methodology

The proposed sensor system and ultrasonic measurement methodology have been developed and
validated in a controlled laboratory environment to ensure accuracy, repeatability, and feasibility. The
way of measurement is through-transmission ultrasonics. The thermodynamic state of the
refrigerant’s flow influences the acoustic propagation in time of flight (TOF), attenuation, and
scattering, which vary with changes in density, compressibility, and phase fraction.

To ensure that any discrepancies between lab and field behavior will be addressed, the proposed
methodology includes testing under different operating process conditions (e.g., temperature,
pressure) with modular hardware like plug-and-play sensors, and configurable software like ML
calibration, that can be adjusted during field validation to fine-tune through ML calibration using real-
time data.

A refrigerant circuit is designed entirely for the needs of the proposed CO, experimentations. It is
comprised of hydraulic components along a stainless-steel pipeline to deliver the refrigerant across
different temperatures and pressures to obtain an adequate dataset with ultrasonic measurements.
The developed circuit is set inside a freezer to work in temperatures lower than -10°C.

The use of stainless-steel pipeline is appropriate for ultrasonic CO, flow measurements in terms of
acoustic transmittance, offering also very good acoustic coupling and low attenuation. It offers
consistent wave propagation characteristics without corrosion concerns through varying temperature
and pressure. Moreover, it is critical for the dimensional stability of the specific application, in which
the temperature ranges from -15°C to -25°C measurements. Dedicated LCDs are connected outside
the freezer to show the current temperature and pressure inside the experimental environment.
Both transmitter, receivers, temperature and pressure sensors are mounted externally on the pipeline
transversely to measure the fluid flow directly and avoid the signals from the pipe wall, which will be
inevitably stronger than the desired signal from the fluid internal CO, mixture. The signal variations
are then analyzed based on the internal phase composition.

The last part of the entire circuit, the test circuit, in which the ultrasonic sensors are set in a separate
pipeline, has been designed following a plug-and-play approach, so there are no modifications on the
entire refrigerant transportation system. The AE sensors were set on specifically designed sensor-
bases to properly held in place and touch the testing pipeline and were coupled using general-purpose
grease.

The AE equipment is shown in Figure 2-1, the reference and monitoring sensors in Figure 2-2, while
the designed components for the ultrasonic test circuit in Figure 2-3 Figure 2-5. The use of coupling
material ensures transmission of the AE signals to the sensors with the minimum possible signal loss.
Poor coupling would result in trapped air between the sensor and the testing surface, causing signal
loss.
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2.2.2 Equipment
Regarding the ultrasonic data acquisition system, the utilized equipment consists of:

Mistras Micro-SHM AE acquisition system

The Micro-SHM is a standalone multi-channel acoustic emission system that can record high-
frequency waveforms and parametric data and provides a cost-effective, reliable, indoor and outdoor
solution for structural health monitoring (SHM) and process monitoring [24]. It is ideal for isolated
objects, such as bridge components, pressure vessels, pipelines, slow-speed bearings, and machine
monitoring. The remote system is a powerful monitoring tool, with data management and smart
analysis capabilities, complete with multiple AE and parametric data recording. The Micro-SHM is an
adaptable system, with various configuration options for specific monitoring needs. It uses system-
on-a-chip technology (SoC), and either Power over Ethernet (PoE) or wireless configurations. SoC
allows for less power, lower cost, and higher reliability than the multichip systems that it replaces.
Since PoE allows the Micro-SHM to use a single Ethernet cable for power, communication, and time
synchronization, the system reduces cabling and installation time and optimizes communications. Wi-
Fi or cellular options are available for wireless remote monitoring. The AEwin software can be used to
set up the Micro-SHM, choose acquisition settings like the sampling rate and preamplifier settings,
establish filters and thresholds, and save waveforms in files that can be used for future processing.
The technical specifications are given in the Appendix A along with the AE acquisition parameters that
were determined after preliminary testing, to minimise noise detection and optimise the system’s
performance. The key parameters are the Analog filter, Sample rate, Hit Definition Time (HDT), Hit
Lockout Time (HLT), Peak Definition Time (PDT), and Hit Waveform length.

QAWRUMS SCAL2 handheld AE calibrator

SCAL2 Handheld AE Calibrator is designed and developed for the requirements of acoustic emission
detector calibration. It can export various standard parametric signals like amplitude, rise time, counts
and duration. SCAL2 is suitable for calibration of availability of AE detector, AE sensors and
preamplifier before using them, and it is suitable for detecting the working condition of acoustic wave
detection system in a local environment. The design of SCAL2 is based on JIF1505-2015 Calibration
Specification for Acoustic Emission Instrumentation. It also can be used as a standard signal generator.

QAWRUMS G150 resonant AE sensor

The G150 is a passive piezoelectric AE sensor with narrowband and high sensitivity. It is used as the
system transmitter and accompanies the SCAL2 AE Calibrator. Its stainless-steel material makes it
reliable and endurable. This sensor is suitable for the crack or fault diagnosis of metal, and also for
structural health monitoring of large structures like storage tanks, pipelines etc.

Physical Acoustics PK15I

The PK15I sensor is a medium frequency, resonant (150 kHz), acoustic emission sensor with an
integral, ultra, low noise, low power, filtered, 26dB preamplifier, which can drive up to 200 meters of
cable. This new sensor represents an improvement in both noise and low power consumption
performance, with noise level below 3 puV and power consumption of 25 mW. The PK15I features a
strong stainless steel, integrated body structure. The sensor is smaller size and the same frequency
response as the R15I sensor. The integrated Auto Sensor Test capability allows these sensors to pulse
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as well as receive. This feature lets you verify the sensor coupling and performance at any time before,
during or after the test.

Physical Acoustics R15a

The R15a is a narrow band resonant sensor (150 kHz) with a high sensitivity. The sensor cavity is
machined from a solid stainless-steel rod, making the sensor extremely rugged and reliable. The
ceramic face along with a 30-degree chamfer to cavity electrically isolates the sensor cavity from the
structure under test assuring a low noise operation. The compact size of the sensor makes it readily
suitable for deploying in tight spaces for monitoring.

Physical Acoustics PKWDI
The PKWDI sensor is a wideband frequency (200-1000 kHz), acoustic emission sensor with an integral,
ultra, low noise, low power, filtered, 26dB preamplifier, which can drive up to 200 meters of cable.

a)

Figure 2-1 Equipment for the data acquisition system: a) Mistras Micro-SHM, b) In-line sensor preamplifier,
c) Acoustic sensors, d) Qawrums SCAL2 AE

Regarding the developed CO; circuit, it consists of the following components:

Badger meter RCT1000 Coriolis flow meter (RCT1000/RCS018)

The RCT1000 Coriolis mass flow meter identifies flow rate by directly measuring mass flow and density
of fluids over a wide range of process temperatures with a high degree of accuracy. It is highly accurate
for direct measurements of mass flow, density, concentration of homogenous liquids containing two
components and open flow path without straight-run requirements. For homogenous fluids consisting
of two components like sugar and water, the RCT1000 Coriolis system can derive the concentration
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and mass of each component based on fluid properties and density measurement. The Coriolis design
and measurement principle allows the meter to be an exceptional device in measuring for the
following applications: Adhesives, glues or binding materials, coatings and hardeners, dyes,
fragrances, vitamins and other additives, homogeneous suspensions, vegetable oils and fats.

Coriolis flow meters operate by simultaneously measuring mass flow rate, density and temperature.
As fluid flows through the vibrating sensor tube, forces induced by the flow cause the tube to twist
slightly. These small deflections are measured by carefully placed detectors. A phase shift occurs
between detector signals that is directly proportional to mass flow rate. As the fluid density varies,
the resonant frequency at which the tube vibrates changes, which is also measured by the detectors.
Temperature is measured by an internal RTD to calculate thermal effects on the tube vibrating
frequency and can be used as a measurement output.

Danfoss pressure transmitter type MBS3000

This compact pressure transmitter is designed for use in industrial and hydraulic applications, offering
a reliable pressure measurement from 0 — 30 bar. It offers vibration stability, robust construction, and
a high degree of EMC/EMI protection to meet the most stringent industrial requirements.

PR Electronics 5714A programmable LED indicator

This 4-digit, 14-segment LED display with inputs for mA, voltage, resistance, RTD, thermocouple, and
potentiometer signals is connected to the pressure transmitter to display the exact pressure inside
the refrigerator. It features two relays, an analog output, universal power supply, and front-key
programming. It is designed for digital readout of current, voltage, resistance, temperature, or
potentiometer inputs, and supports process control through two potential-free relays and/or an
analog output.

JUMO temperature sensor Vibro screw-in RTD Pt1000

Even under pressure, screw-in RTD temperature probes in the VIBROtemp series enable reliable
temperature measurements in commercial vehicles, construction machinery, agricultural machinery,
motors, compressors, and in railway technology. The vibration-resistant construction achieves long-
term stability in tough operating conditions.

JUMO Quantrol LC100 programmable LED indicator

The Quantrol LC100 series is available in the three DIN formats 48 mm x 48 mm, 48 mm x 96 mm, and
96 mm x 96 mm. It is used for two-state and three-state control applications as well as for the control
of regulating valves or SCR power controllers via a continuous controller output. The universal analog
input for RTD temperature probes, thermocouples, or current/voltage signals is user programmable.
The setpoint value, the actual value, and all parameters are displayed on two seven-segment LED
displays (red/green) with one or two decimal place(s). The values can be displayed in °C or °F.
Depending on the format, up to five relay outputs with a switching capacity of 3 A/230 V or up to four
logic outputs 0/14 V are available. The switch position of the relays or logic outputs is displayed using
yellow LEDs. Different functions can be assigned to these outputs. An analog output 0 to 10 V or 0(4)
to 20 mA is configurable as a continuous controller output, actual value output, or setpoint value
output. Using binary input, the device settings and operation can be locked, a ramp or the timer can
be activated, or self-optimization can be initiated. The controller has a ramp function with an
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adjustable gradient for constant setpoint change. The user can enter setpoint values, gradient, and
firing time directly at the device.

Pressure regulators

The dual-stage regulator is a device designed to lower the high pressure in two stages. It is like a single-
stage regulator, but the dual-stage is used for finer pressure regulation, usually less than 10 bar.

A pressure regulator serves as analogous to the fluidic comb, as both achieve controlled pressure
reduction and maintain system stability. The fluidic comb reduces pipeline diameter, increasing the
local velocity but maintaining the overall hydraulic resistance, to finally achieve pressure drop. It is a
passive geometric flow component that homogenizes the mixture and manages flow distribution
through physical channels. On the other hand, the dual-stage regulator is an active pressure control
device with mechanical components that are adjusted to maintain stable output pressure regardless
of the upstream or downstream disturbances.

In our CO, experiments, we need adjustable and precise pressure control at each measurement point.
So, we use a single-stage regulator right after the refrigerant supply bottle and then an inline regulator
as a second stage for the target pressure.

c)

e)

000e

Figure 2-2 Equipment for the developed CO; circuit: a) Badger Coriolis flow meter, b) Danfoss pressure
transmitter, c) JUMO temperature sensor, d) PR LED indicator,
e) JUMO LED indicator

Back pressure regulator

It is a device to maintain a constant pressure on the inlet relieving excess flow. It works in the opposite
way to a standard pressure regulator, which regulates the lower outlet pressure. It maintains the
upstream pressure by restricting flow.
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Safety valves

They are automatic pressure protection devices against overpressure that open when the pressure
exceeds a threshold to vent out fluid, and when pressure drops below the setpoint, they close. They
are most demanding when working with pressurized CO,

Check valves
They are passive devices that allow flow in only one direction and close automatically if flow attempts
to reverse, preventing backflow and protecting the upstream equipment.

Ball valves
They are on/off valves operating manually with a rotating spherical element and turning at 90°. They
isolate the CO, bottle when it is not used, or for emergency shutoff.

Needle valve
It plays a key role in pressure regulation as it provides variable flow restrictions for fine flow rate
adjustment.

Sensors bases

To place the ultrasonic transducers steady on the pipeline, we designed and printed the metal bases,
shown in Figure 2-3. For the transmitter we chose a design with an opening, so that it has direct with
the pipeline wall. For the receivers we chose an enclosed design, with a minimum thickness, to
provide maximum acoustic isolation from external vibrations and ensure that they capture only the
transmitted waves through the pipeline.

Passive fluidic mixers

We also designed and printed three passive fluidic helical mixers to increase the homogeneity of the
CO, two-phase mixture, with the same length but different number of turns, 1.5, 2, and 3.5, as
depicted in Figure 2-4 Figure 2-5. To evaluate which mixer is the most effective, we measured the
pressure at each side of the mixer for identical flow conditions to see which mixer presents the lowest
fluctuations, which indicates homogeneous mixing, with an acceptable pressure drop between 0.5-
1.0 bar. The 2-turn helical mixer is likely the most effective choice for mixing CO, gas and vapor phases
in this application, providing the optimal balance between mixing and pressure drop.

Stainless-steel spiral coil (12 m)
It is necessary to pre-cool the CO, in the very low temperatures coming from the supply bottles
outside, which cannot be put inside the freezer, as shown in Figure 2-9.
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Figure 2-3 The ultrasonic sensor bases

Figure 2-4 Passive fluidic mixers
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Figure 2-5 Fluidic mixers inside the pipeline
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2.3. Ultrasonic measurements in static CO; refrigerant

This experimental procedure is the initiative to design and validate an innovative ultrasonic density
measuring methodology, able to measure the quality of propane phase mixture in HPs. As stated
above, CO, was used as an alternative refrigerant medium in the following experiments to measure
phase mixture quality in HPs for safety reasons, as propane (R290) is not recommended for
experimentation due to its flammability.

This experimental calibration approach was to test ultrasonic wave specifics and parameters in static
CO, mixtures within a 5 kg pressurized bottle before the full-scale circuit testing. The goal was to
predict CO, quality (gas-to-liquid mass ratio) based on temperature and pressure changes.

The QAWRUMS SCAL2 calibrator for signal generation and Mistras Micro-SHM for multi-channel
acquisition were used. The CO, bottle was tested at three fill levels (100%, 50%, 0%) and at room
temperature. The measurements were taken at three cross-sections (top, middle, bottom) with
various excitation frequencies, plus 10 ps pulse waves. Five 6-second recordings per configuration
yielded 405 total measurement files. Then, the raw 3-channel data were processed to generate the
multi-channel scalograms that were stacked with temperature and pressure data to create
comprehensive 5-layer input images for machine learning.

Figure 2-6 CO, experiment bottle

The modular system supports SVR (Support Vector Regressor) Neuronal Regressors. The results
demonstrated superior performance across the three target parameters of density, flow (near-perfect
correlation with minimal error), and quality, concluding that the ultrasonic methodology successfully
predicted CO, mixture properties with high accuracy. Therefore, this approach validates the feasibility
of ultrasonic sensing for real-time HP mixture monitoring [25].

This work can be described as the calibration of CO, measurements using regression models in the
sense that indirect sensor calibration through a data-driven approach is performed. The regression
models learn the mapping between ultrasonic signal features from scalograms and target CO,
properties like density, quality, and flow rate. The regressors contribute to this procedure by using the
time-frequency characteristics from multiple ultrasonic sensor channels as primary inputs that capture
how waves propagate differently through varying CO, gas-liquid mixtures. Temperature and pressure
are auxiliary regressors that compensate for thermodynamic variations and help disambiguate
ultrasonic signals that might otherwise appear similar under different operating conditions.
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2.4. CO; flow circuit development

Manufacturing and assembly

The operation of the experimental unit allows safe operation of CO, flows within a flow-meter circuit
installation and under different range of pressures and temperatures. At all times, operations of the
experimental facility are in compliance with provided instructions from sub-component
manufacturers and all applicable national laws, regulations, and standards relating to the safe storage,
handling, use and vent of compressed gases and associated flow systems.

The refrigerant supply comes from non-syphon cylinders containing liquefied CO, under pressure. It
is used in a wide range of industrial applications, including beverage carbonation and dispensing,
modified-atmosphere packaging for food preservation, water treatment processes, supercritical fluid
extraction, refrigeration (refrigerant R744), and firefighting systems.

The physical properties of the three states, which are shown in Figure 2-7, are:

1) Gaseous: At normal temperature (+15°C) and atmospheric pressure, CO, has a density of
approximately 1.87 kg/m3 and is about 1.5 times heavier than air. It is a colorless, odorless, and non-
flammable gas; however, at high concentrations it may exhibit a slightly pungent odor. CO, tends to
accumulate near the ground and collect in low-lying areas such as pits and cellars. It is classified as a
non-toxic gas; however, it can affect respiration at concentrations of approximately 1%, with
increasingly severe physiological effects at higher concentrations.

2) Liquid: CO; can exist in the liquid state at temperatures below its critical (31°C) and above its triple
point (-56.6°C and 4.18 bar). For industrial and commercial purposes, CO, is commonly transported,
stored, and handled in liquid form, typically at ambient temperature in pressurized cylinders, ranging
from 45 to 65 bar. Under these conditions, CO, exists as a liquid in equilibrium with its vapor.

Below the triple point, CO, can exist only in the solid and gaseous phases; therefore, liquid CO, cannot
exist at atmospheric pressure. When liquid CO; is depressurized below the triple-point of 4.18 bar to
atmospheric pressure, it undergoes rapid phase transition to solid CO, (dry ice) and gas. This process
results in the release of a dense white fog composed of fine dry ice particles and vapor.

3) Solid: It is not applicable and it is not examined at this experimental process.

Regarding the chemical properties, CO, does not support combustion. When it is dissolved in water,
it forms carbonic acid, which is mildly acidic and has the characteristic sharp taste of carbonated
beverages. Carbonic acid reacts with alkaline substances to form carbonates. CO, generally exhibits
low chemical reactivity; however, under conditions of high temperature and pressure, it may react
with highly reactive metals such as sodium and magnesium. For this reason, CO; shall not be used as
a fire extinguishing agent for fires involving reactive metals.

Any substantial release of CO, constitutes a potential hazard, particularly in poorly ventilated or
confined spaces. It is heavier than air and it may accumulate in low-lying areas and disperse slowly
without adequate ventilation, so there is a serious asphyxiation risk. CO, instant releases may form
extremely cold solid particles, which can cause severe frostbite upon contact with skin or eyes. Contact
with pipes, valves, or fittings containing liquid CO, may also result in cold burns or frostbite.
Appropriate protective equipment has been used during handling and working near systems
containing carbon dioxide with potential liquid phase formation.

This project has received funding from the European Union’s research and innovation programme Horizon Europe under the grant
agreement No. 101147440. This document reflects only the author’s view, and the Commission is not responsible for any use that may be
made of the information it contains.



D 2.1 | Novel sensors and devices for smart heat pump components

SMART
PUMPS 29

compressable liquid supercritical phase

Critical point

Triple point
Sublimation point
100 75 50 25 0 25 50 75 100
Temperature [°C)
Figure 2-7 CO, phase diagram with the bold saturation curve in deep violet [26]

The experiments in the CO, developed circuit are conducted in an enclosed area, and during the test
performing adequate ventilation has been achieved and CO, levels have been confirmed as safe by
using appropriate gas detection equipment. Indicatively, substantial releases of CO, may result from:
a) failure of cylinders, piping, or associated components, b) discharge from relief valves, c) accidental
opening of vent valves, d) failure of connections such as hoses or flanges, and e) malfunction of
pressure-regulating devices.

As far as the pre-operation tests are concerned, the developed CO, circuit was verified as leak-free
after full assembly of its components. A pressure test at 30 bar for 15 minutes had been performed.
The system was configured for external venting (4m height) with laboratory ventilation active to
ensure a safe working environment and noise reduction balance from the ventilator. The Coriolis flow
meter had been factory-pre-calibrated, and to mitigate any measurement errors, an analog flow
meter was also installed.

Circuit description

The developed circuit for the CO, flow experiments in different pressure and temperatures is
presented at Figure 2-8. This layout illustrates an industrial-grade CO- supply and conditioning circuit
designed for controlled delivery, under pressure regulation, digital and analogue flow measurement,
and pressure/temperature monitoring.

The system is supplied by two CO: cylinders (1), as shown in Figure 2.9, stored vertically and
adequately restrained, with a nominal capacity of 50 L each (~37.5 kg of CO,), one operating as the
primary source and the second configured as a backup supply.

CO; is routed through a single-stage pressure regulator (2, Pin: 200 bar, Pout: 0 — 60 bar) (Figure 2-
10), which reduces the inlet pressure to a controlled outlet range suitable for downstream operation.
The outlet pipeline from the regulator is consisted of double layer flexible hose (PN 450bar) to
facilitate the change of cylinder when empty.
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Isolation of the CO; supply is achieved by ball valves (3) (one for purging — venting), allowing safe
shutdown and maintenance of the system. Downstream pressure control is further refined by an in-
line pressure regulator (4, Pin: 50 bar, Pout: 0 — 30 bar), providing additional pressure reduction and
stabilization prior to processing. The circuit incorporates multiple safety and control devices, including
safety valve set at 35 bar (5) to protect the system against overpressure conditions, an analogue
pressure gauge (6, 0 — 60 bar) and a needle valve at key location (7) to allow fine adjustment of flow
and pressure during operation and prior to enter the refrigeration section (Figure 2-11).

All circuit construction consists of %5” x 1.2 mm 316 L seamless stainless-steel pipeline with double
ferrule mechanical fittings able to handle pressures over 350 bar.

Following pressure regulation stage and by-user desirable pressure adjustment, the CO: passes
through a stainless-steel condensing coil of 12 m length (8) (Figure 2-12), which is installed inside a
temperature-controlled refrigeration unit. The refrigerator allows adjustment of operating
temperature within a sub-zero selectable range (from -14°C to -25°C), enabling controlled cooling and
conditioning of the CO: prior to measurement and mixing. A temperature sensor (10) (Figure 2-13)
monitors continuously the temperature of the medium and sends the indications to its dedicated LCD,
which is set outside the refrigerator.

Instrumentation and monitoring integrated into the layout include also another analogue pressure
gauge (P2) and a digital pressure transmitter (9) for continuous monitoring of system conditions. Along
the developed CO: circuit, the pressure drop is minimized and calculated in less than 1 bar, giving a
pressure stability at any performing test.

Flow measurement is performed using a Coriolis flowmeter (11), complemented by an analogue flow
indicator (15) at the end of circuit with the support from a needle valve to adjust the back pressure in
the system (Figure 2-14).

These instruments provide the desired measurements and recordings of mass flow during the
operating parameters. A check valve (12) is installed in the outlet of Coriolis flowmeter to prevent
reverse flow and ensure correct flow direction throughout the circuit.

Proceeding to the plug-and-play measurement section, the conditioned CO: is directed first to a fluidic
mixer. The ultrasonic sensors are set on the special designed metal bases, as can be seen in Figure 2-
15 and Figure 2-17. To monitor and safely operate the final part of the circuit, a pressure gauge (P3)
and another safety valve, set at 40 bar, have been installed.

Overall, the layout represents a closed, well-instrumented CO, handling system with multiple layers
of pressure control, safety protection, and measurement capability (Figure 2-16). The design
emphasizes operational flexibility, accurate monitoring, and safe handling of CO2 under pressurized
and low-temperature conditions.
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Figure 2-8 CO; circuit layout
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Figure 2-10 Pressure regulator on CO: cylinder
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Figure 2-11 Isolation valves, inline pressure regulator, safety valve, pressure gauge, needle valve (right to
left)
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Figure 2-12 Condensing coil with 12 m length, 1.2 mm width

Figure 2-13 The temperature sensor
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Figure 2-14 Up: Reference Coriolis flowmeter, analogue and digital gauge. Down, right to left: Pressure and
temperature displays, pressure gauge, safety valve, analogue flowmeter and vent line
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Figure 2-15 The test circuit with the sensor bases
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Figure 2-16 The CO, flow circuit
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2.5. Ultrasonic measurements in CO, two-phase flow circuit

The Coriolis flow meter serves as the reference instrument that delivers accurate indications of mass
flow rate and fluid density. It works by measuring the phase shift in oscillating flow tubes caused by
the Coriolis force, but in two-phase flows it struggles because gas bubbles do not fully participate in
the tube oscillation like liquid does, leading to decoupling effects and unreliable density
measurements. CO, two-phase flow calibration procedure was essential to obtain reference
measurements for pure liquid and pure vapor phases across a temperature range, in our case from -
15°C to -25°C, and to determine the vapor mass fraction in the mixed-phase flow. So, we did three
sets of calibration in the areas of pure liquid, vapor and saturation, and measuring afterwards in these
areas maintaining the pressure in the corresponding levels. This way the single-phase conditions are
met throughout the test section. For liquid points, the Coriolis density should indicate values between
1000 and 1100 kg/m?3 to confirm pure liquid conditions. Density readings in the range of 20-50 kg/m3
verify successful vapor conditions. There is also another way, by measuring the capacitance due to the
dielectric constants difference between the gas and liquid phase.

Four PZT receivers are placed across the pipeline, and a transducer is mounted on the pipe, after the
fluidic mixer. The spacing is short enough to keep the volume of refrigerant between the source and
receivers manageable while being practicable for installation on genuine HP pipes. The ultrasonic
sensors are attached directly to the pipeline with the right couplant, which must be durable at the
operating frequencies down to -25°C, and a clamping fitting, as shown in Figure 2-17. The ultrasonic
sensors are also covered in silicon tape to protect them from the very low temperatures. Moreover,
pressure and temperature sensors, with their external LCDs outside the freezer, were used to
continuously observe the current state.

The ultrasonic source is activated by specific frequency pulse sequences, and the receivers pick up
these waves, as they move through the system made up of the upstream pipe wall, the refrigerant
mixture, and the downstream wall. Multi-channel signals are recorded with the MISTRAS Micro-SHM
system and AEwin software.

Experimentation with CO, is quite challenging due to its tendency to rapid phase transitions. The
experiments combined temperatures and pressures to output the CO, flow rate, density and quality.
Sinusoidal waves at 100 and 150 kHz are considered as appropriate, because the mid-frequencies
provide a good balance between penetration depth and sensitivity to phase interfaces. Data was
collected across 4 pressure levels, from 10 to 20 bar, and 3 temperature levels, from -15°C to -25°C.
Measurements were concentrated around the saturation region and primarily within the gaseous
phase, with at least 20-minute intervals per measurement for state stabilization. During cooling
performance, a drop temperature is achieved to -23°C, with an observed overall system-wide pressure
drop of ~1 bar. For each state, five 6-second measurements were taken for statistical reasons and the
produced .dta files were then collected to be processed. A summary of the experimental conditions
for the ultrasonic data acquisition is given in Table 2.1.

The ultrasonic signals are recorded through the MISTRAS Micro-SHM system. AEwin has capabilities
for visualization and basic analysis, however in this project, it is mostly used to control data acquisition
and log data. Outside of AEwin, Python does the basic signal processing, scalogram production, and
machine-learning inference. The Micro-SHM and AEwin combination is employed as a strong
measurement base, and the reasoning for estimating the state of the refrigerant is the engineer's task.
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The ultrasonic receiver's configuration is part of the innovation, as the use of four parallel channels
of resonant sensors and the way their signals are combined later in the pipeline constitute a new
concept and have been designed as part of this development.

Table 2.1 Experimental conditions

Ultrasonic sensors G150, PK15l, R15A

Frequencies (kHz) 100, 150

Temperatures (°C) -15, -20, -25
Pressures (bar) 13,15,17,19

Figure 2-17 The ultrasonic sensors in the test circuit mounted on the metallic bases
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Figure 2-19 The whole assembly under operation
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2.6. Data preparation and feature construction

Segmentation and filtering

The four receivers give extended time series of raw ultrasonic waves and are split into separate time
windows so that they can be analyzed. Each segment is linked to a certain excitation event or time
window after excitation. Depending on the sampling rate and the desired time-frequency precision,
segment lengths can vary from 1024 to 10k samples, and are processed by digital band-pass filters,
allowing only the frequency bands of interest, to reduce the noise and focus only on useful
information. For instance, segments from PK15I channels might be filtered in bands around 100 and
150 kHz excitations. The signal amplitudes can also be adjusted, so that segments are of the same
time-size or can be set to have a 0-mean and 1-variance. This preprocessing can be adjusted based on
experience during calibration of the sensor.

Scalogram computation

A scalogram is a time-frequency map with time shown in the x-axis and frequency in the y-axis. It is a
visual representation of a Continuous Wavelet Transform (CWT), showing how the signal energy
changes over time and frequency and is a more detailed picture than a simple FFT. The color intensity
shows the magnitude of wavelet coefficients at each point. For the present experiments, scalograms
are very useful as the ultrasonic signals travelling through varying flow regimes contain transient, non-
stationary features. The 1D time-series data are transformed into 2D representations that CNNs can
process effectively to learn the acoustic patterns. Usually, the scalograms are shown as 2D arrays, with
time versus frequency bins. Then, they are resampled or interpolated to the right size for CNNs.
Therefore, for each of the four filtered channels, a different scalogram is made.

Figure 2-20 Scalogram

One of the most important things about this sensor's smart features is that it can use scalograms.
The system does not only use a few hand-crafted features like peak amplitudes and simple TOF.
Instead, it uses the whole time-frequency structure of the ultrasonic signal, which shows how the
acoustic waves and the multi-phase refrigerant interact in subtle ways.

Six-channel image construction

After the four scalograms from the receivers are calculated and brought to the same size, they are
stacked along a channel, and two more channels are added to encode information about temperature
and pressure and make a six-channel image-like tensor, given directly from digital sensors near the
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ultrasonic source. These scalar values are treated ahead of time, such as being normalized or scaled,
and then sent out to two two-dimensional arrays with the same size as the scalograms, resulting in six
channels in the tensor, as given in Table 2.2.

This representation is central to innovation, as it converts a complex, multi-modal sensing problem
into a form that modern deep learning architectures handle well. The fusion happens at the feature
level, long before any final regression or classification stage.

Table 2.2 The final data structure for each segment can be viewed as a six-channel image

Channelindex | escrption
1

Scalogram from receiver 1
Scalogram from receiver 2
Scalogram from receiver 3
Scalogram from receiver4
Temperature field (°C)

a Uk, W N

Pressure field (bar)
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2.7. ML integration for sensor calibration

Learning operation

The learning or calibration process is used to make models that can be utilized on different HPs with
only a few tools. When the ultrasonic sensor is in learning mode, it is set up with reference instruments
that provide it with ground-truth labels. To assess flow and density, a Coriolis meter is put in the
refrigerant line. The correct flow, density, and quality are written on each ultrasonic segment along
with its temperature and pressure. The labels create a three-dimensional vector [flow, phase
percentage, density] that the models will learn to predict. Therefore, for each refrigerant medium,
there is a different learning process. This is part of the design process, which allows the same hardware
and basic process to work with various types of media by learning how they behave in terms of
ultrasonic and heat.

Model ensemble

The learning pipeline uses a group of models, not just a regressor. An SVM for regression might learn
from hand-made characteristics extracted from the scalograms, including global spectral moments,
energy in certain bands, or anticipated arrival timings. At the same time, CNN regressors are trained
on the 6-channel images. The architectures of ResNet1l8 and ResNet34 were created to classify
images, and the last layers output a 3-dimensional continuous vector representing flow, phase
percentage, and density. These images are also utilized as regressors with EfficientNet-BO versions,
which are deep networks that use a few parameters. Each model makes its own prediction about the
output vector during inference. Afterwards, the system integrates these estimations by averaging or
employing a second model that mixes them. A confidence score from the difference between the
models’ outputs can be acquired. A small difference between models means great confidence, while
a big difference means uncertainty. This ensemble method makes the system more resistant to noise,
model biases, and changes. The sensor is not just monitoring physical quantities, but it is also checking
the reliability of the readings, and this is part of the smart sensing feature. The following figure displays
the architecture of the developed model.

Theoretical efficiency

Theoretically, using rich time-frequency characteristics and strong regression models should make
both data and inference more efficient. The models can learn complicated relationships with fewer
calibration points than would be needed for basic empirical correlations or multi-dimensional look-up
tables. This makes data more efficient. Inference efficiency means being able to run these models in
real time on computers that are not very powerful. When the training is complete, the models can be
loaded on an industrial PC or an embedded device that scans the scalograms and sends out state
estimations almost right away.

Inference operation

After the refrigerant calibration has been tested and validated, the system can be used in inference
mode on any similar HP, usually one that works in a similar pressure—temperature range. When in
inference mode, the ultrasonic, temperature, and pressure sensors are only needed with the
ultrasonic sensors, without the Coriolis meter. The Micro-SHM and AEwin environment picks up the
signals, and the processing pipeline in Python runs in a loop. This loop gets new waveform segments
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from the Micro-SHM, passes them through the digital filters, makes scalograms, puts together six-
channel tensors with the current temperature and pressure, and sends them to the trained model
ensemble. The ensemble gives estimates of flow, phase percentage, and density, as well as a measure
of confidence for those values. Then, a REST APl endpoint shows these values, which the HP dashboard

may check.
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Figure 2-21 Unified model architecture overview

At this point, one can set up different operating modes. In continuous monitoring mode, the inference
loop runs continuously, giving a live stream of the state of the refrigerant. A periodic or diagnostic
mode executes the loop on demand when a technician starts a diagnostic session, like during
commissioning or maintenance. An anomaly detection layer could be added to future additions so
that warnings go off when there are big changes from predicted acoustical patterns. This could mean
problems like partial blockages, unexpected phase behavior, or sensor mounting degradation.

Operating conditions and modes

The system is made to work with the temperature and pressure ranges that modern HPs use, including
transcritical operation for refrigerant mixtures. During calibration, we set the operating envelopes and
train the models to work within a certain range of temperatures, pressures, and flows. During
inference, if conditions change and go outside of this trained envelope, the system can see it because
predictions become less reliable and model disagreement goes up, which lowers the confidence score.
The technician or supervisory system can then be told that the sensor is not working within its
validated range.

There are three internal modes that describe how the system works. In calibration mode, reference
meters are set up and data is collected to train the model. In regular monitoring mode, the pre-trained
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models run in real time without any reference meters. There is also a diagnostic and test mode in
which certain excitation sequences and internal checks are done to make sure the sensors are working
properly and the data is collected correctly. This, for instance, can be done by employing 100% liquid
phase at a certain temperature and pressure.

Connectivity and interfaces

There are many levels of connectivity across the developed system. The link between PZT sensors and
Micro-SHM is simply analog and uses the right coaxial cables and connections. The proposed model
gets temperature and pressure information either as parametric channels or through the HP's own
controller, which then sends them to the Python environment. Micro-SHM usually talks to a PC or
industrial computer over Ethernet, while AEwin handles data storage and acquisition sessions.

The Python processing environment can read recorded waveforms in batches almost in real time, as
they stream from the acquisition folder, and has the model ensemble and the signal processing
pipeline. A REST API service, like one built with Flask or FastAPI, is also set up. The API offers endpoints
that return the most recent estimates as JSON objects. These objects include time stamps, flow, phase
percentage, density, and confidence.

The HP dashboard polls or subscribes to this API, shows the current numbers, and keeps track of them
for later study. The REST API can be connected to higher-level building management systems or
SCADA, by bridging it to protocols like MQTT, OPC-UA, or custom vendor interfaces.
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2.8. Tests and evaluation

Evaluation metrics

The developed multi-fold model has been designed with modularity criteria and provides a set of
regression models. Upon proper configuration, a built-in SVR machine and neuronal architectures
based on simple CNN, ResNet and EfficientNet regressors are enabled.

ML Support Vector Regressor (SVR)

The SVR is a supervised ML algorithm that predicts continuous values by fitting a curve through the
data within a defined tolerance margin, or tube. The concept of a tube around the regression line is
that errors for data points within it are ignored and only the outer points contribute to the model's
training, which are called "support vectors". SVR is very effective for small datasets with structured
numerical features and offers fast training and inference.

Neuronal Regressor
The neuronal regressors are used to predict continuous outputs. The utilized topologies are a simple
CNN, ResNet-18, ResNet-34, ResNet-50, EfficientNet-BO and EfficientNet-B1:

1) Simple CNN of 2-stride pyramid with channel doubling and global average pooling.

2) ResNet-18 (18 total layers) and ResNet-34 (34 total layers) with adapted first convolution for multi-
channel input and modified classification head, and ResNet-50 (50 total layers) which is a highly
influential deep CNN architecture able to solve the vanishing gradient problem. These are Residual
Networks (ResNet), differing primarily in depth and computational requirements. The choice between
different ResNet depths involves a trade-off between performance and computational efficiency. For
instance, ResNet-34 provides better feature extraction and accuracy than ResNet-18, but slower
convergence.

3) EfficientNet-B0O/B1, with multi-channel adaptation and pretrained ImageNet weights, are resource-
efficient CNNs excelling at image classification by using a compound scaling method to optimize the
networks’ dimensions of depth, width, and resolution systematically. The difference between B0 and
B1is in the model parameters, with B1 to present increased network’s dimensions and, theoretically,
enabling it to capture more complex features and achieve higher accuracy.

The outputs of the models are the flow rate of the medium, the gas phase percentage (quality), and
density, as they appear in HPs. The performance was evaluated by the following per-target metrics:

- Mean Absolute Error (MAE), the average error of absolute differences between predictions and
actual values.

- Root Mean Squared Error (RMSE), the square root of mean squared error.

- R? a coefficient of determination [0, 1], which is useful when comparing different models or
datasets, with 1.0 meaning perfect predictions.

- Pearson correlation coefficient (r), with a range of -1 to +1, and +/-1 meaning a perfect
positive/negative linear relationship, and 0 meaning no linear relationship.

Pearson coefficient measures how the pattern matches, i.e., if predictions correlate with actual values.
It is a good metric for understanding relationships between the model and pattern, and for model
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comparison to better capture the pattern. R measures if the values match, i.e., how accurately the
actual values are predicted.

Model performance results

Table 2.3 presents the overall performance for each model configuration and for the three outputs of
flow rate, phase percentage, and density. The models are ranked by R? score.

Table 2.4 shows the models performance specifically for mass flow rate prediction, Table 2.5 the
performance for vapor/liquid phase fraction prediction, and Table 2.6 the performance for mixture
density prediction.

The results shown as EQ refer to histogram-EQualization, which is a preprocessing step applied to the
input scalogram images before feeding them to each architecture. This process redistributes the
intensity values of pixels to enhance contrast, so as making features more visually distinct by spreading
the histogram across the full 0-255 range.

The "EQ" model variants use equalized scalograms as input, while the "standard" variants use raw
scalograms.

Table 2.3 Overall performance metrics across all three outputs for each model configuration, ranked by R?

Model Scalogram \ MAE RMSE R2 r

SVR Standard 0.119 0.155 0.9972 0.9993

SVR EQ 0.144 0.187 0.9944 0.9980

CNN Simple Standard 0.602 0.783 0.9071 0.9569
EfficientNet-B1 Standard 0.660 0.858 0.8895 0.9535
ResNet-50 EQ 0.712 0.926 0.8769 0.9539
EfficientNet-BO Standard 0.699 0.909 0.8760 0.9399
ResNet-18 Standard 0.681 0.885 0.8649 0.9480
ResNet-18 EQ 0.732 0.952 0.8537 0.9330
EfficientNet-B1 EQ 0.785 1.021 0.8407 0.9254
EfficientNet-BO EQ 0.905 1.177 0.8245 0.9246
CNN Simple EQ 0.758 0.985 0.8217 0.9445
ResNet-34 Standard 0.829 1.078 0.8171 0.9202
ResNet-34 EQ 1.298 1.687 -0.0283 0.6469
ResNet-50 Standard 1.787 2.323 -1.0812 0.7442

Table 2.4 Flow rate prediction performance

Model ‘ Scalogram ‘ MAE R? ‘ r

SVR Standard 0.0514 0.9977 0.9991

SVR EQ 0.0578 0.9965 0.9987
ResNet-18 Standard 0.2100 0.9559 0.9782
ResNet-18 EQ 0.1950 0.9531 0.9815
CNN Simple Standard 0.2650 0.9291 0.9685
EfficientNet-B1 Standard 0.2580 0.9274 0.9655
EfficientNet-BO EQ 0.2770 0.9141 0.9616
EfficientNet-B1 EQ 0.2530 0.9088 0.9545
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Table 2.5 Phase percentage prediction performance

Model ‘ Scalogram ‘ MAE R? ‘ r
SVR Standard 0.000273 0.9971 0.9994
SVR EQ 0.000331 0.9937 0.9977
CNN Simple Standard 0.001570 0.8886 0.9477
EfficientNet-B1 Standard 0.001630 0.8657 0.9460
ResNet-50 EQ 0.001710 0.8653 0.9561
EfficientNet-BO Standard 0.001630 0.8636 0.9327
CNN Simple EQ 0.001830 0.8237 0.9509
ResNet-18 Standard 0.001590 0.8181 0.9309

Table 2.6 Density prediction performance

Model Scalogram ‘ MAE R? r
SVR Standard 0.305 0.9970 0.9993
SVR EQ 0.374 0.9930 0.9975
CNN Simple Standard 1.539 0.9037 0.9544
EfficientNet-B1 Standard 1.721 0.8754 0.9490
ResNet-50 EQ 1.840 0.8673 0.9563
EfficientNet-BO Standard 1.818 0.8618 0.9322
ResNet-34 Standard 2.079 0.8508 0.9284
CNN Simple EQ 1.895 0.8366 0.9541

The following scatter plots for the standard and EQ SVR models, simple CNN, EfficientNet-B1 CNN and
equalized ResNet-50 CNN models, demonstrate the prediction performance between predicted and
true values for the three target variables.
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Figure 2-25 Standard EfficientNet-B1 CNN model results
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Figure 2-26 EQ-scalograms ResNet-50 CNN model results
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Findings and discussion

An SVR baseline and multiple NN architectures were evaluated for predicting CO, two-phase flow
properties from ultrasound scalogram inputs. All models were trained for 200 epochs using both
standard and EQ scalograms as input representations. The target variables comprised of mass flow
rate, vapor phase percentage, and mixture density, with temperature and pressure provided as
auxiliary inputs.

The SVR regressor achieved exceptional performance for all metrics, better from all CNN-based
architectures. With standard scalograms, it achieved an overall R? of 0.9972 with a Pearson correlation
of 0.9993, showing near-perfect predictive capability. For each output, the MAE were very low, with
0.051 for flow rate, 0.00027 for phase percentage, and 0.305 for density.

From the scatter plots, it is shown that SVR achieves stronger linear correlations for each output, with
minimal scattering around the ideal diagonal line. This indicates that for the specific prediction task,
the relationship between the ultrasonic scalogram features and the physical characteristics of two-
phase CO, is accurately captured. In CNN models, while the model captures the general trends, there
is an increased deviation from the diagonal indicating that CNN architectures may benefit from deeper
feature extraction or additional training. This can be attributed to the physical characteristics of
acoustic propagation and that flow parameters are likely to follow relatively smooth functional
relationships without intense non-linearities, in which CNN models usually outperform. Deep learning
models are better in more complex and non-linear mappings, which the simpler models cannot learn.
Contrary to, when the input-output relationship is predominantly linear or exhibits a moderate non-
linearity, classical ML approaches like SVR can model the data with greater precision, without the risk
of overfitting that CNN architectures may introduce. In any case, our aim is to develop an advanced
multi-model regression framework and incorporate ultrasonic scalograms and NN architectures to
handle multiple input channels simultaneously.

Among the CNN architectures, the simple CNN with standard scalograms turned out to be the best
performer, with an overall R? of 0.9071 and correlation of 0.9569. This finding is notable as it suggests
that for this specific domain, a lightweight custom architecture may be preferable to transfer learning
from ImageNet-pretrained models. EfficientNet-B1 with standard scalograms followed closely with R?
of 0.8895, while ResNet-18 achieved R? of 0.8649. The deeper ResNet variants, like ResNet-34 and
ResNet-50, showed a degraded performance, while ResNet-50 with standard scalograms exhibited
negative R? values, indicating possible overfitting or optimization difficulties.

Regarding the effect of histogram equalization of the input scalograms, this did not improve the model
performance with consistency, as for most architectures, standard scalograms operated better. For
example, the simple CNN deteriorated from R? 0.9071 with standard scalograms, to 0.8217 with the
equalized ones. However, in the case of ResNet-50, the opposite pattern was observed, as equalization
improved rapidly R? from -1.0812 to 0.8769. This fact may suggest that preprocessing benefits may be
depended on architecture, and that for our specific application the raw intensity distribution contains
important information for the acoustic attenuation and the prediction task, which with the
equalization it may be removed.

Among the three outputs, flow rate was generally most accurately predicted across all architectures,
with CNN models achieving R? values above 0.90. The predictions of phase percentage and density
presented higher variability between models. The strong correlation between predicted and actual
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values for all outputs, with r>0.94 for the top CNN models, confirms that the ultrasound scalograms
capture physically important information about the two-phase CO, flow state.

It seems that for deployment in industrial CO, flow monitoring applications, the SVR offers some
advantages like accuracy, lower computational requirements, and faster inference compared to CNN
approaches. When it comes to CNN architectures, the simple one presents a very good alternative
with a good balance between accuracy and model complexity. It can also be concluded that parameter
tuning and regularization techniques may be necessary for effectiveness, before deeper architectures
be applied to the prediction task.
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3. Smart Capabilities and Connectivity Architecture

AETHON has developed a software application that provides smart functionalities and connectivity for
the Smart-Pumps. It is an advanced and distributed loT platform designed to provide fast data
acquisition, reliable real-time control and smart automation.

Its architecture is based on a system of two main components consisting of a controller script daemon
and a cloud platform. This architectural pattern was selected to achieve a clear and robust separation
of responsibilities between the real-time low-level hardware interaction with the controller and the
flexible environment of high-level business logic and user interaction. This separation offers many
advantages in terms of system resilience as well as long-term maintainability and availability.

The edge controller is a Python-based application that is simple to use and is designed to run
continuously and unattended. It runs primarily on Linux-based devices with limited resources. The
controller acts as a secure intermediate communication system that transfers data and commands
from the HP to the cloud. The hardware is protected against errors and higher-level instabilities. At
the same time, the edge controller with its built-in Modbus client application ensures that bit-level
data exchange with the physical HP is reliable. It is worth noting that the presence of the controller is
mandatory because it can be installed on site on each HP.

This architecture makes the cloud platform independent of the physical communication layer.
Consequently, if the hardware protocol changes at any the cloud application is not affected.

The cloud platform is a full-stack web application, hosted in a managed containerized environment on
the Digital Ocean App Platform. The application has been implementing using Node.js and TypeScript
stack. It is responsible for collecting, validating and storing data as well as executing complex multi-
parameter automation algorithms and energy calculation. Finally, it provides a rich, interactive control
panel for the user. In conclusion, concentrating the logic in the cloud system allows the data collection
script to remain lightweight, secure and focused exclusively on communication tasks, while the cloud
takes over all computationally demanding mechanisms and can provide a unified interface for users
or administrators.

3.1. Sensor interconnection system

The interconnection system has been designed to create a reliable data pipeline from multiple physical
sensor sources to connect with the cloud platform. It uses a simple communication strategy by using
low-level hardware polling for the primary system and high-level as well as APl-based data ingestion
for auxiliary components which are analyzed in the following text.

Direct hardware communication (HP)

The edge controller is the central controller that manages communication with the Danfoss HP. This
is done via the Modbus protocol in a master slave configuration with the pump acting as a passive
response device.

Protocol and physical layer: The system communicates with the HP and it uses a binary protocol
(Modbus RTU) for fast and reliable exchanges of commands and measurements. The physical
connection uses an RS485 interface. With the use of RS485, communication is much less affected by
electrical interference (a critical requirement in industrial environments where electromagnetic
interference is common). The controller's serial client is aligning with the HP's required parameters
(19200 baud, even parity, 1 stop bit). To avoid bus contention and to consider the processing
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limitations of the slave device, a 50-millisecond delay is programmatically enforced between each
individual Modbus read request.

Data model and decoding engine: Communication relies on a structured JSON-based data model that
acts as a data dictionary for the system, and it includes more than 1,500 entries, one for each
known Modbus register. Based on this model the controller's decoding engine uses this model to
transform the raw 16-bit register values into usable data. This dictionary was created based on the
Danfoss documentation provided for the controller.

The collected data then undergoes the following processing steps:

1. Data Type Conversion: The system can is handling a wide array of types, from
a simple BOOL (where the value is determined by the least significant bit) to a 32-bit REAL value,
which requires reading two consecutive registers, packing their bytes in the correct (big-endian)
order, and then unpacking them into a standard IEEE 754 single-precision floating-point number.
Signed Integer Handling: The system correctly interpreting signed INT values using two
complement arithmetic to handle negative numbers, which is necessary for measuring
temperatures below zero.

2. Scaling and Formatting: Applying divisors based on the model's format string (e.g., dividing by 10
for a %.1D format) to convert fixed-point integers from the device into decimal values for the
application.

3. Enumeration Mapping: Reading integer values for Enum types, which are then interpreted
semantically by the cloud platform (e.g., a value of 2 from the "Run Mode" register is understood
to mean "Heat").

4. Dual-Threaded Communication Model: The edge controller uses a smart multi-threaded
architecture. We have two threads as described below:

a. Main Data Polling Thread: The low-priority, long-running thread. Based on a configurable
interval (by default 60 seconds) this thread will poll the selected list of 51 registers that have
been validated as critical for system operation. This full cycle can take several seconds to
complete due to hardware limitations. During this process, the polling will collect, decrypt and
send the data to the cloud platform.

b. Background Command Thread: This is a high-priority, lightweight thread that runs in a tight1-
second loop. Its sole function is to make a quick, non-blocking HTTPS request to the
cloud backend to check for any pending commands. By separating this function from the main
polling loop, the system can guarantee that a user action is detected and dispatched to the
hardware with a latency of approximately 1-2 seconds, providing a responsive feel that would
be impossible with a single-threaded design.

APIl-based communication (Ultrasonic sensor)

The system integrates data from the ultrasonic flow sensor using a modular approach. Abstracting the
sensor as an external system will keep the system modular.

Protocol and data format: The cloud backend communicates with the sensor through its dedicated
API. A scheduled task within the Node.js backend periodically HTTPS GET requests to a predefined
endpoint. The sensor APl is expected to return a standard JSON object, which is then parsed by the
backend.
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Data flow and purpose: This polling action fetches critical metrics that are not available from the main
HP, most importantly the mass flow rate of the refrigerant. The data are timestamped and then stored
in a NoSQL database. With this decoupling, if we ever need to replace the ultrasonic sensor with a
different model that may have a different API, we will only need to modify the small, isolated data
import service in the backend.
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3.2. Cloud integration and data management

The cloud application has been developed so that it can be expanded and does not have a high
operating cost by using the Digital Ocean App Platform. This Platform-as-a-Service (Paa$S) solution
helps with the entire deployment pipeline (CI/CD) from a central private Git repository.
The main benefits of this platform are containerization, automated builds, SSL/TLS certificate
management, and load balancing.

The backend itself uses the technologies: Node.js, Express.js, and TypeScript stack.
These technologies were chosen specifically for their event-driven application. They are suited
for handling the concurrent workload of the loT platform. Whereas the server spends most of its
time waiting for network requests (from the controller and user browsers) and database operations
to complete.

As for data management, we have deployed a MongoDB database. This is the heart of the entire
architecture. Providing both high-performance data handling for real-time monitoring but also stable
and persistence for the critical system state. The implementation details:

e Transient time-series data (capped collections): The senor data in our system have
MongoDB's capped collections for handling. These are pre-allocated collections of fixed sizes.
This design provides very high write throughput since it avoids dynamic document allocation
and complex indexing the structured SQL uses. When the collection reaches its configured size
limit, the oldest documents are automatically overwritten by new ones. This is suitable for
the pump data and ultrasonic sensor data streams, since it provides a constant new "window"
of the most recent data needed to power the live dashboard, without requiring any manual
data deletion or TTL indexing.

e Persistent state management (standard collections): For the most critical configurations and
saving of state (data that must be durable and stable and survive application restarts) the
system uses instead the standard MongoDB collections. The singleton document pattern is
being used for a single uniquely identified document within a collection that holds the entire
configuration state for a specific system module. During application startup the backend will
query these collections to populate its memory state. This allows back-end resume operation
exactly as it was left after the restart. Whenever a user makes a change manually in the
configuration, the backend will use just a single update operation. This logic guarantees that
the configuration document is being updated safely and consistently. If it doesn't exist it is
created preventing race conditions and data loss. This configuration mechanism is primarily
used for mode status, control of valves, and valve configuration.

This project has received funding from the European Union’s research and innovation programme Horizon Europe under the grant
agreement No. 101147440. This document reflects only the author’s view, and the Commission is not responsible for any use that may be
made of the information it contains.



D 2.1 | Novel sensors and devices for smart heat pump components

SMART
PUMPS 60

3.3. User dashboard requirements and design

The user dashboard is a Single-Page Application (SPA) built using React, TypeScript, and Vite build
tool technologies. The entire frontend architecture allows Ul automatically to update when data
changes. The Dashboard has 3 main elements:

Mode control panel (UC01): This is the main control component. It translates the high-level selections
of the user (i.e. "Silent" mode) into a structured JSON payload that is predefined. This structured API
then is sent to the backend's /api/mode endpoint. The key aspect of the design is the clear visual
distinction between a feature that is enabled by the user (the current mode). This is a permanent
setting represented by a checkbox or toggle switch depending on the option. Also, a feature that is
currently active and passive and affects the behavior of the system has a transient state, represented
by a pulsing green indicator light. This visual feedback is important for users trust as it
clearly communicates why the system is behaving in a certain way and what the current state of the
HP is.

Heat Pump Mode Control

PRIMARY MODE

STIC HC

¥ @ cnableDHW

)

Silent
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Figure 3-27 Main control component

Valve control system (UC02): This component provides a real-time dynamic schematic for the
evaporator valve system. It visualizes the operational status and speed of the compressor, which are
the basic inputs for the control logic. The logic is split according to the control mode of the system.

1. In AUTO mode, the valve icons are rendered as read-only display elements, providing a passive
view of the automated actions of the backend while the logic in the backends handles the
opening and the closing of the valves.

2. If user switches to MANUAL mode, the component's state changes (both visually and
functionally), and the valve icons appear as interactive buttons. Each click sends a command
to the backend to immediately queue for a Modbus write operation for that specific valve.
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Figure 3-28 Valve control system component

Energy calculation engine: This is a powerful data processing pipeline on the client’s side. Every 30-
second when refreshing data from the backend, this component synthesizes data from three different
sources: 1) multiple temperature and pressure values extracted from the main HP data object, 2) the
latest mass flow rate value from the ultrasonic sensor data object, and 3) thermodynamic properties
(like enthalpy at a given temperature and pressure) which are calculated by performing a nearest-
neighbor lookup on a large, pre-parsed in-memory data structure derived from the R290 properties
dataset. Then a series of complex thermodynamic equations will be executed at the back end (as
defined in the project's RTF document) to calculate and display the seven key performance indicators
for this pipeline.
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Ultrasonic Flow Meter Data
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Figure 3-29 Energy calculation engine component

The Smart-Pumps dashboard has been designed with transparency and clarity of the user data and
user inputs in mind. It groups related needs into big Ul components such as HP operation, valve
management, system configuration and monitoring. Each component supports specific user actions
and clearly separates user controls from system feedback.

The user story map, as seen in Figure 3-30, organizes Smart-Pumps around the high-level goals of its
different user types. It groups related needs into epics - such as HP operation, valve management,
system configuration, and monitoring - each supported by clear user activities and essential
functionalities. The mapping stays intentionally high-level to avoid replicating use case details,
focusing instead on value: comfort control, energy efficiency, installation tuning, and operational
visibility. This provides a strategic blueprint that links user motivations to core system capabilities,
ensuring the product addresses real-world needs in a structured, scalable way.

The Smart-Pumps use cases in the following Figure 3-31 - Figure 3-33 describe exactly how users
interact with the system to perform Each use case follows a clear alternation between actor and
system actions, showing how users adjust HP modes, manage DHW behaviour, configure valves, and
edit system registers. They main decision logic is behind features such as tariff optimization, demand
flexibility signals, and DHW temperature thresholds, ensuring the system’s automated responses are
transparent and traceable. The use cases ultimately show how user inputs trigger intelligent system
behaviours, with each workflow ending in a synchronized dashboard update.

This project has received funding from the European Union’s research and innovation programme Horizon Europe under the grant
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Figure 3-30 User story mapping
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Use Case D uco1

Use Case Title

Goals

Actors

Description

Trigger

Preconditions

Outcome

Normal Flow

Alternative Flows

Exceptions

-
(=1

Set Heat Pump Mode

Configure and control the eperational mode of the heat pump system,
including temperature behavior, tariff optimization, demand flexibility,
and domestic hot water (DHW) automation.

SmartPump User

This use case allows the user to configure the SmartPump’s operation
through the dashhoard. The user can select between heating or cooling
modes, choose the operational sub-mode (Normal, Silent, Boost), and
optionally enable Domestic Hot Water (DHW), Tariff Optimization, and
Demand Flexibility.

The system automatically manages temperature and operational states
according to the user’s configuration, sensor data, and external
demand/tariff signals. Tariff Optimization always takes precedence
over Demand Flexibility and DHW. The process concludes when the
user saves changes, prompting the sy to update all regi: s and
refresh the navbar.

User is not satisfied or wants to change their current configuration.

User is logged into the SmartPump system,

Communication with the heat pump controller is active.

Sensor data (e.g. BAA15) are accessible and registers (eg.DHW
Temp Set) are set.

System updates operational parameters based on selected
configurations.
Navbar and dashboard reflect the latest status and timestamp.

-

. Actor opens the Heat Pump Mede Control section on the dashboard.
. System displays current operational mode and available options
(Heat, Cool, Off).
. Actor selects Primary Mode — Heat or Cool, then selects Secondary
Mode —Normal, Silent, or Boost.
. System highlights the selected options and enables feature toggles.
. Actor enables Domestic Hot Water (DHW) if desired.
. System activates DHW monitoring and compares BAA15 (Tank
Temperature) with DHW Temp Set (Set Temperature).
« If BAA15 < DHW Temp Set > DHW scenario activates according
to selected mode (Normal/Silent/Boost).
« IFBAAI15 = DHW Temp Set + 2 - System exits DHW mode and
returns to the selected main mode.

N

w

N

[ %]

7. Actor optionally enables Tariff Optimization and clicks on configure
button.

8. Sy lisplays a fig ion modal with 24 one-hour time
blocks.

©

. Actor selects low-tariff hours and clicks “Save Tariffs."
. System saves the tariff schedule and confirms activation of tariff-
based control logic.

11. Actor optionally enables Demand Flexibility.
12. System prepares to receive hourly demand signals (-1, 0, +1) and

adjusts operation accordingly:
« If 0 % No change.
« If +10r -1 > Temperature setpoints adjust depending on mode
{Heat or Cool).
«+ (See Excel file for detailed adjustment logic.)

13. Actor reviews all settings and clicks “Save Changes.”
14. Sy i confi ion, writes data to registers, applies

operational changes, and refreshes the navbar with the latest
update timestamp.

Alternative flow #1
6. Tariff Optimization overrides DHW behavior when active.

Alternative flow #2
12. Tariff Optimization always takes precedence.

Figure 3-31 Use case 01 - Set HP mode
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Use Case ID ucoz

Use Case Title Configure Valve Control System

Goals Allow the user to manage valve operation by selecting between manual
and automatic control modes, adjusting valve states, and configuring
valve register addresses.

Actors SmartPump User

Description This use case enables the user to configure how the SmartPump
system controls its valves. The user can set the Control Mode to either
Manual or Automatic.

« In Manual Mode, the user directly toggles valve states (ON/OFF) and
can modify valve register addresses via the configuration modal.

« In Automatic Mecde, the system adjusts valve states automatically
based on compressor status and speed feedback, according to the
control logic shown in the valve diagram.

The configuration is finalized when the user saves changes, after which
the system updates the settings and refreshes the dashboard (navbar).

Trigger The user needs to adjust how valves are controlled.

Preconditions « Useris logged into the SmartPump dashboard.
» System communication with compressor and valves is active.
« Register data is available and writable.

Qutcome « Valve control mode and configuration are updated.
« Navbar reflects the latest update timestamp.

Normal Flow 1. Actor opens the Valve Control System section.
2, System displays current control mode (Manual or Automatic) and
valve states.
3. Actor selects Control Mode — Manual or Automatic.
4. System highlights the selected mode and displays relevant interface
options.
5. Actor (if Manual Mode):
« Clicks onindividual Valve Cards to toggle ON/OFF states.
6. System updates valve status indicators in real time.
7. Actor clicks “Configure Registers.”
8. System opens a configuration modal with editable input fields for
each Valve Register Address.
9. Actor edits register addresses as needed and clicks "Save
Configuration.”
10. System validates input, saves new register configuration, and
displays confirmation.
11. Actor (if Automatic Mode selected instead):
« Confirms automatic control activation.
1. System applies the following logic based on compressor data:
« If Compressor Status = OFF - All Valve Registers (1-5) = ON.
« If Compressor Status = ON:
+ <20% Speed > Valves 1-5 = ON,
« =220% &< 40% Speed > Valves 2,3 = ON; 1,4,5 = OFF.
« =40% & < 60% Speed -> Valves 2,3,4 = ON; 1,5 = OFF.
+ 260% & < 80% Speed - Valves 1,2,3,4 = ON; 5 = OFF.
+ = 80% Speed = All Valves 1-5 = ON.
2. Actor clicks “Save Changes.”
3. System stores the selected mocdle, updates the valve states, and
refreshes the navbar with the latest timestamp.

Alternative Flows -

Exceptions -

Figure 3-6 Use case 02 - Configure valve control system
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Use Case ID uco3

Use Case Title Configure System Registers

Goals Allow the user (typically an installer) to view and modify register values
that define operational parameters of the SmartPump system.

Actors SmartPump User (Installer or Advanced User)

Description This use case enables the user to access the Registers section, where
they can review and adjust configuration values such as control
setpoints, compressor settings, and sensor calibration parameters.
Most registers are pre-configured by the installer during system setup,
but users can modify writable fields if operational adjustments are
needed.

After making changes, the user saves the configuration, prompting the
system to update the corresponding registers and refresh the
dashboard to reflect the new state.

Trigger The installer or user identifies a need to review or modify system
register values to adjust performance parameters or correct
configuration issues.

Preconditions « User is logged into the SmartPump system.
» System communication with registers is active.
» Writable registers are unlocked for modification.

Outcome « Register values are updated successfully.
« Navbar and dashboard reflect the latest timestamp and
configuration status.

Normal Flow 1. Actor navigates to the Registers section of the dashboard.

. System displays grouped register categories (e.g., Control/
Setpoints, Compressor, General, Sensors 1/0).

. Actor selects a register group and edits the desired writable values.

. System validates input ranges and highlights any invalid entries.

. Actor clicks “Save Changes.”

. System writes new values to the corresponding registers, updates
the configuration, and refreshes the navbar with the latest update
timestamp.

N

O g h W

Alternative Flows -

Exceptions -

Figure 3-33 Use case 03 - Configure system registers
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The Ul design of Smart-Pumps, as seen in Figure 3-30, is organized into functional sections that reflect
the main operational domains that are defined as follows:

vk wNE

6.

HP mode control
DHW settings

Valve behaviour

Flow meter data
Register configuration
System status

Each item is visually grouped and clearly labelled so that users can easily navigate between control

actions and informational displays.

The dashboard shows feedback in real time. While modals and configuration panels allow deeper
configurations without overwhelming the main interface. This structure ensures that the complex
system logic remains accessible and intuitive while allowing both casual users and installers to interact

with the system with confidence.
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3.4. Control and automation scenarios

The intelligence of the Smart-Pumps platform is not scattered, but implemented within a central
automation mechanism, which operates hierarchically and is based on the status of the system. This
custom-made engine translates high-level user goals (such as modes and desires) and other external
environmental conditions (e.g. valve control flow) into the specific low-level Modbus write commands
required to configure the HP from the controller.

Scenario-based state machine

The system operates as a state declaration machine. The behavior for each potential operational state
is defined in a "scenario" within a central JSON configuration file. This declarative approach is a key
architectural choice, as it decouples the control logic (the "how") from the control definitions (the
"what"). This means that system behavior can be adjusted or new scenarios added simply by editing
the JSON file, without requiring a new software deployment.

Hierarchical control logic and evaluation flow

The automation engine mentioned above follows a strict priority. It maintains a hierarchy to decide
which scenario to apply, ensuring predictable and safe operation.

The evaluation for the state decision triggered every state change and it also runs periodically to
ensure the system self-corrects to the most appropriate state in case of connectivity issues (or any
other issues for that matter).

The evaluation process is as follows:

This project has received funding from the European Union’s research and innovation programme Horizon Europe under the grant
agreement No. 101147440. This document reflects only the author’s view, and the Commission is not responsible for any use that may be
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Figure 3-8 Basic mode selection flow chart
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Safety override: The "OFF" mode is checked first. This is a programmed and non-negotiable override.
External automated triggers: The engine then evaluates the high-priority intelligent features.

Demand flexibility has the highest priority. If enabled, the engine checks a simulated (for the time
being) signal of -1,0, and 1 value. If the signal is non-neutral (increase = lor decrease = -1), the
corresponding "Demand Flexibility" scenario is selected, and the evaluation stops. If the signal is
neutral=0, the engine proceeds to check Tariff Optimization. If enabled, the engine checks the current
time against a pre-defined schedule from the user. If it falls within a low-tariff window, the "Tariff
Optimization" scenario is selected, and the evaluation stops.

User-defined state: If no other higher priority conditions are met (as mentioned above), the system
defaults to the user's manually configured state from the Ul. It selects the scenario and applies the
corresponding one to the user-selected base mode (Normal, Silent, or Boost) and the current DHW
heating requirement.

Stability and reliability mechanisms
To ensure smooth, reliable, and mechanically sound operation, the automation engine incorporates
two classic control system techniques:

e Debouncing: Any scenario changes automatically triggered by the smart features is subject to
a 2-minute debounce timer. This is a software timer that prevents the system from reacting
to brief fluctuations in its inputs. The change is only committed if the triggering condition
persists for the entire 2-minute duration.

e Hysteresis: For DHW temperature control, a 2°C delay band is applied around the temperature
setpoint. This creates a "deadband" where the system will not change state, preventing the
rapid on/off cycling of the compressor that would otherwise occur if the temperature
remained exactly at the setpoint, thus reducing mechanical wear and improving efficiency.

Dedicated automated valve control sub-system

This is a specialized, highly reliable control loop that runs independently of the main scenario engine.
Its logic is directly linked to the physical safety and efficiency of the refrigerant cycle. Every 10 minutes,
it reads the compressor's operational speed in real time and deterministically applies the control logic
from the system's valve flowchart, queuing write commands to adjust the five evaporator valves. This
separation is architecturally significant. This is because while the main operational mode might be
subject to a 2-minute debounce, the valves must react much more quickly to changes in compressor
speed to prevent damage and maintain thermodynamic efficiency. This special loop ensures that the
physical integrity of the system is always maintained, regardless of the high-level operational state.

This project has received funding from the European Union’s research and innovation programme Horizon Europe under the grant
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Figure 3-9 Valve automatic control system flow chart
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4. Ethical Data Governance

In the experiments with ultrasonic measurements that have been presented, the data collection and
the development of the ML model involve physical measurements of the refrigerant in a controlled
laboratory environment. There is no involvement of human subjects, personal information, or socially
sensitive data. The experimental dataset consists entirely of acoustic wave propagation
measurements, temperature and pressure measurements, and mass flow and density values from
instrumentation monitoring the refrigerant phase. There are involved no personal information,
demographic data, biometric information, or any data related to individuals at any stage of the
experimentation or model training process. The utilized sensors and devices record only physical
properties of the gas-liquid mixture, giving numerical data that represents material characteristics,
and not information regarding people, communities, or protected groups.

Therefore, this research does not raise environmental concerns beyond the standard laboratory safety
protocols for the refrigerant, requires no special usability considerations for vulnerable populations,
presents no social implications for fairness or discrimination, involves no privacy risks since no
personal data exists in the dataset, and poses no ethical governance challenges related to data
collection, consent, or algorithmic bias.

The ML models are trained on thermodynamic and acoustic measurements for predicting physical
properties of the refrigerant mixtures for HP applications. This is a technical engineering attempt
focused on sensor calibration and measurement accuracy, and not a data-driven application with
potential impact on society. The laboratory safety protocols and equipment handling procedures are
sufficient measures for this type of research without requiring additional ethical and privacy
safeguards, or data governance frameworks beyond just the data integrity, and ensuring
reproducibility of scientific results.
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5. Summary - Conclusions

A new ultrasonic sensor for real-time measurement of CO, two-phase flow properties in HPs has been
developed and validated through controlled laboratory experiments. It should be stated again that
CO, is the auxiliary gas, not the main one which is the propane. The sensor has been made by CERTH
from scratch, and not by using an existing commercial solution. The methodology employs through-
transmission ultrasonics with multiple ultrasonic transducers to capture the acoustic pattern of
refrigerant mixtures. The experimental framework initially employs a static CO, bottle testing instead
of propane because of safety reasons.

Afterwards, dynamic flow circuit measurements at -15°C to -25°C take place, in a fully designed
refrigerant circuit using in-house and off-the-shelf sensors. The use of reference instruments, like a
Coriolis meter for the mass flow and density validation, provides the necessary data for the ML
models. The modular hardware and software architecture enables adaptation to field conditions. The
basic acoustic physics works the same way in both laboratory and field conditions, so the lab-validated
approach will transfer to real HPs, with the ML calibration system fine-tuned based on real operational
data.

The system’s intelligence is based on its advanced ML pipeline that converts multi-modal sensor data
into a unified inference framework to predict flow rate, quality, and density with high accuracy and
built-in confidence metrics. The innovation is in the transformation of complex time-frequency
characteristics from four ultrasonic channels into scalograms, which are stacked with temperature
and pressure data to form six-channel input tensors for deep learning architectures. The ensemble
approach employs SVR, CNN regressors, ResNet-18/34/50, and EfficientNet-BO/B1 variations, and
provides robustness in model changes. This data-driven calibration strategy presents superior
performance over empirical correlations.

The methodology utilizes both laboratory validation and practical deployment in modular
architecture. In this, the learning mode provides the ground truth with the reference instruments. In
the inference mode, the ultrasonic, temperature, and pressure sensors are utilized, and there is no
interference of the models with the HPs. The system's ability to detect when operating conditions
exceed the trained envelope through declining confidence scores, gives inherent self-diagnostic
capability and the REST API enables flawless communication with the HP control systems. The whole
architecture is adaptable, enabling the addition of new refrigerants and operating ranges with suitable
calibration. More models can also be added in the future with diagnostic features and control
integrations.

The originality of the proposed HP system lies in the fact that the system's parts and processes work
together in a way that is very different from just using the equipment that is already there. Micro-
SHM and AEwin are both general AE measurement platforms, but they do not give ultrasonic
refrigerant state assessment on their own. The specific use of the ultrasonic sources with discrete
frequencies, the construction of six-channel scalogram images that include temperature and pressure,
and the use of a model ensemble to infer flow, quality, and density, form a unique and innovative
solution.

Moreover, the idea of doing a full learning/calibration process for each refrigerant medium, using a
Coriolis meter to create a labeled data space, and then moving the trained models to any similar HP
that only needs the clamp-on ultrasonic system is not a product that is already available. It allows
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utilizing the same hardware platform for different refrigerants and installations. Each new medium
merely needs its own calibration campaign. Of course, the Coriolis meter is only needed for the
calibration process and not for the final HP.

Another new thing is the combination of smart actuation, smart sensing, and connectivity. The
developed ultrasonic sensor does not just monitor ultrasonic amplitudes; it also controls its own
excitation patterns, combines multi-channel time-frequency data with thermodynamic parameters,
and sends the results over normal web interfaces. This changes the gadget from a simple measuring
tool to a smart, software-defined instrument that may be used in advanced control schemes.

A comprehensive loT software ecosystem was developed, with a sophisticated architectural design for
edge computing, cloud infrastructure, and user interface layers. The dual-component architecture
achieves a clear separation of concerns between real-time hardware control and business logic. The
system's intelligence is represented in a hierarchical, scenario-based automation engine that
processes demand flexibility signals, tariff optimization schedules, and user preferences in a
deterministic priority flow. The platform integrates multiple data sources through hybrid
communication strategies and employs advanced data management. Also, it delivers a reactive
React-based dashboard that provides real-time monitoring and control. The architecture's modularity
ensures long-term maintainability and extensibility. Furthermore, stability mechanisms like 2-minute
debouncing and 2°C hysteresis bands prevent mechanical wear and ensure smooth operation under
varying conditions.

In the new smart HPs, the ML model is trained using a Coriolis meter as a reference device during the
calibration phase, and the acoustic pattern of the refrigerant is learned in the operating range of
temperatures and pressures. Afterwards, the trained models provide the dashboard, through a REST
API, with real-time flow rate, quality, density values and mean confidence level. At this point, the
expensive Coriolis meter is no more needed. A technician can use the dashboard to commission a new
HP installation and verify the liquid and vapor conditions. For a new refrigerant, the ML model can be
trained on the medium's acoustic pattern, and the new model weights can be applied to any
compatible HP. Therefore, the same ultrasonic system becomes a universal refrigerant
characterization tool.

The information presented forms the foundation for future design, development, and manufacturing
strategies in subsequent technical work packages of the Smart-Pumps project (WP3 & WP4).
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Figure 5-1 The ML contribution to the smart HPs
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APPENDICES

Appendix A: Sensors and Micro SHM key system specifications

Mistras Micro SHM system

The acquisition parameters are the Threshold, Analogue filter, Sampling rate, Pre-trigger, Length, Hit
Definition Time (HDT), Hit Lockout Time (HLT), Peak Definition Time (PDT) and Maximum Duration.
These parameter are as follows [24]:

Number of channels: 4

Threshold - A main variable that controls the system sensitivity. An AE signal will be recorded only if
its amplitude exceeds the Threshold value: 40 dB

Analogue Filter - Sets the low pass and the high pass frequency for each channel: 20 kHz — 1 MHz
Sample Rate - The rate at which the data acquisition board records a signal per second. For example,
a sample rate of 10Msps means that 10 waveform samples are taken every 10pusec: 2 Ms/s / channel
Pre-Trigger - Time period in which the AE system records before the threshold is exceeded: 250 ps
Length - Determines the maximum number of samples collected for each waveform: 15k

Hit Waveform length - 15k samples/hit

Hit Definition Time (HDT) - Determines the time used to measure and terminate a signal. It has a re-
triggerable function, as it is determined by each threshold crossing. The acquisition stops when an
amount equal to the HDT has elapsed without any threshold crossings: 800 us

Hit Lockout Time (HLT) - Determines a “dead time” after the end of a hit recording where any threshold
crossings are ignored. It is common practice for the HLT to be equal to the PDT: 800 ps

Peak Definition Time (PDT) - Determines the time period between the first threshold crossing and the
peak of the signal at the maximum amplitude: 400 ps

Maximum Duration - The maximum allowable duration of a signal which continuously stays above the
threshold due to noise or high AE activity: 100 ms

Power over Ethernet (indoor): 24 — 57 V

AC Power (outdoor): 110/220 V

DC Power (outdoor): 9-36V

Wireless Communication: WiFi

IL-LP preamplifiers

Frequency response: 15 — 240 kHz and 50 — 770 kHz
Gain: 26 dB

Connection type: BNC connection

Power connection: Signal SMA connection

Power requirement: 5 -9V DC

Operating Current: 5 mA

Physical Acoustics PK151 — 150 kHz sensor
Operating frequency: 100 — 450 kHz
Resonant frequency: 150 kHz

Peak sensitivity: -36 dB (V/ubar)
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Connection type: SMA to BNC
Diameter: 2.06 cm

Height: 2.7 cm

Weight: 51 grams

Physical Acoustics R15a
Operating frequency: 50 — 400 kHz
Resonant frequency: 150 kHz
Peak sensitivity: -63 dB (V/ubar)
Connection type: SMA

Diameter: 1.9 cm

Height: 2.24 cm

Weight: 34 grams

G150 AE Sensor

Resonant Freq. Ref V//(m/s): 150kHz
Frequency Range: 60kHz-400kHz
Sensitivity Peak Ref V//(m/s): >75dB
Working Temperature: -20 to 120°C
Size (DxH): 19x15mm

Weight: 23g

Case Material: SUS-304

Face Material: Ceramic

Protecting Grade: 1P62

Connector: M5

Connector Location: Side

Signal cable model: RG178/RG316
Hold-down: M20

Preamplifier: PAS/PAV

Qawrums SCAL2 handheld specifications

Settable parameters: Waveform type, Amplitude, Frequency, Signal transmission rate, Gain, Threshold
Signal waveform: AE double exponential envelope, AE triangular envelope, Impulse sine wave,
Continuous sine wave, Signal impulse wave

Signal amplitude of the sine wave: 30 dB — 100 dB

Signal amplitude of the AE waveform: 30 dB — 90 dB

Signal frequency of the continuous sine wave: 10 kHz~1 MHz

Signal frequency of AE waveform: 30 kHz, 60 kHz, 150 kHz, 300 kHz

AE characteristic parameter: Rise time, Duration, Counts

Signal transmission rate: 1 pps, 10 pps, 100 pps, 1000 pps, manual control

Preamplifier gain: 0 dB, 26 dB, 40 dB

Battery powered and more than 10h of independent continuous working time

Connector type: BNC
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Working temperature: 0~40°C
Avoid external electromagnetic interference
Colorful screen, resolution ratio 320 x 240

Badger meter RCT1000 Coriolis flow meter (RCT1000/RCS018)
Flow range: 0 to 544 kg/hr (or 544 |/h)

Nominal line / pipe size: 1/2 in. (with 3/16 in. equivalent pipe size)
Two flow tubes

Accuracy / Uncertainty

Mass flow: £0.2% of reading + 0.05% of full scale
Density: +0.002 g/cm3

Repeatability: £0.05% of reading + zero stability
Zero stability: £0.05% of full scale

Max allowable pressure: 19 bar

Temperature range (fluid) general safety: —40 to 200°C

Wetted material: 316L stainless steel

Process connections: NPT/Class 150 flange/Class 300 flange/DN PN40/Tri-clamp
Dimensions (Sensor Only): length: 346 mm / height: 180 mm / width: 113 mm
Weight: 6.8 kg

Danfoss pressure transmitter type MBS3000

Pressure ranges: 0—30 bar

Accuracy (incl. non-linearity, hysteresis, repeatability): < +0.5% FS (typ.), < +1% FS (max.)
Non-linearity (BFSL): < +0.2% FS

Hysteresis and repeatability: < £0.1% FS

Thermal zero point shift: < £0.1% FS / 10 K (typ.)

Thermal sensitivity shift: < £0.1% FS / 10 K (typ.)

Response time for liquids (<100 cSt): < 4 ms

Durability: > 10 million cycles (10-90% FS)

Output signal options: 4—20 mA; 0-5 V; 1-5V; 1-6 V; 0-10 V; 1-10 V; Ratiometric 10-90% of supply
Supply voltage: 9-32 V DC (mA & low-voltage outputs); 15-32 V DC (0-10 V); 4.5-5.5V DC
Current consumption: < 5-8 mA

Load: RL< (UB-9V)/0.02 A (mA output); RL = 10-15 kQ (voltage outputs)

Supply voltage dependency: < 0.1% FS / 10 V (mA), < 0.05% FS / 10 V (voltage)

Sensor operating temperature: —40 to 85°C

Media temperature: —40 to 85°C

Storage/transport temperature: —50 to 85°C

EMC emission: EN 61000-6-3

EMC immunity: EN 61000-6-2

Vibration resistance: 20 g (25 Hz—2 kHz), 15.9 mm-pp (5-25 Hz), 7.5 grms random

Shock resistance: 500 g / 1 ms

Enclosure protection: IP65 to IP69 (depending on connector)
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Wetted and housing material: AlSI 316L stainless steel
Weight: 0.2—0.3 kg depending on configuration
Electrical connection: EN 175301-803-A, M12, AMP, Bayonet ISO 15170, flying leads, and others.

JUMO temperature sensor Vibro screw-in RTD Pt1000

Temperature range: -50 to +270 °C (temporarily up to 300 °C)

Measuring insert: Pt1000 temperature sensor according to DIN EN 60751:2009 / IEC 60751:2008
Tolerance class: Class B (standard) or Class A

Circuit: Two-wire circuit (standard)

Process connection: Thread M14 x 1.5 (standard)

Protection tube material: Stainless steel (CrNi) or brass (CuZn)

Protection tube diameter: @ 7.5 mm stepped down to @ 4 mm

Insertion length: 29 mm (standard)

Response time t0.5: 1.2 s (in water at 0.4 m/s flow, @ 4 mm)

Response time t0.9: 6 s (in water at 0.4 m/s flow, @ 4 mm)

Vibration frequency range: 10 to 3000 Hz

Acceleration: upto30g

Shock resistance: up to 100 g/5 ms

Protection type: IP67/IP69 according to DIN EN 60529 (IP69K according to DIN 40050)
Connector type 902040/10: AMP plug connector (Junior Power Timer), IP67
Connector type 902040/12: Machine connector M12 x 1, IP67

Connector type 902040/15: Bayonet connector according to DIN 72585, IP69/1P69K
Connector type 902040/17: Bosch compact connector 1.1, IP69/IP69K

PR Electronics 5714A programmable LED indicator

Display type: 4-digit 14-segment LED display

Digit height: 13.8 mm

Display readout: -1999...9999 with programmable decimal point

Display updating: 2.2 times / s

Input types: mA, V, Ohm, RTD, TC and potentiometer

RTD types: Pt10/20/50/100/200/250/300/400/500/1000; Ni50/100/120/1000; Cu10/20/50/100
Thermocouple types: B, E,J,K,L,N, R, S, T, U, W3, W5, LR

Current input range: 0...23 mA (programmable 0...20 and 4...20 mA)

Voltage input range: 0...12 VDC (programmable 0/0.2...1; 0/2...10 VDC)

Linear resistance range: 0 Q...10000 Q

Potentiometer range: 10 Q...100 kQ

Relay outputs: 2 relays

Relay max voltage: 250 VAC / VDC

Relay max current: 2 A

Relay max AC power: 500 VA

Analog output: Current output 0...23 mA (programmable 0...20/4...20/20...0/20...4 mA)
Supply voltage: 21.6...253 VAC, 50...60 Hz or 19.2...300 VDC (universal)

Max. required power: 2.5 W
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Internal power dissipation: 2.2 W

Dimensions (HxWxD): 48 x 96 x 120 mm

Weight: approx. 230 g

Operating temperature: -20°C to +60°C

Relative humidity: < 95% RH (non-condensing)

Protection degree: IP65 / Type 4X (when mounted in panel)
Isolation voltage: 2.3 kVAC test / 250 VAC working
Response time (temperature input): 1...60 s (programmable)
Response time (mA/V input): 0.4...60 s (programmable)
Accuracy: Better than 0.1% of selected range

Programming: Front key programmable

Help texts: Available in eight languages

Approvals: EMC 2014/30/EU, LVD 2014/35/EU, RoHS 2011/65/EU, UL 508 / C22.2 no. 14, DNV-GL
Marine

JUMO Quantrol LC100 programmable LED indicator

Format: 48 mm x 48 mm

Display type: Two 7-segment LED displays (red/green)

Upper display digit height: 10 mm (red)

Lower display digit height: 7 mm (green)

Display range: -1999 to 9999

Decimal places: 0, 1, or 2 (configurable)

Controller types: Two-state controller, three-state controller, continuous controller
Controller structures: P/PI/PD/PID

Analog input: Universal (RTD, thermocouple, current/voltage)
Thermocouple types: L, ), T, K, E, N, S, R (EN 60584)

Thermocouple measuring range: -200 to +1768 °C (depending on type)
RTD measuring range: -200 to +650 °C

RTD connection: 2-wire or 3-wire

KTY sensors: R25 = 1000 Q (-50 to +150 °C), R25 = 2000 Q (-50 to +80 °C)
Voltage input: 0 to 10 V, input resistance > 650 kQ

Current input: 0(4) to 20 mA, voltage drop >2.2 V

Measuring accuracy: < 0.4 % (RTD and thermocouple), < 0.4 % (voltage/current)
Binary input: For potential-free contact

Relay outputs: 1 standard (N/O contact), up to 3 additional (optional)
Relay contact rating: Max. 3 A at 230 V AC resistive load

Relay contact life: 150,000 operations at nominal load

Logic outputs: Optional, 0/14V / 20mA max.

Analog output: Optional, 0 to 10 V or 0(4) to 20 mA

Sampling rate: 250 ms

A/D converter: 16-bit resolution

Controller accuracy: 0.8 % + 10 ppm/K £ 250 ms

Self-optimization: Autotuning (oscillation method)
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RS485 interface: Optional, Modbus RTU protocol

Baud rate: 9600, 19200

Setup interface: USB Mini-B 5-pole

Voltage supply option 1: AC 110 to 240V +10/-15 %, 48 to 63Hz

Voltage supply option 2: AC/DC 20 to 30V, 48 to 63Hz

Power consumption: Max. 14 VA

Panel cut-out: 45 mm x 45 mm

Depth behind panel: Max. 95 mm

Weight: Approx. 150 g (fully fitted)

Protection class: IP 65 (front), IP 20 (rear)

Operating temperature: -5 to +55 °C

Storage temperature: -40 to +70 °C

Relative humidity: < 90 % annual average, without condensation

Approvals: UL 61010-1, CAN/CSA C22.2 No. 61010-1, EMC: Acc. to DIN EN 61326-1
Special features: Ramp function, timer function, firing curve for pottery kilns
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Appendix B: Cloud backend REST and data models

Cloud Backend REST API Specification
The cloud backend exposes a comprehensive RESTful APl over HTTPS, serving as the central
communication hub for the entire system. All data is exchanged in JSON format.

e Data endpoints

o GET /api/data: Retrieves a time-series of the most recent HP register readings. Used
by the frontend to populate the dashboard.

e POST /api/data: The data ingestion endpoint used by the edge controller to upload a
complete, timestamped snapshot of all polled register values.

e GET /api/ultrasonic-sensor-data: Retrieves the latest data polled from the external
ultrasonic flow meter API.

e Command and control endpoints

e GET /api/commands/pending: A dedicated endpoint for the edge controller. It returns
an array of pending write commands from the database queue for a specific device
ID.

e POST /api/commands/complete: Used by the edge controller to update the status of
a command to "completed" or "failed" after an execution attempt.

e POST /api/command: A generic endpoint used by the frontend to queue a single,
direct write command for any specified register.

¢ Business logic endpoints

e GET /api/mode/status: Returns a single JSON object representing the complete
current state of the operational mode, including primary/secondary modes and the
status of all intelligent features.

e POST /api/mode: The primary endpoint for initiating a mode change. The request
body contains the user's desired operational state.

e POST /api/mode/features: Toggles the enabled status of intelligent features like Tariff
Optimization and Demand Flexibility.

e GET /api/valve-status: Returns a JSON object with the complete state of the smart
valving system, including its mode (AUTO/MANUAL) and real-time valve/compressor
status.

e POST /api/valve-control: Used to switch between AUTO and MANUAL valve control or
to manually actuate a specific valve.

e POST /api/valve-config: An administrative endpoint for updating the Modbus address
mappings for the valve hardware.

Core data models

The system's operation is governed by a set of well-defined data models.

eRegister data model: This is a master JSON object that acts as a schema for all HP
communication. Each key is a Modbus address, and the value is an object containing
metadata essential for communication and interpretation:
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e csv_address, modbus_address: The display and protocol addresses.
e label, description, unit: Human-readable information for the UL.
e type: The specificdata type (e.g., REAL, INT, Enum_RunModeHP) used by the
decoding engine.
e read_write: Permissions (r or rw).
e group: A category for organizing registers in the Ul.
e Automation scenario model: This is a JSON array where each object defines an operational
scenario. It contains:
e no: A unique scenario identifier (e.g., "3c").
e name: A human-readable name (e.g., "Silent Mode DHW").

e values: A key-value map where each key is a Modbus address and the value is the
specific state that register should be set to for this scenario.

Database schemas

The MongoDB database is organized into several collections with specific purposes:

e pumpData / ultrasonicSensorData: These are capped collections used for high-throughput,
transient storage of time-series data. They automatically discard the oldest records,
ensuring constant database size and high performance for real-time monitoring.

ecommands: A standard collection that functions as a FIFO (First-In, First-Out) queue for
pending write operations. Each document contains the target address, value, and a status
field (pending, completed, failed).

e modeStatus / valveControl / valveConfig: These are standard collections used for
persistent state management. Each contains a single document that acts as the "source of

truth" for the system's configuration. They are read on startup and updated atomically on
any configuration change.

Simulation results

The edge controller's integrated simulation mode is a critical feature for development, testing, and
validation without requiring physical hardware.

e Edge controller simulation mode: When the ENVIRONMENT variable is set to development,
the controller's Modbus client is bypassed. Instead of making serial port calls,
the read_register function calls an internal generate_random_value function. This function
uses the metadata from the register model to generate realistic, type-aware random data
(e.g., a plausible temperature for a REAL register with units of °C, a 0 or 1 for a BOOL).
Write operations are logged to the console as "Simulated write" but are not physically
executed.

eSample simulated data payload: The following is an example of the JSON payload the
simulated edge controller would send to the cloud backend. Note the realistic values and
the inclusion of all required metadata.
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Sensor data integration

¢ Ultrasonic sensor APl integration: The system is designed for modular sensor integration. The
cloud backend contains a dedicated service that acts as an APl client. On a
scheduled interval, this service makes an outbound HTTPS GET request to the pre-
configured URL for the ultrasonic sensor's API. It expects a JSON response containing, at
minimum, a mass_flow_rate field. This data is then stored in its own database collection,
decoupling it from the main HP data stream.

e Refrigerant property data: For advanced thermodynamic calculations, the system uses a large
dataset of R290 refrigerant properties, stored as a CSV file accessible by the application.
This file acts as a local, high-speed lookup table. When the energy calculation engine needs
to determine a property like enthalpy at a given temperature and pressure, it performs a
nearest-neighbor search on the dataset to find the closest matching values. This method
provides the necessary data for calculations like superheat without requiring complex real-
time thermodynamic modeling.
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