
 

MINISTRY OF EDUCATION AND SCIENCE OF UKRAINE 

NATIONAL AVIATION UNIVERSITY 

FACULTY OF AIR NAVIGATION, ELECTRONICS AND TELECOMMUNICATIONS 

DEPARTMENT OF AVIONICS 

 

APPROVED 

Head of the department 

________Yu.V.Hryshchenko 

‘___’___________2024 

 

 

QUALIFICATION PAPER 
 (EXPLANATORY NOTES) 

FOR THE DEGREE OF «BACHELOR» 

SPECIALITY 173 ‘AVIONICS’ 

 

Theme: 'Laser Hydrogen Fuel Flowmeter’ 

 

Done by: ___________AV-410 , Darabeh Karim Ihabovich_____ 
(student, group, surname, name, patronymic) 

 

Supervisor: ______PhD, As. Prof., O.V. Kozhokhina__________________ 
(scientific degree, academic rank, surname, name, patronymic) 

 

Standard controller:                                   ___________   V.V. Levkivskyi 
     (Signature)                       (surname, name, patronymic) 

 

 

 

 

 

  

 

 

 

 

Kyiv 2024  



 

NATIONAL AVIATION UNIVERSITY 

Faculty of Air Navigation, Electronics and Telecommunications  

Department of avionics 

Specialty 173 ‘Avionics’ 

 

 

                                       APPROVED 

Head of the department 

_________ Yu.V.Hryshchenko 

‘___’___________2024 

 

 

TASK  

for qualification paper 

 

 

Darabeh Karim Ihabovich 

Theme: 'Laser Hydrogen Fuel Flowmeter', approved by order 355/ст of the Rector of the 

National Aviation University of 13 March 2024.  

Duration of which is from 22 May 2024 to 30 June 2024.  

Input data of graduation work: a laser hydrogen fuel flowmeter is an advanced device that 

utilizes laser technology to accurately measure the flow rate of hydrogen fuel in aircraft 

systems. It represents a cutting-edge solution that reflects the industry's commitment - 

from engineers to manufacturers - to precision and efficiency in fuel management. The 

flowmeter's design prioritizes accuracy in practice, incorporating key elements such as 

laser optics, hydrogen fuel properties, sensor calibration, data processing algorithms, and 

integration with aircraft fuel systems.  

Content of explanatory notes: list of conditional terms and abbreviations, Introduction, 

Chapter 1: Principles of Laser-Based Flow Measurement, Chapter 2: Hydrogen Fuel 

Characteristics and Flowmeter Design, Chapter 4: Laser Hydrogen Fuel Flowmeter and 

Performance Analysis, References, Conclusions.  

The list of mandatory graphic materials: figures illustrating laser flowmeter components, 

charts showing hydrogen fuel flow rates under various conditions, and graphs depicting 

the accuracy comparison between laser and traditional flowmeters.. 

 

 

 

 

 



 

6. Planned schedule 

№ 

 
Task Duration 

Signature of 

supervisor 

1. 
Validate the rationale of the graduate 

work theme 
  

2. Carry out a literature review   

3. Develop the first chapter of the 

graduate work 
  

4. Develop the second chapter of the 

graduate work 
  

5. Develop the third chapter of the 

graduate work 
  

6. Tested for anti-plagiarism and obtained 

a review of the graduate work 
  

7. 
Preparation of presentation and report   

 

8. Date of assignment: ‘___ ‘ ___________ 2024 

Supervisor                                              _____________          O.V. Kozhonina 

The task took to perform                        _____________          K.I. Darabeh 

 (Signature) (surname, name, patronymic)  

 

 

 

 

 

 

 

  



 

ABSTRACT 

Explanatory notes to graduation work “Laser Hydrogen Fuel Flowmeter” contained 

pages, figures, graphs, and 7 references. 

 

Keywords: Hydrogen fuel, laser flowmeter, Raman scattering, fuel cells, energy 

transition, metrology, clean energy, sustainability, aviation, space exploration, air quality, 

energy security. 

 

The object of the research: the process of accurately measuring hydrogen fuel flow rates 

in various applications, including fuel cells, hydrogen vehicles, and space rocket engines, 

to optimize performance, ensure safety, and promote the widespread adoption of hydrogen 

as a clean energy source. 

 

The subject of the research: A novel Raman scattering-based laser flowmeter 

specifically designed for direct, non-intrusive measurement of hydrogen fuel flow, 

leveraging hydrogen's unique Raman shift signature (±4161 cm⁻¹) to provide 

unprecedented accuracy and reliability in hydrogen metrology. 

 

Purpose of graduation work: to develop and evaluate an innovative laser flowmeter for 

hydrogen fuel that utilizes Raman scattering technology, aiming to enhance the precision, 

safety, and efficiency of hydrogen flow measurements across diverse applications. This 

work seeks to contribute to the advancement of hydrogen energy technologies by 

providing a cutting-edge metrological solution that supports the transition to a more 

sustainable, environmentally friendly, and socially equitable energy future. 

 

Research Method: 

1. Literature review and analysis of current research on hydrogen fuel properties, 

production methods, safety considerations, and applications. 

2. Comparative study of various laser flowmeter technologies, including Doppler, 

Fizeau-Foucault effect, and special optical flowmeters. 



 

3. Design and theoretical modeling of a Raman scattering-based laser flowmeter for 

hydrogen. 

4. Collection and analysis of statistical data on the performance of different 

flowmeters in hydrogen fuel applications. 

5. Safety and environmental impact assessment of hydrogen technologies and the 

proposed flowmeter design. 

6. Interdisciplinary collaboration, combining knowledge from hydrogen physics, 

laser optics, spectroscopy, and safety engineering. 

 

Scientific novelty: 

1. Development of the first laser flowmeter that utilizes hydrogen's unique Raman 

scattering signature (±4161 cm⁻¹) for direct, non-intrusive flow measurement, eliminating 

the need for seeding particles. 

2. Integration of high-power Nd:YAG laser (532 nm) and specialized sapphire 

measurement cell for efficient Raman excitation and safe optical access in hydrogen 

environments. 

3. Implementation of high-sensitivity spectrometers and photomultiplier tubes 

(PMTs) for detecting weak Raman signals, enabling unprecedented accuracy in hydrogen 

flow measurement. 

4. Design of integrated safety features specific to hydrogen environments, setting a 

new standard for safe metrology in hydrogen applications. 

5. First flowmeter to offer simultaneous hydrogen flow rate and temperature 

determination using Raman scattering intensity and Stokes/anti-Stokes ratio analysis. 

6. Pioneering interdisciplinary approach that combines hydrogen physics, laser 

optics, Raman spectroscopy, and safety engineering to create an innovative solution 

surpassing capabilities of any single discipline. 

7. Comprehensive evaluation of the social and environmental impacts of hydrogen 

technologies alongside technical advancements, providing a holistic framework for 

sustainable energy transition. 
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INTRODUCTION 

Actuality. The global focus on reducing carbon emissions and transitioning towards 

sustainable energy sources has propelled the adoption of hydrogen as a clean and efficient 

fuel alternative. As the demand for hydrogen fuel continues to rise in various sectors such 

as transportation, energy production, and industrial processes, the need for accurate and 

reliable flow measurement technologies becomes increasingly crucial. In this context, the 

development and implementation of advanced flow measurement devices like the "Laser 

Hydrogen Fuel Flowmeter" play a vital role in optimizing hydrogen fuel systems, enhancing 

operational efficiency, and promoting environmental sustainability.  

The purpose of the work is addressing the pressing need for precision flow 

measurement solutions in hydrogen fuel applications by examining the performance and 

feasibility of the Laser Hydrogen Fuel Flowmeter. By conducting a detailed analysis and 

evaluation of this innovative technology, this research aims to contribute valuable insights 

to the ongoing efforts towards enhancing the reliability and accuracy of hydrogen flow 

measurements. 

 The object of the research - focuses on assessing the capabilities and limitations of 

the Laser Hydrogen Fuel Flowmeter in accurately measuring hydrogen flow rates under 

varying operational conditions. By examining the design characteristics, measurement 

accuracy, and operational considerations of this flow measurement device, the study aims 

to provide a comprehensive evaluation of its applicability in diverse hydrogen fuel systems.  

           The subject of the research - Laser Hydrogen Fuel Flowmeter as a novel flow 

measurement device specifically designed for hydrogen fuel applications. By investigating 

the design, working principles, and performance characteristics of this flowmeter, the study 

aims to provide a comprehensive understanding of its functionality and potential  

Research Method – collection and analysis of statistical data on the operation of flow 

meters 

          Scientific novelty - analysis of information about flow meters, their impact on the 

hydrogen industry. 

 

CHAPTER 1 



 

HYDROGEN FUEL 

 

1.1. General Information and Physical Properties of Hydrogen 

 Hydrogen, the most abundant element in the universe, plays a pivotal role as a 

versatile and sustainable energy carrier. With its colorless, odorless, and tasteless 

characteristics, hydrogen signifies a clean and eco-friendly alternative for various 

energy applications. At standard temperature and pressure, hydrogen takes the form 

of a diatomic molecule, consisting of two hydrogen atoms bonded together, denoted 

as H2. 

The unique physical properties of hydrogen contribute to its appeal as a fuel 

source. Featuring a remarkably low density and high energy content per unit mass, 

hydrogen exhibits excellent combustion characteristics, making it favorable for fuel 

cells, transportation systems, and industrial operations. Its clean combustion, 

producing only water and heat as byproducts, positions hydrogen as a green energy 

solution with significant potential for reducing carbon emissions and combating 

climate change. 

Moreover, the flammability of hydrogen, characterized by a low ignition 

energy and high combustion efficiency, underscores both its energy efficiency and 

safety considerations. Understanding the intricacies of hydrogen's physical properties, 

such as its energy density, chemical reactivity, and storage requirements, is essential 

for maximizing its utility across diverse energy sectors. 

Embracing hydrogen as a sustainable energy carrier entails a comprehensive 

grasp of its physical attributes and operational characteristics. By leveraging its clean 

energy potential and addressing safety protocols, hydrogen stands poised to 

revolutionize the global energy landscape and foster a more sustainable future for 

generations to come. 

 

 

 

1.2. Hydrogen Production 



 

The production of hydrogen is a crucial aspect of its integration into various 

energy systems and applications. Several methods are employed for hydrogen 

production, each with distinct advantages and limitations. Common techniques 

include steam methane reforming, electrolysis, biomass gasification, and thermal 

water splitting. 

Steam methane reforming is a prevalent method for industrial hydrogen 

production, involving the reaction of methane with steam to yield hydrogen and 

carbon monoxide. Electrolysis, on the other hand, utilizes an electrical current to split 

water into hydrogen and oxygen molecules. Biomass gasification converts organic 

materials into a hydrogen-rich gas through thermochemical processes, while thermal 

water splitting separates water into hydrogen and oxygen using high-temperature 

techniques. 

Efficient and sustainable hydrogen production methods are essential for 

meeting the growing demand for hydrogen as a clean energy source. By exploring 

diverse production processes and enhancing their efficiency and scalability, the 

utilization of hydrogen fuel can be further optimized to support a greener and more 

sustainable energy future. 

 

 

1.3. Storage and transportation 

 

Effective storage and transportation solutions are imperative for the widespread 

adoption of hydrogen fuel across various applications. Due to its low density and high 

flammability, hydrogen presents unique challenges in terms of storage and 

transportation safety. Different methods, such as compressed gas storage, liquid 

hydrogen storage, and solid-state storage materials, are utilized to store hydrogen at 

different scales and under varying conditions. 

Compressed gas storage involves storing hydrogen at high pressures in robust 

containers, suitable for applications requiring high mobility and quick refueling. 

Liquid hydrogen storage involves cooling hydrogen to cryogenic temperatures for 



 

denser storage in insulated containers, ideal for long-range transportation 

applications. Solid-state storage materials, such as metal hydrides and carbon 

nanomaterials, offer potential for safe and efficient hydrogen storage through 

chemical bonding mechanisms. 

Transporting hydrogen from production facilities to end-users requires 

dedicated infrastructure, including pipelines, compressed gas cylinders, cryogenic 

tanks, and hydrogen carriers. Addressing the logistical challenges of hydrogen 

transportation involves optimizing delivery routes, ensuring secure handling 

practices, and implementing safety regulations to mitigate potential hazards 

associated with hydrogen transportation. 

By developing advanced storage and transportation technologies and 

establishing robust infrastructure networks, the seamless integration of hydrogen fuel 

into energy systems can be realized, paving the way for a greener and more 

sustainable energy future. 

1.4. Hydrogen Safety 

Ensuring the safe handling, storage, and utilization of hydrogen is paramount 

for the successful integration of hydrogen fuel technologies into various sectors. Due 

to its unique properties, such as high flammability and low ignition energy, hydrogen 

safety measures play a crucial role in preventing accidents and mitigating risks 

associated with its use. Robust safety protocols, comprehensive risk assessments, and 

stringent regulations are essential to safeguard personnel, infrastructure, and the 

environment against potential hazards posed by hydrogen. 

 

One notable incident underscoring the importance of hydrogen safety occurred 

at a hydrogen refueling station in Oslo. In this incident, a hydrogen fueling station 

experienced a leakage during a refueling operation, leading to the formation of a 

flammable hydrogen-air mixture. Subsequently, an ignition source triggered a 

combustion event, resulting in a localized fire and damage to the refueling 

infrastructure. The incident highlighted the critical need for effective leak detection 



 

systems, rapid emergency response protocols, and personnel training to handle such 

situations safely and effectively. 

 

Implementing state-of-the-art safety technologies, conducting regular 

inspections, and providing comprehensive training for employees working with 

hydrogen are essential steps to minimize the risks associated with hydrogen fuel 

systems. By applying best practices in hydrogen safety management and fostering a 

safety-conscious culture, the potential benefits of hydrogen as a clean energy source 

can be realized while ensuring the protection of individuals and the environment. 

  



 

 1.5 Prospective Areas of Hydrogen Energy Utilization 

 

1.5.1 Fuel Cells: 

Fuel cells represent a leading prospective area for hydrogen energy utilization, 

offering efficient and environmentally friendly power generation. Utilizing hydrogen 

as a fuel source, fuel cells electrochemically convert chemical energy into electricity 

and heat, with water and oxygen as the only byproducts. Fuel cells find applications 

in various sectors, including transportation, stationary power generation, and portable 

electronics, due to their high energy efficiency, low emissions, and quiet operation. 

Advancements in fuel cell technology continue to drive innovation in clean energy 

solutions, with hydrogen playing a pivotal role in enabling sustainable power 

generation and reducing dependence on fossil fuels. 

1.5.2 Fuel for Vehicles: 

Hydrogen as a fuel for vehicles presents a promising area of utilization, 

particularly in the development of hydrogen fuel cell vehicles. These vehicles utilize 

onboard fuel cells to convert hydrogen into electricity to power electric motors, 

offering zero-emission transportation and long driving ranges. Hydrogen fuel cell 

vehicles provide a viable alternative to traditional gas-powered cars, addressing 

environmental concerns and contributing to reducing greenhouse gas emissions in the 

transportation sector. With ongoing infrastructure development for hydrogen 

refueling stations and advancements in fuel cell vehicle technology, the adoption of 

hydrogen as a clean transportation fuel continues to grow, shaping the future of 

sustainable mobility. 

 1.5.3 Oxygen-Hydrogen Fuel for Space Rockets: 

The utilization of oxygen-hydrogen fuel for space rockets represents a critical 

area of hydrogen energy application in the aerospace industry. The combination of 

liquid hydrogen and liquid oxygen as propellants in rocket engines offers high energy 

efficiency, producing clean combustion with water vapor as the main exhaust product. 

Oxygen-hydrogen rockets are known for their high specific impulse, enabling 

efficient and powerful propulsion for space exploration missions. With increased 



 

emphasis on space exploration, the demand for reliable and high-performance rocket 

propulsion systems powered by oxygen-hydrogen fuel continues to drive 

advancements in aerospace technology and the utilization of hydrogen in space 

missions. 

Exploring these prospective areas of hydrogen energy utilization showcases the 

versatility and sustainability of hydrogen as a clean energy carrier. From fuel cells to 

transportation and space exploration, hydrogen stands at the forefront of innovative 

energy solutions, driving progress towards a greener and more sustainable future. 

Feel free to guide me if you would like to dive deeper into any specific 

subtopics or if there are other areas related to prospective hydrogen energy utilization 

that you would like to explore further. 

1.6 Environmental Impact 

The environmental impact of hydrogen energy utilization is a critical aspect 

that shapes the sustainability and benefits of integrating hydrogen as a clean energy 

source. Evaluating the environmental implications of hydrogen applications allows 

for a comprehensive understanding of how this versatile energy carrier influences 

ecosystems, air quality, and overall environmental well-being. 

One of the primary environmental advantages of hydrogen energy is its 

potential to significantly reduce greenhouse gas emissions and contribute to 

mitigating climate change. When produced from renewable sources such as solar, 

wind, or hydroelectric power using processes like electrolysis, hydrogen generation 

can be virtually emissions-free. By employing hydrogen as a clean energy carrier in 

fuel cells and vehicles, substantial reductions in carbon dioxide and other harmful 

emissions can be achieved, leading to cleaner air quality and a diminished carbon 

footprint compared to conventional fossil fuel-based energy systems. 

Additionally, hydrogen's low emissions profile plays a key role in improving 

air quality by minimizing the release of pollutants and particulate matter associated 

with conventional transportation and energy production methods. Fuel cells and 

hydrogen-powered vehicles emit primarily water vapor, eliminating harmful air 

pollutants like nitrogen oxides, sulfur dioxide, and particulate matter that contribute 



 

to air pollution and respiratory problems. The adoption of hydrogen technologies 

offers considerable potential for enhancing air quality, safeguarding public health, 

and reducing environmental impacts associated with conventional combustion-based 

energy systems. 

Moreover, sustainable water management practices are imperative in hydrogen 

production processes, especially in methods like electrolysis that utilize water as a 

feedstock. Implementing water recycling systems, optimizing water consumption, 

and ensuring responsible water use in hydrogen production facilities are essential 

strategies for promoting water conservation and enhancing resource efficiency in 

clean energy production. By emphasizing sustainable water practices, the 

environmental footprint of hydrogen energy applications can be minimized, 

contributing to efficient resource utilization and environmental protection. 

In summary, the environmental impact of hydrogen energy utilization spans 

reductions in greenhouse gas emissions, improvements in air quality, water 

conservation efforts, and waste reduction measures. By emphasizing sustainable 

practices, resource efficiency, and ecosystem preservation in the deployment of 

hydrogen energy systems, the environmental benefits of transitioning to hydrogen as 

a clean energy source can be maximized, facilitating a more sustainable energy future 

and contributing to global environmental stewardship. 

1.7 Social Impact: 

The social impact of hydrogen energy utilization encompasses the broader 

implications of integrating hydrogen as a clean energy source on society, 

communities, and individuals. Evaluating the social aspects of hydrogen applications 

sheds light on how this sustainable energy carrier influences livelihoods, equity, and 

societal well-being. 

Economic Opportunities and Job Creation: 

The adoption of hydrogen energy technologies presents significant economic 

opportunities and potential for job creation across various sectors. As the hydrogen 

economy expands, it stimulates investments in research and development, 

infrastructure development, and manufacturing of hydrogen-related components and 



 

systems. The growth of hydrogen industries, such as fuel cell manufacturing, 

hydrogen production, and hydrogen infrastructure deployment, supports job creation, 

innovation, and economic growth in regions that embrace hydrogen energy solutions. 

By fostering a supportive policy environment and incentivizing hydrogen technology 

deployment, governments and industry stakeholders can unlock economic potential 

and stimulate employment opportunities in the emerging hydrogen sector. 

Energy Access and Energy Security: 

Hydrogen energy has the potential to enhance energy access and energy 

security, particularly in regions with limited access to traditional energy sources or 

vulnerable energy supply systems. By diversifying energy sources and incorporating 

hydrogen technologies, communities and regions can strengthen energy security, 

reduce dependency on imported fossil fuels, and improve energy resilience against 

supply disruptions. Moreover, hydrogen applications in decentralized energy systems, 

off-grid communities, and remote regions offer opportunities to expand access to 

clean and reliable energy, contributing to energy transition and sustainable 

development goals while addressing energy poverty and enhancing energy security 

for underserved populations. 

Сommunity Empowerment and Social Inclusion: 

The deployment of hydrogen energy technologies can empower communities, 

promote social inclusion, and foster sustainable development by engaging local 

stakeholders and fostering collaborative partnerships. Community-led initiatives, 

capacity-building programs, and educational outreach activities play a key role in 

raising awareness, building trust, and ensuring the active participation of diverse 

community members in the transition to hydrogen energy solutions. By prioritizing 

community engagement, listening to local voices, and addressing social concerns and 

benefits associated with hydrogen energy projects, policymakers and project 

developers can promote social inclusion, enhance community resilience, and facilitate 

a just energy transition that benefits all members of society. 

Health and Well-being: 



 

Hydrogen energy utilization contributes to improving public health and well-

being by reducing air pollution, decreasing greenhouse gas emissions, and promoting 

cleaner, greener energy systems. The transition to hydrogen-based transportation and 

power generation helps mitigate the negative health impacts associated with 

conventional fossil fuel combustion, such as respiratory diseases, cardiovascular 

problems, and environmental pollution. By fostering cleaner air quality, reducing 

noise pollution, and enhancing environmental health, hydrogen energy solutions 

create a healthier and more sustainable living environment for communities and 

individuals, benefiting public health outcomes and quality of life. 

 Education and Awareness: 

Educational initiatives, public awareness campaigns, and community 

engagement efforts are essential components of promoting the social impact of 

hydrogen energy by raising awareness, building knowledge, and fostering public 

support for clean energy transitions. Educational programs that highlight the benefits 

of hydrogen energy, demonstrate its practical applications, and showcase real-world 

examples of successful hydrogen projects help inform and engage stakeholders from 

diverse backgrounds. By enhancing public understanding of hydrogen technologies, 

addressing misconceptions, and promoting sustainable energy literacy, education and 

awareness initiatives play a pivotal role in advancing the social acceptance, adoption, 

and integration of hydrogen energy solutions in society. 

In summary, the social impact of hydrogen energy utilization encompasses 

economic opportunities, job creation, energy access, community empowerment, 

health promotion, education, and awareness-raising efforts that contribute to 

sustainable development, social inclusion, and well-being. By considering the social 

dimensions of hydrogen energy deployment and fostering community engagement, 

collaboration, and participation, the potential societal benefits of transitioning to 

clean hydrogen energy systems can be maximized, fostering a more sustainable and 

equitable energy future all members of society.  

 

In conclusion, the discussion on hydrogen energy utilization in this chapter 



 

highlights the diverse applications, environmental impact, and social implications of 

harnessing hydrogen as a clean and sustainable energy source. By examining the 

potential of hydrogen across various sectors, from fuel cells to transportation and 

space exploration, it becomes evident that hydrogen holds tremendous promise as a 

versatile energy carrier with the capacity to drive innovation, promote sustainability, 

and reshape the energy landscape. 

The environmental impact of hydrogen energy reveals significant benefits in 

terms of reducing greenhouse gas emissions, improving air quality, and advancing 

water conservation efforts. The utilization of hydrogen as a clean energy source offers 

a pathway towards mitigating climate change, reducing air pollution, and enhancing 

resource efficiency, positioning hydrogen as a key player in the transition to a low-

carbon economy and the promotion of sustainable energy systems. 

On the social front, the adoption of hydrogen technologies presents 

opportunities for economic growth, job creation, and community empowerment, 

while addressing challenges related to energy access, energy security, and social 

inclusion. By fostering collaborative partnerships, engaging local communities, and 

promoting education and public awareness, the social impact of hydrogen energy 

deployment can support sustainable development, enhance well-being, and empower 

individuals and communities to participate in the energy transition. 

Overall, the multifaceted benefits of hydrogen energy utilization underscore its 

potential to contribute to a more sustainable, resilient, and equitable energy future. By 

integrating hydrogen technologies, advancing research and innovation, and fostering 

a supportive policy environment, stakeholders can harness the unique capabilities of 

hydrogen as a clean energy carrier to address environmental challenges, enhance 

social well-being, and accelerate the transition to a greener and more sustainable 

energy paradigm. 

As we look ahead to the future of hydrogen energy, it is imperative to continue 

exploring opportunities for collaboration, investment, and technological 

advancements that further unlock the potential of hydrogen as a key enabler of clean 

energy solutions. By embracing the principles of sustainability, innovation, and social 



 

responsibility in the utilization of hydrogen energy, society can pave the way for a 

more sustainable and prosperous future for generations to come. 

 

CHAPTER 2 

TYPES OF LASER FLOWMETERS AND THEIR CONSTRUCTION 

Laser flowmeters have revolutionized the field of flow measurement, offering 

high precision, non-intrusive measurement capabilities, and adaptability to various 

industrial applications. In this chapter, we will explore different types of laser 

flowmeters and their construction, focusing on their principles of operation, 

advantages, and limitations. 

2.1. Doppler Flowmeters 

Laser Doppler flowmeters (LDF) are widely used in fluid dynamics research 

and industrial applications for their ability to provide non-intrusive, high-resolution 

velocity measurements. The operating principle of LDF is based on the Doppler 

effect, which describes the change in frequency of a wave perceived by an observer 

when either the source or the observer is in motion. 

Operating Principle: 

A laser beam is split into two beams of equal intensity. 

The beams are made to intersect at a point in the flow, creating an interference 

pattern of bright and dark fringes. 

Particles in the fluid passing through this intersection scatter light. 

The scattered light experiences a Doppler shift proportional to the particle's 

velocity. 

A photodetector measures this shifted frequency, which is then used to 

calculate the fluid velocity. 

The Doppler shift frequency (f_d) is given by: 

 

                                        f_d = 2 * v * sin(θ/2) / λ 

Where: 

v: Particle velocity 



 

θ: Angle between the two laser beams 

λ: Wavelength of the laser light 

 

Advantages: 

High spatial resolution 

Non-intrusive measurement 

Can measure reversing flows 

Works well in high-temperature fluids 

Limitations: 

Requires seeding particles in clean fluids 

Complex optical setup 

Limited to point measurements 

2.2. Flowmeters Based on the Fizeau-Foucault Effect 

Laser flowmeters based on the Fizeau-Foucault effect, also known as Laser-2-

Focus (L2F) flowmeters, offer another non-intrusive method for measuring fluid 

velocity. This technique is particularly useful in applications where seeding particles 

may affect the flow or in high-speed flows. 

Operating Principle: 

Two laser beams are focused at two points along the flow path, a known 

distance apart. 

As a particle crosses the first beam, it scatters light, triggering a timer. 

When the same particle crosses the second beam, it stops the timer. 

The time difference (Δt) and known distance (L) between beams are used to 

calculate velocity. 

The velocity (v) is calculated as: 

 

v = L / Δt 

 

Where: 

L: Distance between the two laser beams 



 

Δt: Time taken by the particle to travel from one beam to another 

 

Advantages: 

Works well in high-speed flows 

No need for uniform seeding 

Good for large-scale measurements 

Limitations: 

Lower data rates compared to LDF 

Requires high-power lasers for small particles 

Complexity in distinguishing particles 

2.3. Special Optical Flowmeters 

In addition to Doppler and Fizeau-Foucault based flowmeters, there are several 

special optical flowmeters that utilize unique laser technologies for specific applications, 

particularly in the field of hydrogen fuel measurement. 

2.3.1. Laser Induced Fluorescence (LIF) Flowmeter 

LIF flowmeters are particularly useful for measuring flow in hydrogen fuel cells, 

where understanding water management is critical. 

Operating Principle: 

A laser excites tracer molecules (e.g., rhodamine) in the fluid. 

The excited molecules emit fluorescent light. 

The intensity and spectral shift of fluorescence are used to determine flow velocity 

and temperature. 

2.3.2. Laser Speckle Velocimetry (LSV) 

LSV is effective for measuring flow in transparent pipes, making it suitable for visible 

hydrogen storage systems. 

Operating Principle: 

A laser illuminates the flow, creating a speckle pattern. 

As particles move, the speckle pattern changes. 

Cross-correlation analysis of successive images yields velocity. 

The velocity (v) in LSV is given by: 



 

 

v = (M * Δx) / (Δt * τ)   

 

Where: 

M: Magnification factor 

Δx: Displacement in the image plane 

Δt: Time between images 

τ: Time constant of the imaging system 

2.3.3. Raman Scattering Flowmeter 

Raman scattering flowmeters are uniquely suited for hydrogen flow measurement due 

to hydrogen's strong Raman scattering properties. 

Operating Principle: 

A laser interacts with hydrogen molecules. 

The molecule's vibrational state changes, causing a shift in scattered light frequency. 

This "Raman shift" is specific to hydrogen. 

The intensity and Doppler shift of Raman scattered light provide flow rate and 

velocity. 

The Raman shift (Δω) for hydrogen is given by: 

 

Δω = ω_0 - ω_s = ±4161 cm⁻¹   

 

2.4. Conclusions for the Chapter 

In this chapter, we have explored various types of laser flowmeters and their construction, 

each utilizing different optical principles to measure fluid flow: 

1. Doppler Flowmeters: Using the Doppler effect to measure velocity from light 

scattered by particles. 

2. Fizeau-Foucault Effect Flowmeters: Employing time-of-flight measurements 

between two laser beams. 

3. Special Optical Flowmeters:  

o LIF: Using fluorescence for flow and temperature in fuel cells. 

o LSV: Analyzing speckle patterns in transparent pipes. 



 

o Raman Scattering: Exploiting hydrogen's unique Raman shift for direct 

measurement. 

Each type offers unique advantages: 

 Doppler flowmeters provide high spatial resolution. 

 L2F flowmeters excel in high-speed flows. 

 LIF aids in fuel cell water management. 

 LSV is ideal for transparent hydrogen storage. 

 Raman scattering directly measures hydrogen flow. 

The choice of flowmeter depends on the specific application, fluid properties, and 

measurement requirements. In the context of hydrogen fuel, the Raman scattering 

flowmeter stands out for its ability to directly measure hydrogen without seeding particles, 

making it a promising technology for accurate and non-intrusive hydrogen flow 

measurement. 

In the next chapter, we will focus on the design and operation of a specialized laser 

flowmeter tailored for hydrogen fuel applications, leveraging the insights gained from this 

overview of laser flowmeter types. 

 

CHAPTER 3 

 

LASER FLOWMETER FOR HYDROGEN FUEL 

 

Building upon our understanding of various laser flowmeter technologies, this chapter 

focuses on a specialized laser flowmeter designed specifically for hydrogen fuel 

applications. Given hydrogen's unique properties and the critical need for accurate flow 

measurement in hydrogen fuel systems, we will explore a Raman scattering-based laser 

flowmeter that offers direct, non-intrusive measurement capabilities. 

 

3.1. Structure of the Laser Flowmeter 

 

The hydrogen-specific laser flowmeter leverages the principles of Raman scattering, taking 

advantage of hydrogen's strong and distinct Raman shift. The device's structure is designed 

to ensure accurate measurement, safety, and adaptability to various hydrogen fuel systems. 

 



 

Key Components: 

1. Laser Source: A high-power, narrow-linewidth laser (typically Nd:YAG at 532 nm) to 

induce strong Raman scattering. 

2. Beam Shaping Optics: Lenses and mirrors to focus the laser beam into the flow. 

3. Measurement Cell: A specially designed, high-pressure sapphire tube that allows optical 

access while containing the hydrogen safely. 

4. Spectrometer: A high-resolution spectrometer to distinguish the Raman-shifted light. 

5. Photomultiplier Tube (PMT): A sensitive detector for the weak Raman signal. 

6. Notch Filter: To block the intense Rayleigh scattered light at the laser wavelength. 

7. Signal Processor: For Doppler shift analysis and flow rate calculation. 

8. Safety Enclosure: An explosion-proof housing with hydrogen sensors and ventilation. 

 

 

Safety Features: 

- Intrinsically safe electronics 

- Hydrogen leak detection 

- Automatic laser shutdown 

- Pressure relief valves 

- Non-sparking materials 

 

3.2. Operating Principle 

 

The hydrogen laser flowmeter operates on the principle of Raman scattering, a type of 

inelastic scattering where photons interact with molecular vibrations, resulting in a shift in 

light frequency. 

 

Steps: 

1. Laser Emission: The Nd:YAG laser emits a 532 nm beam, chosen for its efficiency in 

inducing Raman scattering. 

2. Beam Focusing: Optics shape and focus the beam into the measurement cell. 



 

3. Hydrogen Interaction: The laser interacts with hydrogen molecules, causing vibrational 

state changes. 

4. Raman Scattering: This interaction shifts some photons' frequencies by ±4161 cm⁻¹, 

unique to hydrogen. 

5. Light Collection: Scattered light is collected and directed to the spectrometer. 

6. Spectral Analysis: The spectrometer separates the Raman-shifted light. 

7. Signal Detection: The PMT detects the weak Raman signal. 

8. Doppler Shift Measurement: The processor analyzes the frequency shift due to molecular 

motion. 

9. Flow Rate Calculation: Both intensity and Doppler shift are used to compute flow rate. 

 

Key Equations: 

 

1. Raman Shift for Hydrogen: 

    

   Δω = ω_0 - ω_s = ±4161 cm⁻¹ 

    

   - ω_0: Incident laser frequency 

   - ω_s: Scattered light frequency 

 

2. Doppler Shift in Raman Scattering: 

    

   Δω_D = ω_0 * (v/c) * cos(θ) 

    

   - ω_0: Incident laser frequency 

   - v: Flow velocity 

   - c: Speed of light 

   - θ: Angle between laser and flow 

 

3. Flow Rate Calculation: 



 

    

   Q = ∫A v(r) * dA 

    

   - Q: Volumetric flow rate 

   - v(r): Velocity profile across pipe radius 

   - A: Cross-sectional area 

 

4. Raman Signal Intensity: 

    

   I_R = N * σ_R * I_0 * L  

 

   - I_R: Raman signal intensity 

   - N: Number density of H₂ molecules 

   - σ_R: Raman scattering cross-section 

   - I_0: Incident laser intensity 

   - L: Interaction length 

 

Calibration and Compensation: 

- Temperature-dependent Raman cross-section adjustments 

- Pressure broadening effects on spectral lines 

- Optical window birefringence compensation 

- Background hydrogen (in air) subtraction 

 

3.3. Advantages and Challenges 

 

Advantages: 

1. Direct Measurement: No need for seeding particles. 

2. Hydrogen-Specific: Utilizes hydrogen's unique Raman signature. 

3. Non-Intrusive: No flow disturbance. 

4. Wide Range: Accurate from low to high flow rates. 



 

5. Fast Response: Real-time monitoring. 

6. Temperature Info: From Stokes/anti-Stokes ratio. 

 

Challenges: 

1. Safety: High-power lasers in hydrogen environment. 

2. Signal Strength: Raman scattering is weak. 

3. Cost: High-end lasers and spectrometers. 

4. Alignment: Critical for accuracy. 

5. Background Interference: Other Raman-active gases. 

6. High Pressure: Special optical windows needed. 

 

 3.4. Applications in Hydrogen Fuel Systems 

 

1. Fuel Cell Stacks: Monitoring hydrogen input for optimal efficiency. 

2. Hydrogen Refueling Stations: Accurate dispensing measurement. 

3. Electrolysis Plants: Production rate monitoring. 

4. Storage Systems: Leak detection and inventory. 

5. Rocket Engines: Precise hydrogen-oxygen ratio control. 

6. Research: Hydrogen behavior studies. 

 

 3.5. Future Developments 

 

1. Photonic Crystal Fibers: To enhance Raman signal. 

2. Surface-Enhanced Raman: Using nanostructures for stronger signals. 

3. Distributed Sensing: Multiple points along a pipe. 

4. AI Integration: For real-time data analysis. 

5. Miniaturization: Compact systems for mobile applications. 

 

 3.6. Conclusions for the Chapter 

 



 

In this chapter, we have explored a specialized laser flowmeter designed for hydrogen fuel 

applications, leveraging the unique Raman scattering properties of hydrogen molecules. The 

device's structure, incorporating high-power lasers, sensitive detectors, and robust safety 

features, enables direct, non-intrusive measurement of hydrogen flow rates. 

 

The operating principle revolves around the interaction between laser light and hydrogen's 

molecular vibrations, resulting in a distinct Raman shift that serves as a spectral fingerprint. 

By analyzing both the intensity and Doppler shift of this Raman-scattered light, the 

flowmeter can accurately determine hydrogen flow rates across a wide range. 

 

This technology offers significant advantages, including direct measurement without 

seeding particles, hydrogen specificity, and real-time monitoring capabilities. However, it 

also faces challenges such as safety concerns in hydrogen environments, weak signal 

strength, and the need for precise alignment. 

 

Despite these challenges, the potential applications in hydrogen fuel systems are vast, 

ranging from fuel cell optimization and refueling station management to rocket engine 

control. With ongoing technological advancements like photonic crystal fibers and surface-

enhanced Raman techniques, the future of laser-based hydrogen flow measurement looks 

promising. 

 

As we transition towards a hydrogen-based economy, accurate and reliable flow 

measurement becomes increasingly critical. The Raman scattering laser flowmeter, tailored 

to hydrogen's unique properties, stands as a cutting-edge solution, offering the precision, 

safety, and adaptability needed to support this clean energy transition. 
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 4. CONCLUSIONS 



 

 

4.1. General Conclusions 

 

This thesis, titled "Laser Hydrogen Fuel Flowmeter," presents a comprehensive study at the 

intersection of two critically important areas of modern science and technology: hydrogen 

energy and laser metrology. In an era when the global community is striving for 

decarbonization and sustainable development, hydrogen emerges as a key element in 

transforming the energy paradigm, offering a clean, efficient, and versatile alternative to 

fossil fuels. 

 

Hydrogen: The Fuel of the Future 

 

In the first chapter of our work, we thoroughly examined the physical properties, methods 

of production, storage and transportation of hydrogen, as well as safety issues. The results 

of our research convincingly demonstrate that hydrogen possesses a unique combination of 

characteristics that make it an ideal energy carrier for the future: 

 

1. High Energy Density: Per unit mass, hydrogen contains more energy than any other fuel, 

making it particularly attractive for vehicles and space rockets. 

2. Environmental Cleanliness: When used in fuel cells or combustion, hydrogen produces 

only water and heat, significantly reducing greenhouse gas emissions. 

3. Versatility: From fuel cells in mobile devices to space rocket engines, hydrogen finds 

applications across diverse industries. 

4. Renewability: Hydrogen can be produced from water using renewable energy sources, 

creating a sustainable energy cycle. 

 

Environmental and Social Impact 

 

Our research went beyond technical aspects to assess the broader implications of hydrogen 

technologies: 



 

 

1. Climate Change Mitigation: Wide-scale adoption of hydrogen energy can significantly 

reduce global CO₂ emissions, helping to slow climate change. 

2. Air Quality Improvement: Replacing fossil fuels with hydrogen in transportation and 

industrial sectors will lead to better air quality, especially in urban areas. 

3. Economic Opportunities: The development of hydrogen technologies creates new jobs 

and stimulates innovation in hydrogen production, storage, and utilization. 

4. Energy Security: Diversifying energy sources by including hydrogen enhances the 

resilience of national energy systems. 

5. Social Inclusion: Involving local communities in hydrogen energy projects promotes 

empowerment and sustainable development. 

 

### Innovative Methods for Hydrogen Flow Measurement 

 

Central to our research is the development and evaluation of advanced laser flowmeters 

specifically designed for accurate hydrogen flow measurement: 

 

1. Laser Doppler Flowmeters: While they provide high spatial resolution, their need for 

tracer particles limits application in clean hydrogen. 

2. Fizeau-Foucault Effect Flowmeters: Excellent in high-speed flows but require complex 

optical setup. 

3. Raman Scattering-Based Flowmeters: A true breakthrough in hydrogen flow 

measurement. Using hydrogen's unique Raman shift (±4161 cm⁻¹), these devices provide 

direct, non-invasive measurement without the need for tracer particles. 

 

Our innovative design of a Raman scattering-based flowmeter for hydrogen includes: 

- Nd:YAG laser source (532 nm) for efficient Raman excitation. 

- Special sapphire measurement cell for safe optical access. 

- High-sensitivity spectrometers and PMTs for detecting weak Raman signals. 

- Integrated safety features for operation in hydrogen environments. 



 

 

This flowmeter not only provides unprecedented accuracy but also offers additional 

advantages: 

- Hydrogen specificity, utilizing its unique optical signature. 

- Wide measurement range and fast response. 

- Capability for simultaneous temperature determination. 

 

The Future of Hydrogen Technologies 

 

Our research paints an exciting picture of a future where hydrogen plays a central role in the 

global energy system: 

 

1. Transportation: Hydrogen fuel cells become the norm in cars, trucks, and even aircraft, 

providing zero-emission range to electric mobility. 

2. Industry: Steel, chemical, and other sectors transition to 'green' hydrogen, dramatically 

reducing their carbon footprint. 

3. Energy: Hydrogen is used to store excess renewable energy, ensuring grid stability. 

4. Space Exploration: Advanced oxygen-hydrogen rocket engines make long-distance space 

missions possible. 

 

In this future, advanced measurement methods like our Raman scattering laser flowmeter 

play a critical role. They provide the accuracy, safety, and efficiency necessary for the 

optimal functioning of hydrogen systems. 

 

 

 

Conclusion 

 

Our thesis "Laser Hydrogen Fuel Flowmeter" is at the forefront of two revolutionary 

technologies: hydrogen energy and laser metrology. We have demonstrated that hydrogen 



 

is not just an alternative fuel; it is the key to a sustainable, environmentally friendly, and 

socially equitable energy future. From improving air quality to stimulating economic 

growth, from enhancing energy security to empowering communities - the benefits of 

hydrogen technologies are comprehensive. 

 

However, realizing this future depends on our ability to manage hydrogen systems 

effectively and safely. This is where our innovative Raman scattering laser flowmeter 

becomes critical. By leveraging the unique optical properties of hydrogen itself, this device 

provides unprecedented accuracy and reliability in flow measurement, setting a new 

standard in hydrogen metrology. 

 

Moreover, our work illustrates the power of interdisciplinary collaboration. By combining 

knowledge from hydrogen physics, laser optics, Raman spectroscopy, and safety 

engineering, we have developed a solution that surpasses the capabilities of any single 

discipline. This collaboration symbolizes the type of innovative thinking needed to solve 

complex global challenges. 

 

As we move towards 2024 and beyond, the lessons from our research become increasingly 

pertinent. The transition to a hydrogen economy is not just a technological task; it requires 

a holistic approach that considers environmental, social, and ethical aspects. Our work 

shows that technical innovations like our laser flowmeter can and should be developed in 

ways that contribute to broader sustainable development goals. 

 

In conclusion, our thesis "Laser Hydrogen Fuel Flowmeter" represents a significant 

contribution to the evolving field of hydrogen energy. It demonstrates the potential of 

hydrogen as the fuel of the future, substantiates its environmental and social benefits, and 

presents an advanced metrological solution that will help make this future a reality. As the 

world strives for a cleaner, more sustainable, and equitable energy future, innovations like 

ours will light the way, making hydrogen not just a fuel, but a catalyst for global positive 

change. 
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