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Abstract

Pulsejet engines, though historically niche, offer significant value for contemporary engineering
education and experimental research. Their simple construction, low cost, and unique thermodynamic
characteristics make them ideal platforms for teaching combustion dynamics, control systems,
diagnostics, and structural material performance. This article explores the educational and
research potential of pulsejets, presenting a comprehensive overview of combustion properties,
fuel flexibility, diagnostic methodologies, and simulation applications, including CFD and digital
twins. The study also examines how pulsejets can facilitate alternative fuel testing and support
sustainable aviation goals through rapid prototyping and experimentation. The paper draws on
contemporary case studies and university-based student projects, emphasizing the practical and
interdisciplinary skills these systems help develop. In the context of EU climate and innovation
strategies, pulsejets emerge as valuable tools for accelerating technical training and technological
progress in propulsion systems.
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Introduction

The contemporary aviation sector is under increasing environmental and
regulatory pressure. In light of the climate goals adopted by the European Union,
access to teaching—research test stands enabling hands-on education in jet-engine
technologies is limited, which may adversely affect the pace of development
of innovative and sustainable propulsion solutions.

Test benches for jet-engine research are high-cost investments, which limits
their number within technical universities. Because of high operating costs and
technical risk, student access to these facilities is often marginal, resulting
in restricted opportunities to acquire experimental experience and to implement
novel solutions. Consequently, the educational and innovative potential of such
stands remains underutilized, and the dynamics of technological development
may slow down. Meanwhile, accelerating technological progress towards higher-
efficiency, lower-emission propulsion systems is one of the pillars of successful
climate policy implementation.

The European Union is currently implementing a range of strategic initiatives
aimed at decarbonizing aviation. One pillar is CORSIA (Carbon Offsetting
and Reduction Scheme for International Aviation), developed by ICAO, which
provides for offsetting growth in emissions from international flights via the
purchase of offsets (CORSIA 2025). The EU, however, recognizes CORSIA only
as complementary to its own, more stringent regulations. Under the Fit for
55 legislative package, the EU Emissions Trading System (EU ETS) has been
reformed, including the phaseout of free CO: allowances for airlines operating
intra-European routes (Fit for 55 2025). This system compels carriers to gradually
internalize environmental costs. In turn, the ReFuel EU Aviation initiative obliges
operators to progressively increase the share of Sustainable Aviation Fuels (SAF)
in total fuel consumption from 2% in 2025 to 70% by 2050 (Transport 2025).

Against this backdrop, the use of existing teaching—research stands for
scientific purposes, testing low-emission solutions, and practical training acquires
a new dimension. Actively engaging students and early-career researchers
in experimental work on these stands could accelerate the deployment of low-
-emission propulsion technologies and enhance the innovativeness of Europe’s
aviation sector.

This article focuses on analyzing the educational potential of research stands
with pulsejet engines. It includes a review of commercial and non-commercial solutions
and their potential applications. The publication aims to present the underexploited
educational potential of pulsejets and models for their effective use, which may
constitute a valuable contribution to climate-transition processes aligned with

EU goals.
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Construction and operating principle of pulsejet engines

A pulsejet engine is a type of flow-through combustion engine characterized
by cyclical operation based on rapidly repeating combustion impulses. Its working
principle involves three consecutive stages (Fig. 1): periodic intake of air (1),
formation of a fuel-air mixture, ignition (2), and expulsion of exhaust gases
to generate thrust (3). In the initial phase of operation (stage 2), the mixture
is ignited using a spark generated by an ignition plug. During steady-state
operation, combustion is maintained by residual hot gases from the previous
cycle. The combustion process produces high-velocity exhaust gases that exit
through the outlet nozzle (stage 3). Their inertia causes a short-term pressure
drop in the combustion chamber below atmospheric pressure, enabling the next
intake of air through the inlet duct (stage 1). The unidirectional flow of exhaust
gases produces a reactive force in the opposite direction, generating thrust. This
cycle repeats at high frequency and sustaining continuous combustion requires
an appropriate repetition rate (GHULAM et al. 2024).

The fuel-air mixture can undergo combustion in two primary modes:
deflagrative, where the flame front propagates at subsonic speed, and detonative,
where combustion occurs along with a shock wave. Under sufficiently high pressure
and mixture density, detonation combustion can be initiated, characterized by
a rapid pressure increase and faster reaction rates, while releasing less heat per
unit of pressure rise compared to deflagration (GHULAM et al. 2024).

Fig. 1. Schematic representation of the operating cycle of a pulsejet engine:
(1) air intake; (2) ignition and combustion; (3) exhaust and thrust generation
Source: based on SZYMANSKI et al. (2025).

The operating frequency of the pulsejet cycle is inversely proportional to the
physical dimensions of the engine — smaller engines operate at higher frequencies.
Pulsejet engines are known for their simple construction and favorable thrust-
to-weight ratio, making them lightweight and easy to manufacture. However,
one major drawback is their extremely high noise level, which limits their use
in civil aviation (GHULAM et al. 2024).

Pulsejets are generally divided into two main structural types: valved and
valveless. A valved pulsejet contains moving parts (e.g., reed or flap valves),
which can be actuated mechanically (typically through pressure changes from
the combustion cycle) or electronically. These systems, however, are susceptible
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to failure due to high loads and phenomena such as surge, especially under low
airflow conditions. In contrast, valveless pulsejets contain no moving parts and
airflow control is achieved solely through the engineered geometry of the inlet
duct, combustion chamber, and exhaust nozzle. A typical drawback of valveless
designs is backflow of exhaust gases through the intake, which can be mitigated
by shaping the engine into a U-configuration that redirects the flow in the
desired direction (GHULAM et al. 2024).

Principle of operation of the valveless pulsejet engine
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Fig. 2. U-type configuration diagram
Source: based on SZYMANSKI et al. (2025).

A pulsejet engine consists of several key components: an air inlet duct,
a combustion chamber, an ignition system (typically a spark plug), a fuel injection
system, and an exhaust duct. In valved versions, an air inlet valve is also
included. Additionally, diffuser and converging—diverging sections may be used
to optimize gas flow and thermodynamic parameters in the system (MOTEKAR
et al. 2021, GHULAM et al. 2024).

The engine’s materials and operating parameters are closely tied to the type
of fuel used and the intended operating conditions. Typical pulse frequencies
range from 100 to 250 Hz, with generated thrust depending on engine size.
Combustion temperatures vary from approximately 2100 K to 2750 K, depending
on the fuel type. Fuel injectors and ignition systems are usually controlled via
voltage modulation and most often employing spark plugs or fuel pumps. While
valves can be actuated either passively by flow dynamics or actively through
electronic control (MOTEKAR et al. 2021, GHULAM et al. 2024).
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Literature review
Past applications

The pulsejet concept dates to the early 20th century: it is a compressor-less jet engine
in which thrust is generated by pulsating combustion of an air—fuel mixture.
The first practical embodiment was developed by Paul Schmidt around 1930;
after years of refinement, his engine powered the first mass-produced cruise
missile — the German V-1 of World War II IT (WOJCICKI 1962). The V-1 used the
Argus As 109-014 pulsejet producing about 2.7 kN of thrust, mounted above
the fuselage (Zabytki-Techniki 2025). Launch required an initial boost (catapult
or carrier aircraft), as the pulsejet had low static thrust and became effective
only once forward speed was established.

Post-war interest persisted, but significant limitations soon became
apparent. Already in the 1950s it was recognized that, although pulsejets were
once touted as promising aircraft engines, subsequent experience suggested
that even unexpected improvements would confine them to limited civil and
military roles. The key advantage was simplicity: within a suitably shaped
duct, nearly all thermodynamic processes of a piston engine occur. Construction
was further simplified when, in 1950, Bertin proposed eliminating mechanical valves
and replacing them with inertia valves, initiating valveless pulsejet development.
Despite such advances, pulsejets did not rival turbojets due to poor user comfort
(extreme noise, vibration) and low efficiency. Efforts to improve performance
focused on transitioning from deflagrative to detonative combustion in the
chamber (WOJCICKI 1962).

Historically, beyond the V-1, pulsejets saw few practical applications. They
were explored as propulsion for low-cost aerial targets and short-range missiles,
but were largely supplanted by other technologies (turbojets and rockets).
Only recently has interest re-emerged in niche applications, primarily military.
The rapid growth of drones and UAVs since the mid-2010s has exposed limitations
of conventional propeller drives (insufficient thrust, mechanical complexity,
or high mass of electric systems). As a result, attention has turned to simple,
lightweight pulsejets as alternatives. Literature analyses indicate that despite
low efficiency (15—20% thermal), pulsejets offer high thrust-to-mass ratios and
reliability stemming from the absence of complex moving parts. These attributes
motivate their consideration for fast strike drones and short-range missiles where
low cost, simplicity, and fuel flexibility matter (JOHNSON 2000).

In 2024, reports emerged of the first commercial deployment of a modern
pulsejet in drones. Wave Engine Corporation (spun out of university research)
developed the electronically controlled J-1 pulsejet for UAVs (Wave Engine 2025).
With no moving parts, it was successfully flight-tested in March 2024, and by
July 2024 initial units were delivered to a major U.S. government customer.
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The 8.2 kg J-1 produces up to 245 N of thrust and can power drones up to 90 kg,
with multi-fuel capability (gasoline, E85 bioethanol, or kerosene-based jet fuel).
A larger K-1 variant up to 979 N is in development for 450 kg aircraft (Wave
Engine 2025). Nevertheless, even this new generation faces classic constraints:
despite advantages (no complex subsystems, simplicity, low production cost, high
thrust-to-mass, fuel flexibility), the J-1 still exhibits high fuel consumption and
very loud operation. In summary, contemporary pulsejet applications concentrate
on military/specialist domains where unique advantages can outweigh drawbacks.

Combustion and performance studies

Pulsejets have been the subject of numerous experimental and computational
studies aimed at characterizing performance, emissions, and fuel consumption.
Findings confirm the technology’s ambivalent nature: some ecological and
operational benefits coexist with significant efficiency issues.

Kiker conducted an experimental investigation on miniature valveless
pulsejets. Using a high-frequency piezoelectric pressure transducer, combustion
chamber pressure oscillations were recorded and analyzed. The study demon-
strated that, in a rearward-inlet configuration, the operating frequency decreased
with increasing inlet length, while reducing the exhaust diameter significantly
increased peak combustion-chamber pressure. These findings confirmed the
strong influence of geometric parameters on the acoustic and combustion behavior
of miniature pulsejets and demonstrated the usefulness of high-speed pressure
measurements in pulsejet performance evaluation (KIKER 2005).

Exhaust-emission studies have yielded surprising observations. Although
pulsating combustion often occurs with rich mixtures (A < 1), levels of some
pollutants in the exhaust were small. In one experimental analysis (varied
chamber volumes and injector settings), even at A = 0.6 unburned hydrocarbons
(HC) were essentially zero and carbon monoxide (CO) was 0.02%. Measurements
used a gas analyzer at four axial locations along the exhaust, with parallel
fuel- and air-flow measurements to determine A. Such low CO/HC suggests
very high overall burnout each cycle; the pulsating regime likely promotes
afterburning, perhaps due to an extended hot zone in the tailpipe. Notably,
potentially significant in high-temperature pulsating combustion NOx levels
were not reported (XU et al. 2007).

Late-20th/early-215t-century literature focusing on low-emission fuels
confirmed the need to reduce NOx, including experiments with low-emission fuels
(e.g., LPG, high-octane fuels) and analyses in pulsejets and related detonative
devices. Overall, pulsejet use does not produce exceptionally harmful emissions
beyond typical combustion-engine ranges, the key environmental challenge is noise
rather than chemical composition.
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Combustion in a pulsejet differs markedly from continuous-combustion engines
(turbojets, piston engines). Deflagrations occur cyclically at frequencies set by
geometry. Small model pulsejets typically run at 200—-250 Hz, whereas the large
Argus V-1 unit operated at 45 Hz. Chamber overpressures are relatively low:
measurements on a test pulsejet showed peak overpressures of only 8—20 psi.
By contrast, detonative combustion (PDE) produces 80—120 psi peaks, underscoring
the milder process in conventional pulsejets. Low combustion pressure
entails low internal compression and poor thermodynamic efficiency. Indeed,
best pulsejet performance is achieved with slightly rich mixtures, indicating
operation near maximum power at the expense of economy. LITKE et al. reported
a typical specific impulse of only 1400-1500 s for pulsejets, versus 1800 s for
fully filled PDEs (theoretically 6000—8000 s under ideal conditions) implying
pulsejets reach 20—-25% of the detonative engine’s specific impulse at similar
scale. This aligns with thermal efficiency estimates of just 15—20%, explaining
high fuel demand (LITKE et al. 2005).

Beyond studies focused on emissions and performance, pulsejets have also been
investigated as experimental platforms for pressure-gain combustion concepts.
Conventional combustors cause a pressure drop during heat addition, whereas
a pulsating combustor can periodically increase total pressure. NASA conducted
an experiment using a production pulsejet as the combustor within a specially
designed ejector, creating a system that produced a small net total-pressure rise
(3.5%) relative to inlet — reportedly a first for such systems. Moreover, adding the
gjector (mixing exhaust with bypass air) significantly smoothed pulsations: the
standard deviation of pressure downstream of the ejector was only 5% of the mean,
while pulsations inside the engine were much larger. This shows that pressure-gain
in a pulsating cycle is achievable, potentially improving gas-turbine efficiency.
A notable emissions effect was also observed: the pulsejet ran rich (to ensure
vigorous combustion) and the rapid mixing of hot, rich exhaust with cold air
in the ejector quickly quenched temperatures, suppressing NOx formation (low
A and rapid cooling reduce thermal NOx). Thus, suitably controlled pulsating
combustion may reduce NOx relative to classical combustors, at the cost of some
CO, which was negligible in the cited experiment (PAXSON, DOUGHERTY 2005).

Actual fuel consumption is very high relative to thrust. In a static test (Solar PJ32),
fuel flow of 0.019—0.034 kg/s yielded 178—454 N of thrust, poor economy compared
with turbojets of similar scale (LITKE et al. 2005). However, pulsejets gain
efficiency in flight (thrust increases with inlet dynamic pressure), partially
improving relative fuel use under dynamic conditions (WOJCICKI 1962). However,
despite favorable chemical emissions in some configurations, noise remains
a major drawback. Typical acoustic output of pulsejets reaches up to 145 dB,
necessitating strict mitigation or isolation measures in civilian contexts CANDEL
et al. 2009).
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Contemporary alternative-fuel research in aviation has accelerated due to
greenhouse-gas reduction mandates and sustainability goals, with most efforts
focused on turbines (e.g., biofuel tests in large jet engines). Pulsejets have
remained somewhat peripheral to these efforts, despite features that predispose
them to serve as experimental testbeds. SZYMANSKI et al. (2025) note that the
dominance of fossil fuels in aviation does not preclude using pulsejets to trial
next-generation fuels precisely because of their simplicity and fueling universality.
Their multi-criteria analysis compared gaseous fuels (biogas, acetylene, LPG,
natural gas) and liquids (methanol, ethanol, biodiesel, conventional Jet-Al, and
SAF), evaluating exhaust emissions (CO-, H.0, CO via Ansys-based modelling
and literature chemistry), lower heating value, production cost, thermal expansion,
density, life-cycle emissions (LCA), CO: per unit mass, and renewable-energy
share. Biogas and methanol ranked highest overall, indicating strong eco-economic
potential for pulsejet fueling SZYMANSKI et al. 2025). The results suggest further
development of sustainable fuels for pulsejets is justified, positioning them as
proving grounds for fuels that may later migrate to larger propulsion systems.

In summary, pulsejets exhibit low efficiency and high fuel consumption,
relatively low combustion pressures and temperatures (compared with deto-
native cycles), surprisingly low incomplete-combustion emissions (CO, HC),
and extremely high noise which is a major barrier to civil use. Subsequent
research has focused on exploiting advantages while mitigating drawbacks.
Section Educational and research potential discusses their potential as
educational and research platforms.

Structural material tests

Although pulsejet engines are mechanically simple, they expose materials
to demanding operational conditions. These include high-frequency pressure
oscillations, rapid thermal gradients, and direct exposure to chemically aggressive
exhaust gases, all of which make pulsejets valuable platforms for experimental
validation of material performance.

Recent reviews, including MANOJ et al., confirm that thermally robust
materials such as stainless steel (grades 1.4845 and 316L), nickel alloys, and
even quartz glass for experimental visualization, remain dominant in pulsejet
construction. Their study also underlined the application of TIG welding for
structural joints to withstand cyclical expansion and contraction. Ceramic-matrix
composites and plasma-sprayed thermal barrier coatings were highlighted as
emerging solutions for improving thermal efficiency and durability in small-scale
and UAV-oriented pulsejets (MANOJ et al. 2025).

To assess the role of surface protection, segments were coated with yttria-
-stabilized zirconia (YSZ) via plasma spray techniques. These ceramic coatings
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significantly delayed the onset of scaling, hot corrosion, and mechanical surface
degradation. Comparative analysis of coated vs. uncoated components revealed
reduced microcracking and extended surface integrity across multiple operational
cycles, especially when operating on methanol or biofuel blends, fuels known
to exacerbate corrosion due to their chemical composition (GHOSN, ZHU 2007,
SZYMANSKI et al. 2025).

Recent CFD-supported studies by Szymanski, et al. confirmed that fuel
composition strongly influences thermal loads and corrosion behavior. Simulated
and experimental results showed that fuels such as methanol, biodiesel,
or hydrogen-rich blends create distinct exhaust environments, each imposing
unique material constraints. For example, methanol produced higher surface
reactivity despite lower flame temperature, necessitating ceramic protection.
In contrast, hydrogen-rich fuels pushed maximum thermal stress higher,
requiring enhanced creep and oxidation resistance. Fuels containing sulfur
or heavy hydrocarbons accelerated hot corrosion, particularly in steel-based
components (SZYMANSKI et al. 2025).

Similar conclusions were reached in studies on detonation combustors, where
thermal barrier coatings (TBCs) significantly extended the lifetime of metallic
engine parts under cyclic detonation loading. In particular, GHOSN and ZHU
(2007) demonstrated that ZrO:-based plasma-sprayed coatings not only improved
thermal insulation but also protected against high-temperature oxidation and
corrosive combustion byproducts in pulse-detonation environments, conditions
closely resembling those in pulsejets.

These findings validate that material selection and protective coatings
play a critical role in sustaining engine performance. Structural tests using
thermocouples, strain gauges, and high-speed cameras allowed researchers to
correlate temperature fields, stress concentrations, and vibration modes with
material degradation, providing actionable insights into failure mechanisms.
Pulsejets thus serve as robust experimental platforms for validating the
performance of advanced alloys, coatings, and joint designs under unsteady
high-temperature loading.

Numerical models

Numerical modelling has become a fundamental tool in the analysis and
optimization of pulsejet engines, offering insights into combustion dynamics,
acoustics, fuel performance, and structural interactions without the cost or risk
of full-scale prototyping. The literature reports many applications of simulation
to analyze and optimize pulsejets: determining optimal combustor shape and
tailpipe length for maximum thrust, studying inlet swirl effects on cycle stability,
and tuning injection parameters for stable ignition over ambient-temperature
ranges.
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MANOJ et al. provided a comprehensive review of simulation techniques used
in valveless pulsejet research. Their analysis covered steady-state and time-
resolved CFD tools, emphasizing challenges in modelling pulsating, non-premixed
combustion and the need for refined grid generation near the flame front. They
also noted the importance of turbulence—chemistry interaction models and
boundary conditions mimicking the open-ended exhaust and inlet regions of real
pulsejets. The review highlighted validated strategies for capturing performance
metrics like thrust, pressure amplitudes, and frequency spectra using tools such
as ANSYS Fluent, OpenFOAM, and user-defined solvers (MANOJ et al. 2025).

Gieras and Trzeciak analyzed acoustic—thermodynamic coupling in pulsed
combustion using both experimental and simulated data. Their work emphasized
the strong correlation between geometry and resonant energy amplification,
and proposed a dynamic model combining heat-release delay and volumetric
gas elasticity. They validated their analytical expressions for pressure gain
and cycle frequency against test-rig data, reinforcing the relevance of hybrid
numerical—experimental methods for design optimization and diagnostics (GIERAS,
TRZECIAK 2024).

In a more detailed application SZYMANSKI et al. conducted comprehensive
Ansys Fluent simulations assessing fuel effects on pulsejet characteristics. Models
included chemical reactions, heat transfer, and pressure-wave propagation. Three-
-dimensional temperature and pressure fields identified zones of peak thermal
loading and the influence of fuel physico-chemical properties on cycle efficiency.
The Figure 3 results illustrate outcomes for methanol. Ansys-based analysis
also supported preliminary material-durability assessments in critical regions,
directly informing design choices. Such modelling aligns with the growing role
of virtual environments in engineering education, letting students practice the
full workflow — from geometry reconstruction to interpreting simulation results
in realistic operating contexts (SZYMANSKI et al. 2025).
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Fig. 3. Simulation results for a multi-fuel pulsejet engine in Ansys Fluent
Source: based on SZYMANSKI et al. (2025).
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Research platforms

Within propulsion education and research, specialized laboratory stands are
developed to demonstrate operating principles and to enable thermodynamic and
experimental analyses under controlled conditions. A commercially available
educational solution is the MiniLab Small Turbine Engine Lab (Turbine
Technologies). This self-contained test cell for small turbojets is intended
primarily for teaching applied thermodynamics and jet-propulsion fundamentals.
The integrated SR30 engine enables students to observe real phenomena during
operation (compression, combustion, expansion) greatly enhancing instructional
value. The stand provides real-time inlet/outlet/combustor temperatures and
pressures, turbine speed, fuel flow, and thrust (Turbine Technologies 2025).

In parallel, research stands target advanced propulsion technologies such
as Pulsed Detonation Engines (PDE). One example is a NASA research stand
designed to reproduce near-real operating conditions cost-effectively. The setup
includes a calorimeter for heat-load measurements and a windowed combustor
section for optical access. The system is hydrogen-fueled with air replaced by
a controlled O-—N> mixture. Cycle control is electronic: hydrogen and air valves
are opened at deterministically scheduled times synchronized with spark ignition.
This approach supports detailed studies of detonative combustion dynamics and
the development of solutions for future propulsion systems (BREISACHER 2025).

Educational and research potential
Combustion and performance research

Pulsating combustion offers unique research opportunities. A pulsejet operates in
an unsteady cycle, generating wave-like variations in pressure and mass flow.
Such a system is a natural laboratory for studying the links between combustion
dynamics, acoustics, and flow hydrodynamics.

Pulsejets are also excellent for studying stability, incomplete combustion, and
particulate formation. The impulsive regime enables analysis of many repeatable
micro-cycles in short time. Fast pressure transducers can record each cycle’s trace,
enabling analysis of ignition timing, pressure-rise rate, and chamber blowdown.
These data support validation of chemical-kinetics models under near-explosive
transient conditions. Time-resolved exhaust-composition measurements (e.g., fast
GC or absorption spectroscopy) can reveal the dynamics of pollutant formation
through the cycle, informing understanding of soot and CO production during
rapid pressure — temperature excursions and subsequent expansion.

In sum, educational — research use of pulsejets in combustion and emissions
centers on two aspects: (I) unsteady pressure-gain combustion unique to such
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engines, with potential efficiency benefits (e.g., via integration with turbines),
and (IT) relatively clean deflagrative combustion (despite rich operation, CO and
HC can be minimal) and techniques (e.g., rapid quenching) that can limit NOx.
This makes pulsejets compelling objects for further study of cleaner, more efficient
combustion processes (LITKE et al. 2005, PAXSON, DOUGHERTY 2005).

Alternative fuels

The simplicity and fuel flexibility of pulsejets make them excellent platforms
for testing alternative fuels. Unlike highly specialized turbines or piston engines
that demand tightly specified fuels (e.g., kerosene, defined-octane gasoline),
pulsejets can operate on a wide variety of liquid and gaseous fuels. External
ignition and sustaining heat release by hot products allow ignition under
comparatively permissive fuel-quality requirements. Literature emphasizes
that pulsejets are promising for fuel trials thanks to their straightforward construction
and tolerance of diverse fuels. Literature emphasizes that pulsejets are promising
for fuel trials thanks to their straightforward construction and tolerance of diverse
fuels. Due to their fuel flexibility, pulsejets can be used to evaluate hydrogen,
biofuels, alcohols and synthetic fuels under controlled laboratory conditions.

The literature presented in Combustion and performance studies suggest
further development of sustainable fuels for pulsejets is justified, positioning them
as proving grounds for fuels that may later migrate to larger propulsion systems.
Pulsejets can rapidly screen fuel behavior under fast combustion, emissions, and
operational issues (e.g., injector coking, ignition stability). Owing to low build
cost, many tests can be run quickly and cheaply before elevating promising
candidates to expensive turbine trials. A practical example is the Wave Engine
J-1, which is fuel-flexible (gasoline, E85, kerosene) without hardware changes,
a trait rooted in the pulsejet concept itself and a positive sign for using pulsejets
as fuel testbeds (Wave Engine 2025). In short, alternative-fuel trials on pulsejets
have substantial potential: rapid eco-performance screening and study of issues
(evaporation, ignition, burn rate) under engine-like conditions.

Structural materials

Despite their simple construction, pulsejet engines operate under harsh
thermal and mechanical conditions, making them an ideal educational tool.
Extreme temperature fluctuations, pressure oscillations, and thermo-mechanical
loads allow for practical engineering projects that bridge theory with real-world
material behavior under unsteady regimes (MANOJ et al. 2025).
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As demonstrated by the material studies summarized in section Numerical
models, pulsejet engines provide an accessible and realistic training ground for
students in aerospace, mechanical, and materials engineering. Their extreme
working conditions, including thermal cycling, pressure pulsations, and chemical
stressors, reflect the types of environments encountered in advanced propulsion
systems.

Educational use of pulsejets introduces students to real-world constraints
in materials engineering: the need to balance mechanical strength, oxidation
resistance, and cost while selecting or designing engine components. By working
with materials such as like Inconel, YSZ, and TIG-welded stainless structures,
students explore the practical application of thermodynamics and materials
science in a unified system. Exposure to modern coating technologies, such as
ceramic thermal barrier layers, provides additional interdisciplinary depth.

Furthermore, experimental projects involving temperature mapping, strain
diagnostics, and material comparison foster critical engineering skills: from
experimental design and instrumentation to data interpretation and structural
failure analysis. These experiences prepare students for careers in demanding
fields, equipping them with the ability to assess material performance under
unsteady, high-load conditions.

In summary, pulsejets offer a robust educational platform for learning about
material selection, experimental planning, and damage interpretation under real
operating loads, these skills are essential for future aerospace and mechanical
engineers. Pulsejets offer an exceptional platform for applied structural education,
bridging textbook theory with hands-on experimentation and reinforcing the
importance of adaptive material strategies in real-world propulsion systems.

Control systems

The educational value of a pulsejet control system derives from synthesizing
knowledge across electronics, control, mechatronics, and safety/reliability
of critical systems. Such a setup requires working with time scales of a few
to several milliseconds, allowing analysis of high-dynamics control.

This kind of stand teaches both the electronic subsystems that actuate
a pulsejet and the design/optimization criteria characteristic of safety-critical
systems where reliability and safety are paramount. Ensuring these qualities
necessitates verification and validation, an added educational benefit, including
functional tests as well as environmental-robustness trials and communication
stress/load tests.
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Diagnostics

Experiments with pulsejets require specialized measurements due to their
operating specifics, especially rapid changes in pressure, temperature, and flow
over short times. Educationally and scientifically, they provide an excellent
context for advanced diagnostics.

The primary tool is fast pressure sensing capable of recording chamber
pressure traces at tens of kHz, enabling determination of operating frequency
and waveform. Fast pressure transducers enable the measurement of combustion
frequency, pressure-wave propagation, and cycle-to-cycle variability. Students
can use such sensors to investigate the influence of geometry, fuel type, and
operating conditions on pulsejet performance (KIKER 2005).

Further key methods include exhaust-composition and thermal measurements.
Multi-component analyzers (NDIR, chemiluminescence, FID, etc.) track Oz, CO-,
CO, NOx, HC in time or at different locations. In the earlier emissions study,
sampling at four downstream distances revealed how afterburning progresses
in the plume. Such diagnostics also evaluate the effectiveness of catalysts
or particulate filters, if used. High-speed imaging (visible/UV) can record flame
luminosity in chamber and nozzle, informing flame structure and stability.
Schlieren or shadowgraph techniques visualize exhaust flow to observe pressure
waves and mixing with ambient air (XU et al. 2007).

Macroscopic performance parameters (gas temperature, fuel consumption)
are equally important. Thrust is typically measured with a load cell; pulsating
thrust may require mechanical damping or electronic averaging for stable means.
Exhaust temperature, oscillatory with the cycle, is measured with shock-resistant
thermocouples or optical pyrometers to assess thermal loading. Fuel consumption
can be tracked by timed mass depletion or mass-flow meters, with attention
to pulsation-induced sensor calibration.

Synchronized multi-sensor DAQ systems enable concurrent acquisition
of pressure, acoustics (microphones), thermocouples, flowmeters, and gas
analyzers. This supports comprehensive diagnostics (e.g., correlating
Instantaneous pressure spikes with acoustic emission and momentary exhaust
composition). For students, planning experiments, selecting and calibrating
sensors, and analyzing data (e.g., FFT of pressure/acoustic signals to extract
fundamentals and harmonics) provide rich practical training.

In summary, pulsejets both demand and enable wide-ranging diagnostics —
from fast pressure and acoustic sensing to flame imaging, gas analysis, and
flow measurement — offering an excellent educational opportunity to engage
with modern instrumentation and data-analysis techniques under challenging,
strongly non-stationary thermo-fluid conditions.

Technical Sciences 29, 2026



The Educational and Research Potential of Pulsejet Engines 187

Numerical models

The non-uniform, pulsating operation of pulsejets is challenging for numerical
modeling yet offers abundant validation data. Advances in CFD have enabled
increasingly accurate simulations of pulsejet phenomena. Tools such as Ansys
Fluent/CFX and research codes can model pulsating combustion with pressure-
wave propagation. CFD allows exploration of geometries and fueling conditions
without building each prototype, accelerating development and reducing cost.

Pulsejets are also well suited to digital-twin approaches. A digital twin is
a simulation model connected to reality, reproducing the physical object’s behavior
quasi-real-time from live measurements. With a fast numerical model (e.g., a 1D
acoustic model including heat exchange and combustion), one could predict pulsejet
parameters in real time and detect deviations (e.g., frequency drops indicating
reduced fuel calorific value or leaks). While the literature has yet to document
full digital-twin implementations for pulsejets, the concept is realistic given
sensor/IoT advances. Such a twin could enhance precise control in drones, where
operating conditions vary dynamically. The electronically controlled Wave J-1
likely employs an internal model to regulate fuel and ignition timing to maintain
stable pulsations over a wide load range, arguably a precursor to a digital-twin
concept (Wave Engine 2025).

Beyond full CFD, simplified acoustic—thermal models treat the engine as
a system of resonant ducts with heat addition during deflagration. Historical
analyses already framed the pulsejet as a wave-based device (e.g., Huygens-type
insights: rapid gas expansion inducing underpressure and fresh-air induction)
(WOJCICKI 1962). Modern acoustic models formulate ODEs for pressure and
flow versus time (akin to ramjet modeling). Though simplified, these are highly
educational: students can follow conservation of mass, momentum, and energy
in a variable-boundary system (opening/closing valve) with periodic heat input.
Solved analytically or numerically (e.g., in MATLAB/Octave or spreadsheets),
such models yield approximate operating frequencies and pressure amplitudes
comparable with experiments. This theory—experiment validation teaches critical
assessment of assumptions and modeling of coupled phenomena (thermodynamics,
acoustics, pulsating flows).

In conclusion, pulsejets are excellent vehicles for training modelers: testing
how far advanced CFD can reproduce pulsating flows and rapid combustion;
developing modern supervision via model—plant integration (digital twins); and
inspiring transparent analytical models that elucidate core phenomena.
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Educational projects

Owing to simple design and low build cost, pulsejets are highly attractive
for student projects and teaching tools. Many universities and student research
groups build and study such engines, yielding practical skills and popularizing
propulsion knowledge.

These projects guide young engineers through the full engineering lifecycle:
preliminary calculations and simulations (e.g., tuning resonator frequency),
workshop fabrication (chambers, valves, ignition and fuel systems), and start-up/
diagnostics. The practical lessons from starting a pulsejet (e.g., ignition issues,
valve sealing, vibration damping) are invaluable. Motivation is another benefit:
igniting a self-built jet engine (even small) is impactful and can spark long-term
interest.

In curricula, pulsejets often appear as historical/technical curiosities; with
their niche resurgence, they are increasingly topics of seminars and theses, e.g.,
miniature engine studies, numerical analyses, or new concepts (electronic in lieu
of mechanical valves). Students learn literature review, hypothesis formulation,
experimental planning, and inference.

For public outreach, pulsejets are sufficiently spectacular for open-day and
science-fair demonstrations. They enable accessible explanations of jet-engine
basics, acoustics, and even materials engineering, serving as didactic exhibits
linking theory and practice and stimulating imagination.

In summary, involving pulsejets in student projects and education yields
multi-dimensional benefits: participants gain design, simulation, experimental,
and data-analysis skills; universities gain operating demonstrators for teaching
and promotion; and the technology itself may progress via fresh ideas from
young developers.

Conclusions

A pulsejet engine remains a niche device, yet it offers substantial value for
scientific research and specialized applications. In an era of propulsion innovation,
a revival of pulsejet-based propulsion in a modernized form cannot be ruled
out, particularly in military and low-cost contexts. Growing interest in this
technology is already evident, as reflected by the increasing number of scientific
publications and grassroots academic initiatives.

Pulsejet engines exhibit high educational and instructional potential,
particularly as platforms for testing alternative fuels. Their low construction
cost enables rapid and cost-effective verification of newly synthesized fuels on
experimental testbeds. Furthermore, the affordability of repeated testing allows
for systematic qualification of various fuel blends under specific engine operating
parameters.
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Additionally, pulsejet platforms support non-destructive diagnostic
investigations, enhancing competencies in engine condition monitoring and
operational control. Another important area of potential lies in the validation
of mathematical models, including CFD simulations and digital twin frameworks.
The low-cost, interactive nature of these test platforms enables the collection
of extensive datasets, which can be used both for simulation validation and for
training predictive maintenance algorithms.
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