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ABSTRACT

This work presents the preliminary design and initial sizing of a didactic pulsejet engine test bench,
intended for educational use at the Sao Paulo State University (UNESP) in Sdo Jodo da Boa Vista. The
test bench design integrates key engineering principles to enable hands-on learning about propulsion
systems, with a particular focus on pulsejet engines, known for their simplicity and unique operational
characteristics. Following the engineering design methodology proposed by Pahl and Beitz, the project
prioritizes ease of construction, operational safety, and efficient data acquisition. Estimations of
temperature, pressure, Mach number, and thrust based on compressible flow equations were performed
using MATLAB to define the operating conditions for the pulsejet engine, as well as to inform the
selection of appropriate sensors and data acquisition systems. The results of this initial design phase
are expected to lay the groundwork for future experimental validation and further development of the
test bench.

KEYWORDS: pulsejet engine; test bench; compressible flow; design process.



RESUMO

Este trabalho apresenta o projeto preliminar e o dimensionamento inicial de uma bancada de ensaios
didatica de motores pulsojato, destinada ao uso educacional na Universidade Estadual Paulista (UNESP)
em Sdo Jodo da Boa Vista. O projeto da bancada de testes integra principios-chave de engenharia para
permitir o aprendizado prético sobre sistemas de propulsio, com foco particular em motores pulsojato,
conhecidos por sua simplicidade e caracteristicas operacionais unicas. Seguindo a metodologia de
projeto de engenharia proposta por Pahl e Beitz, o projeto prioriza a facilidade de construgdo, a
seguranca operacional e a aquisicao eficiente de dados. Estimativas de temperatura, pressao, nimero
de Mach e empuxo baseadas no equacionamento de escoamentos compressiveis foram realizadas em
MATLAB para definir as condi¢des operacionais do motor pulsojato, bem como para prover dados
para a selecdo de sensores e sistemas de aquisicao de dados apropriados. Espera-se que os resultados
desta fase inicial de projeto estabelecam as bases para futura validacdo experimental e desenvolvimento

adicional da bancada de testes.

PALAVRAS-CHAVE: motor pulsojato; bancada de testes; escoamento compressivel; processo de

projeto.
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1 INTRODUCTION

Pulsejet engines are among the simplest aerothermal jet engines capable of operating under static
conditions. Despite their low performance and limited applications, they hold historical significance
due to their military use in the V-1 "buzz bomb" during World War II. Their constructive simplicity,
low cost, and ability to generate static thrust make them an excellent candidate for educational test
benches. The aerothermodynamic processes within a pulsejet engine mirror those of more advanced
jet engines, such as turbojets and turbofans, allowing for valuable practical studies and simulations.

The operational mechanism is grounded in periodic combustion within the tube, producing os-
cillating pressure waves. These oscillations can generate thrust or simply amplify the pressure of
combustion products in "pressure gain" combustors (AGARWAL; PITSO, 2020). The core operating
principle involves combustion-induced compression waves that propagate along the tube toward the
open end. Upon reaching the end, these waves reflect back as rarefaction waves, which reduce the
internal pressure, allowing a fresh fuel-air mixture to flow into the tube. Ignition of this mixture is
achieved through residual heat from the previous combustion cycle, initiating the process anew. This

cycle can be seen in Figure 1.

Figure 1 — Combustion stages inside valveless pulsejet engine
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source: Agarwal and Pitso (2020).

Historically, early pulsejet designs incorporated mechanical valves at the inlet, categorizing them
as "valved pulsejets". Valved pulsejets utilize a unidirectional valve, typically a reed valve, at the
inlet to control the flow of air. This valve ensures that during the exhaust phase, the inlet is sealed,
preventing the backflow of gases and maintaining the proper sequence of air and fuel intake. Common
designs include daisy valves or rectangular grids. However, due to the high-frequency oscillations
inherent to pulsejet operation, these valves experience significant wear and tear, resulting in a very
short operational lifespan. Despite this limitation, valved pulsejets are generally more efficient in
generating thrust compared to their valveless counterparts.

Subsequent developments led to the creation of "valveless pulsejets". This advancement replaced
mechanical valves with strategically placed pipe sections, eliminating moving parts and simplifying

the engine’s construction. The specific shape and proportions of the engine components, such as the
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intake, combustion chamber, and exhaust, dictate the flow behavior and ensure the proper functioning
of the engine. While this design eliminates the mechanical failures associated with valves, valveless
pulsejets are typically less efficient in thrust generation.

In Figure 2 it is possible to see schematics for both valved and valveless pulsejet engines.

Figure 2 — Representations of a) valved pulsejet and b) valveless pulsejet
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source: Magbool and Cadou (2017).

Recent research has primarily focused on two areas: the miniaturization of pulsejet engines and the
development of models to estimate operational properties accurately (ISAC et al. 2014). Understanding
the relationship between engine geometry and performance has become increasingly critical, especially
as pulsejets are designed for smaller, more specialized applications.

In Schoen ef al. (2005)’s research, changes in jet geometry were shown to significantly affect
engine performance. The study found that tailpipe length correlates directly with inlet length, and
incorporating a diverging exit nozzle allowed for shorter jet lengths and more consistent operation.
However, the study also highlighted the challenge of balancing combustion time with fluid mechanic
oscillations in shorter engines, necessitating the use of highly reactive fuels to match engine acoustics.

Meanwhile, Kiker et al. (2005) focused on developing micro-scale pulsejet engines, leading to
the design and successful operation of a record-breaking 8 cm-long pulsejet powered by hydrogen.
Their experimental investigations into 15 cm and 50 cm class engines provided further insights into
the effects of inlet length and operational parameters, offering valuable guidance for the design and
optimization of pulsejet engines of similar scale.

Considering these insights, this project aims to assess the feasibility of a pulsejet engine test
bench for educational purposes at the School of Engineering (Campus of Sao Joao da Boa Vista) of
the Sao Paulo State University (FESJ-Unesp). The project prioritizes the educational utility of the
equipment, cost reduction, and the extension of the equipment’s lifespan. Additionally, findings from
compressible flow theory inside the engine and literature research will guide the design process, with a
focus on material selection, and geometry configuration. Looking ahead, future work will address the
manufacturing process, specifications for measuring instruments and sensors, instruments integration

and calibration, as well as automation of the test bench operation.

1.1 OBJECTIVES

The objectives of this work are as follows:
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* Define technical specifications for the design of an educational test bench for pulsejet engines.

* Conduct a benchmarking analysis to evaluate similar products available on the market and

identify potential improvements in the purposed design compared to competing products.

* Size the pulsejet engine.
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2 BENCHMARKING

A benchmarking analysis allows comparison of performance characteristics, materials, and di-
mensions of similar engines already developed, establishing reference parameters for the design.
Furthermore, it provides insights to simplify and optimize the construction of the didactic test bench,
aligning it with effective practices observed in existing engines. In Table 1, it is possible to see the

dimensions and thrust of different pulsejet engines.

Table 1 — Pulsejet engines found in different applications

Model Length x diameter (cm) | Thrust (kgf)
J-1 Wave Engine (CORPORATION, 2024) 163 x 32 24
Z 23 RC (Z-JET, 2011a) 74 x 8 3.6
Chinese (EVERMAN, 2024) 83 x5 2

Source: Author.

The J-1 Wave Engine, as seen in Figure 3, developed by the North American Wave Engine
Corporation, represents a modern iteration of pulsejet technology tailored for diverse applications.
With a maximum thrust output of 53 Ibf (236 N), this engine delivers substantial power relative to its
compact design and weight of 16.5 Ibs (7.5 kg). Its dimensions, measuring 14 cm in width, 32 cm in
height, and 163 cm in length, make it suitable for integration into various platforms while maintaining
efficiency.

The engine operates with a Digital Engine Control Unit (ECU) equipped with PWM inputs,
allowing precise throttle modulation within a range of 55% to 100% of maximum thrust. It supports
multiple fuel types, including gasoline/petrol (default), E85, and Jet-A/JP-8 (optional), providing
operational flexibility. Its specific fuel consumption is approximately 1.9 1bs/Ibf-hr (54 g/kN-s),
demonstrating a balance between fuel efficiency and performance.

Manufactured in the USA, the J-1-3 Wave Engine is designed for high reliability and adaptability,
although specifications are subject to updates as part of ongoing product enhancements. Its robust
design and digital control capabilities position it as a competitive choice for modern propulsion needs

in aerospace and other industries.

Figure 3 — Wave’s J-1 engine gets flight testing atop its Scitor demonstrator UAV

source: CORPORATION (2024).
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Z-JET, founded by Elio Zanin, has deep roots in pulsejet technology for control-line flying. In
the 1960s, Zanin set multiple world speed records, reaching a peak of 327 km/h. In 1981, Z-JET
began mass-producing pulsejet engines, gaining international recognition for their simplicity and
performance. Over time, the company transitioned to producing engines for radio-controlled aircraft,
introducing innovations to stabilize engine performance under various flight conditions (Z-JET, 2011b).
The Z-23-RC engine, one of Z-JET’s flagship products, is illustrated in Figure 4. The valved pulsejet
engine has found relative popularity among model aircraft enthusiasts. Since it is a product aimed at

amateurs, it was difficult to find consistent records about the engine’s performance.

Figure 4 — Z-23-RC engine

s

source: Z-JET (2011a).

The Chinese-built valveless pulsejet, as seen in Figure 5, is a straightforward design commonly
used in educational projects and small-scale propulsion systems. This engine is often used to power
lightweight experimental aircraft, for propulsion system demonstrations, and for aerothermodynamics
research. In research settings, valveless pulsejets are used to test new combustion techniques and

airflow characteristics due to their predictable and repeatable operation cycles (EVERMAN, 2024).

Figure 5 — Chinese engine model produced by Conception GLC Inc

|

source: Everman (2024).

One possible conclusion from this brief market analysis is that a valveless pulsejet appears to be the
most suitable option for this project. This choice minimizes maintenance and operating costs, offering
a more practical and cost-effective solution. Although the thrust produced by a valveless pulsejet
is lower, this limitation is not a concern, as performance optimization is not a primary objective of
the project. Furthermore, while gasoline is a commonly used fuel for pulsejets, it poses restrictive
challenges regarding safe storage. Therefore, propane was chosen as the fuel for this project, as it is

widely available and presents a lower safety risk.
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3 THEORETICAL FRAMEWORK

3.1 AERONAUTICAL PROPULSION

Jet engines are one of the most successful devices created by humanity when it comes to their
capability to change the status quo of air transportation. This can be noticed by the social and
economic impacts of its invention and their contribution to globalization (SMIL, 2010). Jet engines are
distinguished from other engines by having only the discharge of exhaust gases as their main source of
thrust. In this context, pulsejet engines stand out for having few or no moving parts, which results in
simplicity of operation and construction.

To understand the operation of aircraft engines, it is necessary to define their driving force: thrust.
That can be done by associating Newton’s second and third laws of motion. Newton’s second law states
that the rate of change of momentum of an object is directly proportional to the net force applied to the
object. This can be expressed mathematically as:

dp

F=2 3.1
o (3.1)

Where:

+ F is the net force applied (in newtons, V),

* p'is the linear momentum of the object, defined as p'= m - ¥ (in kilogram-meters per second,
kg-m/s),

* m is the mass of the object (in kilograms, kg),
* ¥ is the velocity of the object (in meters per second, m/s),

. % is the rate of change of momentum with time.

If the mass is constant, this simplifies to:

F=m-d 3.2)

Where a is the acceleration of the object.
Newton’s third law states that for every action, there is an equal and opposite reaction. In terms of

momentum, this can be expressed as:
Fap = —Fpa (3.3)
Where:

e Fup is the force from the change in momentum of object A due to the force exerted by object B,

e F4 is the force from the change in momentum of object B due to the force exerted by object A,
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* The negative sign indicates the momentum changes are in opposite directions.

This shows that the force exerted by object A on object B is equal in magnitude but opposite in
direction to the force exerted by object B on object A.

Finally, thrust can be defined as the force generated by the high-speed expulsion of gases, which
are produced in the engine combustion chamber and subsequently accelerated through the aircraft’s
exhaust nozzle. This acceleration of gases results in a forward momentum that pushes the aircraft in
the opposite direction, following Newton’s Third Law of Motion. The thrust can also be produced by
propellers or ducted fans. If the flow is choked, additional thrust can be achieved due to the difference
between the exhaust plane pressure and atmospheric pressure. The net thrust (/) for a single exhaust

jet engine can be calculated using the following equation:

F =1m(ve —vg) + Ae(P. — Py) (3.4)
Where:

* F'is the net thrust,

* 1 is the mass flow rate,

* v, 1s the exit velocity,

* 9y is the aircraft velocity,

» A, is the nozzle exit area,

* P, is the nozzle exit static pressure,

* P, is the ambient static pressure.

This equation shows that the thrust generated by the engine is a sum of momentum thrust and
pressure thrust (ANVEKAR, 2016).

Historically, many scholars have used this basic idea of propulsion to amuse people and craft
widgets, as stated by Izola (2016). But, the concept of jet engines as known today was created in the
1930s by Frank Whittle and Hans-Joachim Pabst von Ohain (BOYNE, 2006).

3.2 THERMODYNAMIC CYCLE

A pulsejet engine operates by alternating between high-pressure combustion phases and low-
pressure intake phases. In valved pulsejets, reed valves control the intake flow, preventing backflow
into the combustion chamber (ZHU, 2015). However, valveless pulsejets rely on the geometric design
of the inlet and exhaust ducts to manage airflow without moving parts, improving reliability and
reducing mechanical complexity (MODI et al. 2021).

The operation of a pulsejet engine involves combustion-driven pressure waves, which propagate

through the exhaust duct, creating a low-pressure region in the combustion chamber that draws in fresh
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air and fuel. This cyclical process continues as long as fuel is supplied, generating intermittent thrust
(ZHENG et al. 2008). Valveless pulsejets, in particular, have gained attention for their simple design
and ability to achieve efficient propulsion with minimal mechanical components.

The operation of pulsejet engines is often explained through two thermodynamic cycles: the Lenoir
Cycle (Figure 6) and the Humphrey Cycle (Figure 7) (ORDON, 2006). The main difference between
the two cycles is a small compression phase between points a and b in the Humphrey Cycle (Figure 7),

which does not occur in the Lenoir Cycle (Figure 6).

Figure 6 — Lenoir Cycle Figure 7 — Humphrey Cycle
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The Lenoir Cycle is an idealized thermodynamic cycle that represents the operation of pulsejet

engines through three main processes:

* (a) The first thermodynamic process of the Lenoir Cycle is the intake of air and fuel at the state

a.

* (a — b) Constant-volume (isochoric) heat addition. During combustion, heat is added to the
system at constant volume. This process occurs in the Lenoir Cycle without the prior compression
found in the Humphrey Cycle. Pressure and temperature rise significantly due to the energy
released during combustion, and this rise is responsible for the thrust generated in the engine
(ZHENG et al. 2008).

Qin = Cv(Tb - Ta) (35)

* (b — ¢) Adiabatic expansion.

PV, = PV} (3.6)

* (¢ — a) Finally, during the exhaustion of gases from the engine, the system lose heat and returns
to ambient pressure. The heat loss is rapid, and the pressure remains nearly constant as the gas is
ejected. This final phase allows the engine to restart the cycle, repeating the intake of air and

fuel into the engine.
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Qout = Cp(TC - Ta) (3.7)
The thermal efficiency of the Lenoir cycle can be expressed by:

k- (T.—1T,)
T, —T,
Where T,, T}, and T, are the temperatures at the critical points of the cycle, k is the adiabatic

n=1- (3.8)

coefficient, and + is the adiabatic index (ratio of specific heats C,,/C,).
The Humphrey Cycle, on the other hand, is a more complex cycle that includes an additional

process of adiabatic compression before heat addition. The cycle consists of:

* (a — b) Isentropic compression. In this process, the gas is compressed adiabatically, increasing
pressure and temperature without a change in entropy. In the case of the pulsejet engine, the

compression is minimal but still occurs due to the high-speed airflow in the intake tube.

P,V = RV, (3.9)

* (b — ¢) Constant-volume (isochoric) heat addition. Similar to the Lenoir Cycle, heat is added
to the system at constant volume. However, in the Humphrey Cycle, combustion occurs in a

pressurized mixture, resulting in higher efficiency and pressure after combustion.

* (c — d) Adiabatic expansion. After combustion, the gas expands adiabatically, resulting in a
decrease in pressure and temperature, producing significant work in the process. In the pulsejet
engine, this occurs as the exhaust gases escape through the exhaust pipe, generating the necessary

thrust for propulsion.

PV =PV} (3.11)

* (d — a) Constant-pressure (isobaric) heat rejection. In the final cycle phase, the remaining gases
are expelled at constant pressure, rejecting heat to the environment. This process is similar to

that of the Lenoir Cycle, where the pressure remains constant while the heat is released.

Qout = Cp(Ty — To) (3.12)
The thermal efficiency of the Humphrey cycle can be expressed by:

k(T,—1T,)
=1-—" 3.13
U T, (3.13)
where T, Ty, T., and T}; are the temperatures at the respective points of the cycle, and k is the

adiabatic coefficient.
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The key difference between the Lenoir Cycle and the Humphrey Cycle is the compression phase
present in the Humphrey Cycle. This additional compression before combustion increases the thermal
efficiency and the produced thrust, making it more efficient for engine applications. However, the
Lenoir Cycle, due to its simplicity, is often associated with engines like the pulsejet, where the absence
of compression means that the cycle can be maintained with less mechanical complexity.

In the case of the valveless pulsejet, the absence of valves simplifies the engine design but requires
precise control of the intake and exhaust duct geometries to manage airflow. The combustion process
occurs in the combustion chamber, where the air-fuel mixture ignites, resulting in a sudden increase
in pressure. This high-pressure gas expands through the exhaust duct, creating thrust. The periodic
nature of this combustion leads to continuous cycles of pressure buildup and expansion, generating the
characteristic pulsed thrust of the engine (ZHENG ez al. 2008).

In thermodynamic terms, the pulsejet engine undergoes a combination of isochoric and isobaric
processes. An isochoric process (constant-volume process) occurs during the combustion phase, where
the volume of the combustion chamber remains fixed while heat is added to the system, increasing
the total pressure and total temperature of the gases. This heat exchange is isochoric not only due to
the fixed geometry of the combustion chamber but also because combustion occurs over such a short
interval of the complete cycle that there is no time for the gas to expand during the heat addition. Then,
after combustion is complete, an isobaric process (constant-pressure process) occurs when the gases
are expelled from the engine and mix with the atmosphere, maintaining a constant total pressure as the

temperature of the gases decreases.

3.3 DESIGN PROCESS

The design process for a didactic pulsejet engine test bench was grounded in fundamental principles
of engineering design, which seek to apply scientific and engineering knowledge to solve technical
problems while optimizing solutions within various constraints, such as material properties, techno-
logical limits, and economic factors (PAHL; BEITZ, 2007). In the context of a pulsejet engine, the
test bench must meet specific requirements to facilitate experimental observation, testing, and data
acquisition, ensuring it supports the educational objectives of a controlled environment for studying
combustion processes and aerothermodynamics.

As outlined in Pahl and Beitz’s systematic approach, represented in Figure 8, the design process
begins with the definition of clear goals and tasks, which in the case of this research include both
technical and educational requirements. In the case of the pulsejet engine test bench, several key design
principles must be prioritized to ensure the system is effective for didactic purposes and operational in
the long term.

One of the fundamental principles to guide the design is Simplicity of Construction and Main-
tainability. The design should aim for a structure that is easy to manufacture and maintain. This
principle aligns with the need to keep costs low for both construction and operation, ensuring that the
system can be easily installed and operated within the facilities available, such as the UNESP’s hangar.
A modular design is recommended, allowing individual components to be replaced or repaired without

requiring extensive reconfiguration of the entire test bench.
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Figure 8 — Steps in the planning and design process
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Another critical principle is Data Acquisition and Measurement, which supports the educational

purpose of the system. The test bench must be equipped with sensors to measure key parameters
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such as temperature, pressure, thrust, and airflow velocity. The system’s design should incorporate
reliable and accurate data acquisition components, ensuring that experimental results are consistent
and reproducible. Decisions such as whether to measure time-averaged or time-resolved thrust will
influence the complexity of the data acquisition system and its integration into the overall design.

Simplicity of Operation is also emphasized, ensuring that the test bench can be easily operated by
students and instructors. Usability of the system is crucial, particularly in an educational environment
where ease of use can significantly impact learning outcomes. A simple, intuitive control system that
minimizes operational complexity is therefore essential.

The principle of Didactics is directly related to the purpose of the test bench: to serve as a practical
tool for teaching aircraft propulsion. The design must meet the educational objectives providing
hands-on experience for students to observe and measure various aspects of pulsejet engine operation.
As Pahl and Beitz state, designs must align with the intended purpose and context of use, ensuring that
the system effectively contributes to learning goals (PAHL; BEITZ, 2007).

Finally, Operational Safety is essential, especially given the nature of high-temperature com-
bustion, high-pressure gases, and high-velocity exhaust gases in pulsejet engines. Integrating safety
considerations into every aspect of the design process is a must. The test bench should therefore
include safety mechanisms such as automatic shutdown in case of anomalies, adequate ventilation to
manage exhaust gases, and physical barriers to protect operators from potential hazards.

Furthermore, the design of the pulsejet engine test bench involves integrating subsystems such as
the fuel delivery mechanism, ignition system, sensors, and data acquisition devices. The test bench
can be considered a technical system composed of interconnected subsystems that interact with the
environment through inputs, such as fuel and air, and outputs, such as thrust and exhaust gases.

The flow of work during the design process, as defined by Pahl and Beitz, is inherently iterative
and serves as a systematic framework to continuously refine design solutions based on feedback and
evaluation at each stage. In this context, the iterative design process enables repeated assessment and
modification of components, including sensors, actuators, and data acquisition systems, to ensure that
they meet the objectives of usability, safety, and educational value.

While the iterative nature of this process encourages continual refinement, the scope of this work
limits the degree of iteration that can be applied. Not all stages can be exhaustively iterated within this
work, and certain elements, such as optimization of specific subsystems like the diffuser or combustor,
may be reserved for future studies. This approach ensures that the prototype developed in this thesis
will address core requirements effectively while leaving room for future enhancements.

The flowchart in Figure 9 represents the structured stages followed in the design of the didactic
pulsejet engine test bench. Beginning with task planning and clarification, the process involves defining
educational and technical objectives, determining essential pulsejet parameters, and prioritizing sim-
plicity and maintainability. The initial stages incorporate a concept and requirements definition phase,
which includes theoretical flow simulations to estimate temperature, pressure, and Mach variables.
Following this, the preliminary layout is developed. The later stages will involve selecting compatible
data acquisition (DAQ) systems, fuel and ignition systems, and sensor configurations, ensuring these

elements meet safety and stability requirements. Future phases will extend to the construction, assem-
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bly, and testing of the integrated system, leading towards a prototype ready for experimental analysis

and data acquisition.

Figure 9 — Process flowchart outlining the stages in designing a didactic pulsejet engine test bench

e Plan and clarify the task

oMarket Analysis.
oFind and Select Product Ideas.
oFormulate Product Proposal.

e Concept and Requirements Definition

oEducational and Technical Goals.

oPulsejet Parameters: Determination of key parameters
such as thrust, frequency, and operating temperature.

e Preliminary Layout

oFMEA (Failure Mode and Effect Analysis) - Future Work.

oFlow Calculation: Application of theoretical models to
estimate temperature, pressure, and Mach variables.

oMaterial selection.

o Definitive Layout (Future Work)

oCFD simulation.

oTest Bench Architecture Proposal: Conceptual design of
the test bench structure, layout of sensors, and safety
mechanisms.

oComponent and Instrument Selection: Selection of
pressure, temperature, and thrust measurement sensors,
and data acquisition components.

oData Acquisition (DAQ) System: Selection of a DAQ
compatible with sensors and the microcontroller.

oFuel and Ignition System: Design of the fuel supply and
ignition system to ensure safety and stability during tests.

e  Prototype Development (Future Work)

oTest Bench Construction: Physical implementation of the
designed structure, sensor assembly, circuits, and control
system.

oSubsystem Integration: Assembly and interconnection of
sensing, fuel, and DAQ subsystems.

source: Author.
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3.4 ACOUSTIC MODELING OF PULSEJET ENGINES

The acoustic behavior of a pulsejet engine is fundamental to its operation, as it determines the reso-
nant frequency, which significantly impacts overall performance and thrust generation. Additionally,
the engine’s operating frequency influences the selection of measurement instruments, ensuring they
are capable of capturing the phenomena occurring within this specific frequency range. A simplified
acoustic model can be developed by treating the pulsejet engine as a combination of a Helmholtz
resonator for the inlet section and a wave tube for the exhaust section (ZHENG et al. 2008).

The Helmholtz resonator, typically applied to the inlet, captures the behavior of the confined air

volume in the combustion chamber and the short inlet tube. The resonance frequency of a Helmholtz

C; Si
fi_%\/v_ljia (3.14)

where f; is the resonance frequency associated with the inlet, ¢; is the speed of sound in the inlet,

resonator is given by:

S; 1s the cross-sectional area of the inlet, V' is the volume of the combustion chamber, and L, is the
length of the inlet. The speed of sound c; is dependent on the gas properties and the temperature within
the chamber, and it can be calculated by assuming a specific heat ratio and gas constant.

For the exhaust section, the engine behaves like a wave tube, where the resonant frequency is
determined by the length of the exhaust pipe and the average speed of sound c.. The resonance

condition for the wave tube is expressed as:

f, = O<Ce (27”06’@) (3.15)

2nV Ce

where f. is the resonance frequency of the exhaust, S, is the cross section area of the exhaust pipe,
c. is the average speed of sound in the exhaust pipe, and L. is the length of the exhaust pipe. The
acoustic waves in the pipe reflect back and forth, amplifying the pressure oscillations in the combustion
chamber.

The operating frequency of the pulsejet engine is a function of both the inlet and exhaust frequencies.
A simplified approximation of the overall operating frequency f can be given by the average of the
inlet and exhaust resonance frequencies:

fit [e

= 5 (3.16)

The proper tuning of the inlet and exhaust sections is essential to optimize the pulsejet’s perfor-
mance. The ideal condition for maximum thrust is achieved when the inlet and exhaust frequencies
are closely matched, allowing the resonant acoustic waves to reinforce the pressure pulses generated
during combustion. This synchronization enhances the efficiency of the engine, contributing to higher
thrust and more stable operation.

A simpler and effective approach to calculating the frequency is shown by using c as the sound
speed and L as the length of the combustion chamber and exhaust pipe (IZOLA, 2016).

f=— (3.17)
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3.5 COMPRESSIBLE FLOW THEORY

In the study of quasi-one-dimensional compressible flow, three primary models describe how a gas
behaves under different conditions: Fanno flow, Rayleigh flow, and isentropic flow with area changes.
These models help predict changes in velocity, pressure, temperature, and density in various sections
of a pulsejet engine. Each model focuses on different factors influencing the flow, such as wall friction,

heat addition, or changes in cross-sectional area.

3.5.1 Fanno Flow: Compressible Flow with Friction
Considering the following simplifying assumptions:
* Adiabaticity: The flow is adiabatic, meaning there is no heat exchange with the duct walls.
* Quasi-one-dimensionality: The flow properties vary only along the main flow direction.

* Constant area: The duct’s cross-sectional area is constant along the length where Fanno flow

occurs.
* Significant friction: Wall friction is the primary factor altering the flow properties.
* Compressibility: The flow is compressible, accounting for density variations.

» Steady flow: The flow properties do not change over time.

Fanno flow describes compressible flow through a constant-area duct where the primary factor
affecting the gas is friction between the flow and the duct walls. The governing equations for Fanno
flow consider the balance between momentum, energy, and friction forces along the duct (ANDERSON,
2021). In Fanno flow, entropy increases due to frictional effects, while total enthalpy remains constant.

The Fanno flow equations relate the dimensionless parameters of the flow, such as the Mach number
(M), to the friction factor and the length-to-diameter ratio of the duct. The Fanno line is represented

as:

Mo
v Af 1 g+ M?
= |——— -1 3.18
D™ [7]\42 2y n<1+77‘1M2>] G19

e M

The relationships for temperature and static pressure at two different point of the flow are:

L, _ T/ _ 2+ (y— DM

&:%%:%‘/E (3.20)
P M ay My VT .

For the total pressure, which decreases along the flow:

(3.19)

Y1
M2
po, M {Q‘F (v 1>M1} 321

Do, M, 2+ (y—-1)M3
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For subsonic flows, the Mach number increases with friction, and if the flow reaches Mach 1, it
becomes choked.

In contrast to the previous equations, the following equations represent the flow properties at
a specific point in the flow. It is possible to do that by using sonic (or critical) flow properties, or

stagnation properties, which will be from here on denoted by P*, T, F; and 7T}}.

T v+1
— = 3.22
T 24 (y—1)M? (3.22)
For static pressure:
p 1 v+1 1/2 (3.23)
Pt M2+ (y—1)M? ‘
And for total pressure:
po 1 [2+4 (y—1)M? e (3.24)
vi M v+1 ‘

3.5.2 Rayleigh Flow: Compressible Flow with Heat Transfer

Considering the following simplifying assumptions:

* Significant heat transfer: There is heat exchange between the flow and the surroundings,

primarily due to combustion.

* Air-fuel ratio approximation: Although heat is added through combustion, the air-to-fuel ratio is

sufficiently high that the flow can be approximated as pure air.

* Constant area: The duct has a constant cross-sectional area in the region where heat transfer

occurs.

» Thermal equilibrium: Heat transfer is slow enough to allow the flow to reach local thermal

equilibrium.
* Quasi-one-dimensionality: Transverse variations are negligible.

* Compressibility: Compressibility effects are considered.

Rayleigh flow describes compressible flow through a constant-area duct where heat is added or
removed, influencing the thermodynamic properties of the gas. The total enthalpy changes due to
heat transfer, while the total pressure decreases due to the irreversibilities introduced by heat transfer
(ANDERSON, 2021).

Top = Ty + - (3.25)

Pair

In a similar manner to the Fanno Flow, it is possible to establish a ratio of the properties between
two different points in the flow, or between a singular point and the stagnation properties. The Rayleigh

flow equation for temperature is:
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L _P2 (3.26)
v prop2 .
T o 149 )’
"\ 42D
For static pressure, the relation is:
P2 _ LMy (3.28)
p1 1+yM; .
p L+7
o 1 M2 (3.29)
For total pressure:
Ry, 1+IMZ (1427 M3\ (3.30)
Py, 1+ 3MZ\ 1+ 2207 '
Po_ 147 [24(y—1nM2]VO7Y (331)
pr 1+~M? y+1 '
Finally, for total temperature:
Lo — <1+—7Mlz> (%)2 . L%Mg (3.32)
T 1+yM3 ) \ M, 1+ M2 '
T, +1)M?
_o+D [2+ (v = 1)M?] (3.33)

Ty (1+7M2)
In subsonic Rayleigh flow, heat addition increases the Mach number, and if enough heat is added,
the flow can reach a choked condition. Furthermore, the effect of adding heat is to directly change the

total temperature of the flow.

3.5.3 Isentropic Quasi-One-Dimensional Flow with Area Variations
Considering the following simplifying assumptions:
* No dissipation: There are no frictional or heat transfer effects, maintaining the flow isentropic.
e Area variation: The duct has a variable cross-sectional area, such as in nozzles or diffusers.

* Quasi-one-dimensionality: Properties are uniform within each cross-section and vary only along
the duct length.

» Thermodynamic equilibrium: The flow remains in local thermal and chemical equilibrium.

* Compressibility: The flow is compressible, with significant variations in density, pressure, and

velocity.
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Isentropic quasi-one-dimensional flow deals with compressible flow through ducts with varying

cross-sectional areas, where no heat is transferred and friction is neglected. This model is relevant for

sections where the flow accelerates or decelerates due to area changes (ANDERSON, 2021).

The area-Mach relation in isentropic flow is:
Y1

A 1] 2 v—1 a1
= =14+ M
A* M{v—%l(—i_ 2 )]

A M, v =1 M2\ G
1+ %)

Ay, My 2 M2

For temperature, pressure, and stagnation pressure, the relationships are given by:

T 1
T0—1—|—WT_1M2

P 1 !
P()_ 1+WT_1M2

R [1+3FEM2\
Py \1+232ME

(3.34)

(3.35)

(3.36)

(3.37)

(3.38)

For subsonic flow, a decrease in area results in an increase in Mach number, while an increase in

area causes a decrease in Mach number.
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4 BENCH DESIGN METHODOLOGY

4.1 PULSEJET ENGINE INITIAL SIZING

In Sousa and Izola (2019) work, the sizing is primarily based on empirical relations derived from

existing engines. For instance, they estimate the thrust /' produced by the engine using the relation:

F=22xA 4.1)

where F is the thrust force (Ibs) and A is the mean cross-section area of the resonance tube in2.

The mean engine diameter is calculated from the mean cross-section area:

0.5
D,, =2 (é) 4.2)

™

and the total engine length, excluding the inlet, is estimated by:

L =14D,, (4.3)

For engines up to 10 lbs of thrust, the combustion chamber length is taken as 20% of the total
length:

Le.=0.2L (4.4)

In contrast, Melo (2019) methodology employs a numerical simulation approach using Compu-
tational Fluid Dynamics (CFD) to refine the pulsejet’s sizing and performance estimates. Initially,
like Sousa and Izola (2019) design begins with empirical data from existing engines. However, this
is followed by a detailed numerical analysis using software such as CATIA VS5 for design, ANSYS
Meshing for mesh generation, and ANSYS Fluent for the transient CFD simulations.

According to the literature the length of the inlet section can be determined through (MELO, 2019):

Linier = 0.159914 x L 4 0.019354 4.5)

This linear relation is valid for lengths measured in m.
Additionally, the volume of the combustion chamber (V) can be related to the thrust force, when

considering SI units.

F =2735.1V,. + 0.892 (4.6)

Another important parameter in the sizing is the engine operating frequency, which can be found
by equation 3.17.

Both works emphasize the role of geometry in engine performance. In Sousa and Izola (2019)
approach, the exhaust and intake tube diameters are key to determining the engine’s thrust and frequency.

While considering geometry, Melo (2019) also focuses on the effect of combustion dynamics within
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these geometries, using turbulence models such as the Realizable k£ — ¢ and radiation models like P1 to

capture the engine’s internal flow conditions more accurately.

4.2 TEMPERATURE, PRESSURE AND MACH NUMBER ESTIMATION

To estimate the flow properties along the engine represented at Figure 10 and thereby specify the
required operating ranges for the pressure, temperature, and force sensors, a MATLAB code was

implemented, as shown in Appendix A.

Figure 10 — Sketch of the sections of the designed pulsejet engine

Source: Author.

At the inlet (O — 1), the Fanno relations were applied to describe the flow behavior. The Darcy

friction factor for the tube was considered as 0.03 (SOFTWARE, 2023). Using the tube length and
/L
D
possible to numerically solve for the Mach number in the inlet section, and from that, determine the

the inlet section diameter, the dimensionless ratio was calculated. With this information, it was
static pressure and static temperature.

In the diffuser (1 — 2), the relations for quasi-one-dimensional isentropic flow with area change
were applied to describe the variation in the Mach number. Using a numerical method, the equation
was solved to find the Mach number at the exit of the diffuser.

In the combustion chamber (2 — 3), the flow is modeled considering the heat addition due to
propane combustion. The Rayleigh equations were applied to describe the flow with heat addition in a
duct. Finally, the convergent sections (3 — 4) and the exhaust pipe (4 — 5) were modeled similarly to

the divergent section and inlet tube, respectively, with the necessary adjustments.

4.3 COMPARATIVE ANALYSIS OF EXPERIMENTAL APPARATUS FOR PULSEJET ENGINE
STUDIES

Although a complete description of the experimental apparatus will be provided in future work,
the preliminary estimation and analysis of the engine’s frequency, pressure, temperature, and thrust
serve as a foundation for identifying suitable candidates for the sensors and data acquisition equipment.
By examining these critical parameters, it is possible to determine the specific requirements that each
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sensor must meet in terms of range, response time, and accuracy. Furthermore, the selection of these
instruments depends heavily on the type of data acquisition (DAQ) system that will be utilized, as
the compatibility between sensors and the DAQ system is crucial for accurate data acquisition and
processing. This initial analysis aids in the selection of appropriate instruments that can accurately
capture the dynamic behavior of the pulsejet engine, ensuring that the experimental setup will be
capable of meeting the demands of high-frequency measurements and fluctuating thermodynamic
conditions inherent to pulsejet operation.

Each study employed different data acquisition (DAQ) systems tailored to their specific measure-
ment needs. Nakano, Zeutzius, and Matsuo (2002) used a computer-based DAQ system, integrating
pressure and temperature data through analog-digital conversion for real-time monitoring. Zhu (2015)’s
setup utilized LabVIEW software for data collection and analysis, which enabled synchronous record-
ing of multiple parameters, including thrust and temperature. On the other hand, Tylman, Grabowy,
and Recko (2019) featured a custom-built DAQ with a STM32 microprocessor interface.

Regarding pressure, the study by Nakano, Zeutzius, and Matsuo (2002) obtained pressure mea-
surements using Kyowa PE-SKRMT water-cooled pressure transducers. These transducers, positioned
outside the hot flow region to avoid thermal damage, measured the static pressure on the chamber
walls. Zhu (2015)’s work, on the other hand, employed a different approach, with pressure sensors
integrated into the setup to monitor fluctuations within the pulsejet chamber. These sensors provided
real-time data on combustion-induced pressure variations for understanding the engine’s dynamic
behavior. Lastly, the apparatus described by Tylman, Grabowy, and Recko (2019) included a set of
high-frequency response pressure transducers.

For temperature monitoring, Nakano, Zeutzius, and Matsuo (2002) used a series of thermocouples,
although they did not specify the exact type. These thermocouples, likely K-type for high-temperature
applications, were positioned at strategic locations to capture temperature gradients along the pulsejet
engine. Zhu (2015) setup featured unsheathed type K thermocouples, which offer fast response
times but are more vulnerable to environmental conditions (ZHU, 2015). The final study employed
shielded thermocouples, ensuring durability in high-temperature conditions while providing accurate
measurements at the cost of a slightly slower response.

In terms of thrust measurement, Nakano, Zeutzius, and Matsuo (2002) inferred thrust indirectly
by analyzing the rotational speed of a connected turbine, using the generated voltage frequency as an
indicator. This method offered a non-intrusive way of estimating force without directly measuring it.
Conversely, Zhu’s study used a strain gauge-based load cell attached to the pulsejet test bed, directly
measuring thrust variations with high sensitivity (ZHU, 2015). Tylman, Grabowy, and Recko (2019)’s
study also relied on a direct measurement approach, with load cells calibrated for high-frequency

response, allowing detailed tracking of the dynamic force output.

4.4 MATERIAL SELECTION

Material selection should focus on meeting process requirements while aligning with the over-
arching philosophy of the project. The material selection for the pulsejet engine requires materials

that not only maintain mechanical strength but also offer resistance to oxidation and fit within budget
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constraints. Given these financial constraints, the Cost per Unit Property Method was employed to
estimate the financial impact of each material considered. This method, as described by Rahim et al.
(2020), provides an efficient balance between cost and performance by identifying materials that offer

essential mechanical properties at a minimized cost per unit.

4.4.1 Material Candidates and Properties

For this high-temperature environment, three groups of aerospace-appropriate materials were
considered: iron-based alloys, titanium-based alloys, and nickel-based superalloys. Table 2 summarizes
key properties of each material, including yield strength, density, and oxidation resistance. The latter
must be taken into account because, at high temperatures, the diffusivity of oxygen and metal atoms
increases. This means that oxygen atoms can move more easily across the surface and even within the
crystal structure of the steel alloy. This effect accelerates the formation of oxides on the metal surface
and, in some cases, leads to the penetration of oxygen into the material. Oxidation at high temperatures
can compromise the structural integrity and mechanical strength of steel alloys in particular, which is a
concern in industrial applications such as turbines and boilers. Therefore, it is common to use oxidation-
resistant alloys, protective coatings and controlled atmospheres to minimize oxygen absorption and

oxide formation in components exposed to extreme conditions (REED, 2008).

Table 2 — Mechanical properties of candidate materials for pulsejet engine

Material Yield Strength (MPa) | Density (g/cm®) | Oxidation Resistance
17-4PH Stainless Steel 1000 7.8 Moderate
15-5PH Stainless Steel 1050 7.75 Moderate

316 Stainless Steel 290 8.0 High
Ti-6Al-4V 900 4.43 Moderate

Ti-6246 1030 4.50 High

Ti-17 1040 4.65 High
Inconel 718 1240 8.19 Very High
Inconel 625 940 8.44 Very High
Hastelloy X 760 8.3 Very High

source: MatWeb (2024).

At an operational temperature, the selected materials must retain mechanical integrity and resist
oxidative degradation. Iron-based alloys such as 17-4PH and 15-5PH stainless steels exhibit moderate
oxidation resistance but are susceptible to scaling near 500 K, potentially reducing their effectiveness
over time (CARBO, 2008). Titanium alloys, particularly Ti-6Al-4V and Ti-6246, are known for their
high strength-to-weight ratios and superior oxidation resistance compared to iron-based alloys, making
them advantageous where weight reduction is critical. Nonetheless, the oxidation resistance of titanium
alloys may still limit their performance under sustained high temperatures (INFOMET, 2024).

Nickel-based superalloys, such as Inconel 718, Inconel 625, and Hastelloy X, exhibit excellent
mechanical strength and superior oxidation resistance in high-temperature environments, making them
suitable for applications involving frequent thermal cycling (HIRSCHMANN; NETO; REIS, 2009).
These materials develop stable oxide layers at elevated temperatures, which help protect against further
oxidation, making them ideal for high-durability applications (FONSECA; LIMA; CARAM, 2015).
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Considering these factors, nickel-based alloys have become the preferred choice for high-temperature
applications. This preference is due, in part, to nickel’s FCC (face-centered cubic) crystal structure,
which grants it both toughness and ductility. This structural robustness is a result of the cohesive
energy provided by bonding from the outer electrons. Additionally, nickel remains stable in the FCC
phase from room temperature up to its melting point, avoiding any phase transformations that could

introduce thermal expansions or contractions that complicate high-temperature use (REED, 2008).

4.4.2 Cost per Unit Property Analysis

Utilizing the Cost per Unit Property Method, the cost-effectiveness of each material was evaluated
based on yield strength. Although nickel-based superalloys entail a higher initial cost, their longevity
and low maintenance requirements make them economically viable for long-term applications. Tita-
nium alloys, such as Ti-6Al-4V, provide a balanced alternative where weight reduction is essential,
offering moderate oxidation resistance and durability at a relatively lower cost. Approximate prices
per kilogram were obtained from specialized suppliers and reflect average values of metals and alloy

components practiced in the Brazilian market in November 2024.

Table 3 — Cost per Unit of Yield Strength for Selected Materials

Material Yield Strength (MPa) | Approximate Price (R$/kg) | Cost per MPa (R$/MPa)
17-4PH Stainless Steel 1000 50 0.05
15-5PH Stainless Steel 1050 55 0.052
316 Stainless Steel 290 30 0.103
Ti-6Al-4V 900 200 0.222
Ti-6246 1030 250 0.243
Ti-17 1040 260 0.250
Inconel 718 1240 400 0.323
Inconel 625 940 350 0.372
Hastelloy X 760 450 0.592

source: Based on (BEPEX, 2024) and market estimations.
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S RESULTS

5.1 ENGINE GEOMETRY

Table 4 details the main geometric specifications of the engine, including the lengths, diameters
and operating frequency, as well as the combustion chamber volume.

Table 4 — Specifications of the Designed Pulsejet Engine

Parameter Value

Total length (Lotar) 0.56m

Inlet length (L;pzet) 0.10m
Combustion chamber length (L..) 0.10m
Inlet diameter (d;,et) 0.027m

Combustion chamber diameter (D..) | 0.117m
Combustion chamber volume (V,.) | 260 cm?
Frequency 304 Hz

Source: Author.

Figure 11 illustrates the first iteration of the pulsejet engine design. This initial model serves as
a conceptual starting point and will be refined in future iterations to address critical factors such as

pressure and temperature measurement points, the chosen manufacturing method, the fuel injector, and
the ignition system.

Figure 11 — First iteration of the pulsejet design

Inlet

Combustion
Chamber Tailpipe
(Exhaustion Pipe)

source: Author.
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5.2 TOTAL TEMPERATURE, TOTAL PRESSURE, MACH NUMBER AND THRUST

Using 3.4 it was also possible to determine the thrust generated by the engine. The value obtained
of 75 N, although higher than that of other engines of similar size, is in agreement with the initial

values used as seen in Table 5.

Table 5 — Input Parameters for Simulation

Parameter Value
Ainiet joutlet 0.00103 m?
Linlet/outlet 0.1016m
dmlet/outlet 0.027m
Dcc O ].17 m
P o 750 m
10047/ (kg - K)
Calorificvalue (propane) 4.6 x 10" J/kg
AFratio 15:1
R 287.05 J/(kg - K)
Minitia 0.1
8 1.4
Tstaticinlet 283.27T K
ag 337.06m/s
Pstaticmlet 92634 Pa
Pinlet 1.1455 kg/m?
Hinlet 1.784 x 107® Pa - s
finlet/outlet 0.03
fL/ inlet Joulet 0.451
fL*/d 14.53
JL* [ doutier 1.451

Source: Author.

The estimated values of total temperature, total pressure, and Mach number at various stations
along the pulsejet engine model are presented in Table 6. These values provide insights into the
thermodynamic and flow properties at critical points in the engine, showcasing variations as the flow

progresses through the engine stages.

Table 6 — Estimated temperature, pressure, and Mach Number at various stations

Station | Total Pressure (kPa) | Total Temperature (K) | Velocity (m/s) | Mach Number
0 03.28 298.75 34.61 0.10
1 83.57 298.75 38.69 0.11
2 83.57 298.75 38.68 0.11
3 74.79 3353.20 538.05 0.47
4 74.79 3353.20 538.05 0.47
5 60.62 3353.20 731.50 0.66

source: Author.

In Figure 12 it is possible to follow the stagnation temperature and pressure and velocity along the
engine.

In a similar manner, static properties can be seen in Figure 13.
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Figure 12 — Total (stagnation) properties profile throughout the engine’s sections
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Figure 13 — Static properties profile throughout the engine’s sections
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In the inlet section 0 — 1, where Fanno flow is assumed, the total pressure slightly decreases due to
the frictional losses along the duct walls. This is consistent with Fanno flow theory, which predicts that,
in subsonic conditions, the Mach number increases as friction causes a loss of total pressure while total
temperature remains constant. The increase in velocity observed is expected as the flow approaches a
choked condition under subsonic Fanno flow.

The section between stations 1 and 2 is modeled as a divergent duct with isentropic flow. According
to isentropic flow theory in a divergent section, the Mach number should decrease as the cross-sectional
area increases, causing a reduction in flow velocity and a corresponding rise in static pressure. However,

given the subsonic conditions, total temperature remains unchanged, aligning with the results obtained.
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The slight increase in pressure seen in the simulation is in accordance with theoretical expectations,
indicating correct application of the area-Mach relations in this section.

Between stations 2 and 3, the Rayleigh flow model with heat addition is applied. In this region,
the addition of heat from the fuel combustion causes an increase in total temperature while leading
to a decrease in total pressure, as predicted by Rayleigh flow theory. This is due to the irreversible
effects introduced by heat addition, which increases entropy. The rise in temperature and velocity
observed in the results is expected, as heat addition in subsonic Rayleigh flow typically drives the flow
toward Mach 1. The results demonstrate alignment with Rayleigh theory, showing an increase in total
temperature with heat addition and a corresponding decrease in total pressure.

The section from stations 3 to 4 is modeled as a convergent duct with isentropic flow. In this
segment, the reduction in cross-sectional area results in an acceleration of the subsonic flow, increasing
the Mach number and velocity. Isentropic flow theory for a convergent section predicts that, in subsonic
conditions, total temperature remains constant, while static pressure experiences a minor increase.
The results confirm these predictions, with the observed rise in Mach number and velocity due to the
converging geometry and consistent total temperature. The simulation results closely match theoretical
expectations for isentropic convergent flow.

The final section, 4 to 5, assumes Fanno flow in the exhaust pipe, where frictional effects again
play a significant role. As predicted by Fanno flow theory, the total pressure decreases due to frictional
losses, while total temperature remains constant. The Mach number continues to increase as the flow
approaches a choked condition. The results show a decrease in total pressure with a further increase in
velocity, indicating the progressive effects of friction in the duct. These findings are consistent with the
expected behavior for subsonic Fanno flow, where friction drives the flow closer to the sonic condition.

Overall, the simulation results align well with theoretical expectations across all sections. Each
model (Fanno flow, Rayleigh flow, and isentropic flow with area changes) accurately predicts the
behavior of total pressure, total temperature, and Mach number in each respective section. The observed
trends in total pressure reduction in friction-dominated regions and the rise in total temperature with
heat addition demonstrate a coherent application of compressible flow theory to pulsejet engine
modeling. These data will support further investigation into appropriate sensors capable of measuring

the variations in total pressure, total temperature within the engine and thrust.

5.3 MATERIAL SELECTION

After considering both mechanical performance and cost-effectiveness, Inconel 718 is selected
as the optimal material due to its exceptional high-temperature strength, oxidation resistance, and
durability, which align well with the requirements of the pulsejet engine. For components requiring
weight reduction, Ti-6Al-4V serves as a suitable alternative. This selection, facilitated by the Cost per
Unit Property Method, ensures that the material choices meet both performance and budgetary needs
of the project.

Although Inconel 718 presents a higher cost compared to other materials (Fe and Ti-alloys), its
exceptional properties, including superior high-temperature strength, excellent oxidation resistance, and

outstanding durability, make it the most suitable choice for the pulsejet engine’s demanding operational
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conditions. Moreover, Inconel 718 is a traditional material widely used in the manufacturing of
components for other types of engines, such as turbojets and turbofans, further validating its reliability

in high-performance applications.
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6 FUTURE WORK

This project, focused on the design and initial simulation of a didactic pulsejet engine test bench,
opens several avenues for future research and development. With the foundational parameters es-
tablished, further enhancements and explorations can be undertaken to expand the educational and

functional capabilities of the test bench. The following future work opportunities have been identified:

* Specification of Measurement Instruments: Future work should prioritize the detailed specifi-
cation and selection of sensors and measurement instruments, ensuring they meet the frequency,
precision, and environmental requirements for capturing pulsejet operation data, such as pressure,

temperature, and thrust.

* Integration of a Complete Data Acquisition System: Following the current design, integrating
a complete data acquisition (DAQ) system compatible with the processor and selected sensors is

critical.

* Development of a User Interface for Data Visualization: Creating a graphical user interface

(GUI) to display real-time sensor data would enhance the test bench’s didactic value.

* Optimization of Structural Components: The current design offers a basic structure that can
be optimized for safety, cost, and ease of maintenance. Future work could explore alternative
materials and configurations, particularly for improving modularity to facilitate maintenance and

replacements.

* Exploration of Different Fuel Types and Mixtures: Future studies could examine alternative
fuels or mixtures to evaluate their effects on pulsejet performance, including fuel efficiency,
combustion temperature, and thrust output. Experimenting with various air-fuel ratios would

offer additional valuable insights.

* Expansion to Advanced Flow and Combustion Models: The initial design applies basic
flow and combustion models suitable for estimation. Future work could incorporate advanced
computational fluid dynamics (CFD) and combustion simulations to capture complex phenomena,

providing a deeper understanding of pulsejet physics.

* Development of FMEA: A comprehensive Failure Modes and Effects Analysis (FMEA) should
accompany the specification of instruments to systematically evaluate potential points of failure,

prioritize risks, and propose preventive measures.

* Validation of Simulation Results: Experimentally testing the pulsejet engine on the completed
test bench will validate the MATLAB and CFD-based simulation results.
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7 CONCLUSION

The design process of the pulsejet engine test bench emphasizes simplicity of construction, oper-
ational safety, and effective data acquisition, aligning with the educational goals set for the project.
Through MATLAB-based simulations, the project establishes foundational estimates of total tempera-
ture, pressure, Mach number, and thrust along various engine sections. These calculations may inform
preliminary choices of sensors and data acquisition systems compatible with the engine’s expected
operational range, as well as materials suited to withstand temperature and pressure environments.
This work demonstrates the application of systematic engineering principles to a didactic project and
establishes a framework for future experimental testing and refinement of the test bench design. Further
work will involve the integration of these systems, with iterative adjustments based on CFD simulations
and real-world testing outcomes, advancing the project towards a fully functional educational apparatus

for studying jet propulsion.



39

REFERENCES

AGARWAL, A; PITSO, I. Modelling & numerical exploration of pulsejet engine using eddy
dissipation combustion model. Materials today, Elsevier, v. 27, p. 1341-1349, 2020.

ANDERSON, John D. Modern Compressible Flow with Historical Perspective. [S.L.]:
McGraw-Hill Education, 2021.

ANVEKAR, Mayur R. Aircraft Propulsion. [S.1.]: PHI Learning Pvt. Ltd., 2016.

BEPEX. Qual € o preco do kg do aco? [S.1.: s.n.], 2024. Available from:
<https://bepex.com.br/qual-e-o-preco-do-kg—do—-aco/>. Visited on: 1 Nov.
2024.

BOYNE, Walter J. The Converging Paths of Whittle and von Ohain. Air & Space Forces Magazine,
Jan. 2006. Available from:

<https://www.alirandspaceforces.com/article/0106engines/>.

CARBO, Héctor Mario. Acos Inoxidaveis: Aplicacoes e Especificacoes. Brasil, Jan. 2008. Apostila

Técnica.

CORPORATION, WAVE ENGINE. Fire-spitting pulsejet engine delivers bulk thrust at low cost.
2024. Available from:

<https://newatlas.com/aircraft/wave-pulsejet—engine—-deliveries/>.

EVERMAN, Mike. Pulse Jets. 2024. Available from:
<https://pulse-jets.com/pulsejet/>.

FONSECA, MG; LIMA, LCC; CARAM, R. Efeitos da adi¢ao de niquel em ligas ferro-cromo. Parte I:
propriedades mecanicas. Rem: Revista Escola de Minas, v. 68, n. 1, p. 5-11, 2015. DOI:
10.1590/0370-446720146801009.

HIRSCHMANN, Ana; NETO, Carlos; REIS, Danieli. Fundamentos Bésicos Sobre Superligas. In:
INSTITUTO TECNOLOGICO DE AERONAUTICA. 64° Congresso Anual da ABM. Belo Horizonte,
MG, Brazil: [s.n.], 2009. Instituto Tecnolégico de Aerondutica (ITA), Sao José dos Campos - SP.

INFOMET. Metais e Ligas: Aco Inoxidavel — Caracteristicas e Aplicacoes. [S.1.: s.n.], 2024.
Available from: <https://www.infomet.com.br/site/metais—-e-ligas-
conteudo-ler.php?codAssunto=93>. Visited on: 1 Nov. 2024.

ISAC, Joseph Kalyan Raj et al. Numerical simulation of a hydrocarbon fuelled valveless pulsejet.
Propulsion and Power Research, Elsevier, v. 3, n. 2, p. 90-95, 2014.

IZOLA, Dawson. Motores a Jato - Historia, Projeto e Construcao. [S.1.: s.n.], 2016.
https://www.researchgate.net/publication/299485072_Motores_a_Jato_-

_Historia_projeto_e_construcao. Accessed: 2024-10-02.

KIKER, Adam Paul et al. Experimental investigations of mini-pulsejet engines, 2005.


https://bepex.com.br/qual-e-o-preco-do-kg-do-aco/
https://www.airandspaceforces.com/article/0106engines/
https://newatlas.com/aircraft/wave-pulsejet-engine-deliveries/
https://pulse-jets.com/pulsejet/
https://doi.org/10.1590/0370-44672014680109
https://www.infomet.com.br/site/metais-e-ligas-conteudo-ler.php?codAssunto=93
https://www.infomet.com.br/site/metais-e-ligas-conteudo-ler.php?codAssunto=93
https://www.researchgate.net/publication/299485072_Motores_a_Jato_-_Historia_projeto_e_construcao
https://www.researchgate.net/publication/299485072_Motores_a_Jato_-_Historia_projeto_e_construcao

40

MAQBOOL, Daanish; CADOU, Christopher P. Acoustic analysis of valveless pulsejet engines.
Journal of Propulsion and Power, American Institute of Aeronautics and Astronautics, v. 33, n. 1,
p. 62-70, 2017.

MATWEB. Material Property Data. [S.1.: s.n.], 2024. https://www.matweb. com.
MELO, Andreia Sofia Moura. Pulsejet Engine Performance Estimation. Mar. 2019. Master’s Thesis

— Universidade da Beira Interior. Available from: <https:
//d.docs.live.net/0f14679da2ad9%72/Disserta%C3%A7%C3%A30/Master—

Thesis—-corrigida.docx>.

MODI, Shivang et al. Design and Development of Valveless Pulsejet Engine. Ahmedabad, India,
p. 1-6,2021.DOI: 10.1109/ICEPE50861.2021.9404374.

NAKANO, Toshihiro; ZEUTZIUS, Michael; MATSUO, Shigeru. Experimental study of twin pulse jet
engines. Journal of Thermal Science, Springer, v. 11, p. 92-96, 2002.

ORDON, Robert Lewis. Experimental Investigations Into the Operational Parameters of a 50
Centimeter Class Pulsejet Engine. 2006. MA thesis — North Carolina State University, Raleigh, NC.
Master’s Thesis. Available from: <https:
//repository.lib.ncsu.edu/server/api/core/bitstreams/00fea99f-d27e-
42f6-8834-7e32a7ea6899/content>.

PAHL, Gerhard; BEITZ, Wolfgang. Engineering Design: A Systematic Approach. 3rd. London:
Springer, 2007. ISBN 978-1846283192.

RAHIM, Aamir AA et al. A systematic review on material selection methods. Proceedings of the
Institution of Mechanical Engineers, Part L: Journal of Materials: Design and Applications, v. 0,
n. 0, p. 1-28,2020. DOI: 10.1177/1464420720916765.

REED, Roger C. The superalloys: fundamentals and applications. [S.1.]: Cambridge University
Press, 2008.

SCHOEN, Michael Alexander et al. Experimental investigations in 15 centimeter class pulsejet

engines, 2005.

SMIL, Vaclav. Prime movers of globalization: The history and impact of diesel engines and gas
turbines. [S.1.]: MIT press, 2010.

SOFTWARE, Pipe Flow. Pipe Friction Factors for Pressure Drop Calculations. [S.1.: s.n.], 2023.
Accessed: 2023-10-31. Available from: <https://www.pipeflow.com/pipe-pressure-

drop-calculations/pipe-friction-factors>.

SOUSA, Mateus; IZOLA, Dawson Tadeu. Projeto e constru¢ao de um motor pulso jato. Revista
Cientifica da FHO Uniararas, FHO Uniararas, Mar. 2019. Available from:
<https://www.researchgate.net/publication/378871059_PROJETO_E_
CONSTRUCAO_DE_UM_MOTOR_PULSO_JATO>.

TYLMAN, Igor; GRABOWY, Robert; RECKO, Maciej. Thrust and ignition control of valveless pulse
jet engine. In: IEEE. 2019 20th International Carpathian Control Conference (ICCC). [S.1.: s.n.], 2019.
P. 1-5.


https://www.matweb.com
https://d.docs.live.net/0f14679da2ad9e72/Disserta%C3%A7%C3%A3o/Master-Thesis-corrigida.docx
https://d.docs.live.net/0f14679da2ad9e72/Disserta%C3%A7%C3%A3o/Master-Thesis-corrigida.docx
https://d.docs.live.net/0f14679da2ad9e72/Disserta%C3%A7%C3%A3o/Master-Thesis-corrigida.docx
https://doi.org/10.1109/ICEPE50861.2021.9404374
https://repository.lib.ncsu.edu/server/api/core/bitstreams/00fea99f-d27e-42f6-8834-7e32a7ea6899/content
https://repository.lib.ncsu.edu/server/api/core/bitstreams/00fea99f-d27e-42f6-8834-7e32a7ea6899/content
https://repository.lib.ncsu.edu/server/api/core/bitstreams/00fea99f-d27e-42f6-8834-7e32a7ea6899/content
https://doi.org/10.1177/1464420720916765
https://www.pipeflow.com/pipe-pressure-drop-calculations/pipe-friction-factors
https://www.pipeflow.com/pipe-pressure-drop-calculations/pipe-friction-factors
https://www.researchgate.net/publication/378871059_PROJETO_E_CONSTRUCAO_DE_UM_MOTOR_PULSO_JATO
https://www.researchgate.net/publication/378871059_PROJETO_E_CONSTRUCAO_DE_UM_MOTOR_PULSO_JATO

41

Z-JET. PULSOREATTORI. 2011. Available from: <http://www.z—
jet.it/Cataloghi%20pdf/Catalogo%$20Pulsoreattori%20Vl.pdf>.

. 2011. Available from: <http://www.z-jet.it/index.html>.

ZHENG, F. et al. A New Acoustic Model for Valveless Pulsejets and Its Application to Optimization
Thrust. Journal of Engineering for Gas Turbines and Power, ASME, Raleigh, NC, USA, v. 130,
n. 4, p. 041501, 2008. DOI: 10.1115/1.2900730.

ZHU, Mengyao. Numerical Simulation and Experimental Investigation of Thrust Produced by a
Hobby-Scale Pulsejet Engine. 2015. MA thesis — The Pennsylvania State University, University Park,
Pennsylvania, USA. Master’s thesis.


http://www.z-jet.it/Cataloghi%20pdf/Catalogo%20Pulsoreattori%20V1.pdf
http://www.z-jet.it/Cataloghi%20pdf/Catalogo%20Pulsoreattori%20V1.pdf
http://www.z-jet.it/index.html
https://doi.org/10.1115/1.2900730

10
11
12
13
14
15

16

18
19
20
21
2
23
24
25
26
27
28
29
30
31
32
33
34
35
36

37
38
39

APPENDIX A - MATLAB CODE
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clc
clear

close all

% Section 1: Input Data
A_inlet = 0.00103; % Cross—-sectional area of the inlet in m"2
L_inlet = 0.1016; % Length of the inlet pipe in meters

d_inlet = 0.027;
D_cc = 0.11738;

o\

Diameter of the inlet pipe in meters

o\

Larger diameter of the combustion chamber

h_sjbv = 750; % Height (altitude)
cp_air = 1004; % Specific Heat at constant pressure (J/kg.K)
calorific_value_propane = 46e6; % Calorific value (J/kg)

o\

AF_ratio = 15;
R = 287.05;
M_initial = 0.1;

Air—-fuel ratio (15:1)

o\

Gas constant (J/kg K)

o\°

Initial Mach number at the inlet

o\°

gamma = 1.4; Specific heat ratio for air

[~, a0, P_inlet, rho_inlet, mu_inlet] = atmosisa (h_sjbv);

[o)

% Temp, sound speed, pressure, density, dynamic viscosity

T_inlet= 298.15;

$Stagnation/total properties at entrance (from section 3.5, Anderson)

TO_0 = T_inlet * (1 + ((gamma - 1) / 2) % M_initial"2);

PO_0 P_inlet * (TO_0 / T_inlet) " (gamma / (gamma - 1));

[

% Velocity at point 0 based on Mach number and temperature

[

V_inlet = M_initialx sqrt(gamma * R % T_inlet); % Velocity at point O

Re = (rho_inlet * d_inlet * V_inlet)/mu_inlet;

[o)

% Relative roughness (e/d_inlet) where e is the absolute roughness for

steel

e = 0.000045; %[m]
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41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82

rough = e/d_inlet;

%% Section 2: Inlet (0-1)

[}

% Friction factor for the inlet pipe (Darcy-Weisbach factor)

f _inlet = 0.03;

% Dimensionless length for Fanno flow (4fL/D)

fI_d inlet = (4 x f_inlet * L_inlet) / d_inlet;

% Dimensionless length for Fanno flow (4fL/D) from Table A.4 for M = 0.

flL._ d_star = 14.53;

$For the given values:

fanno = fI_d_star - fIL_d_inlet;
M 0 = M_initial;
% Fanno flow relations for Mach number
f=@M™_1) ((-1 / (gamma * M_172)) - ((gamma + 1) / (2 % gamma))...
x log(M_172 / (1 + ((gamma — 1) » M_172) / 2))) -
((-1 / (gamma * M_0"2)) - ((gamma + 1) / (2 % gamma))...
* log(M_072 / (1 + ((gamma - 1) = M_072) / 2))) - fanno;
Ml_initial_guess = 0.3;
M1_solution = fsolve(f, Ml_initial_guess);
M 1 = M1l_solution;

o\°

Temperature relation using Fanno flow: T_1/T_0 for point 1
T_1 = T_inlet * (1 + (gamma - 1) / 2 % M_initial”"2) /
(1 + (gamma - 1) / 2 *« M_1"2);

o\

Pressure relation using Fanno flow: P_1/P_0 for point 1

P_1 = P_inlet =« (M_initial / M_1) * sqgrt((l1 + (gamma - 1) /...
2 % M_initial”2) / (1 + (gamma - 1) / 2 » M_1"2));
% Velocity at point 1 based on Mach number and temperature
V_1 =M1 % sgrt(gamma R « T_1); % Velocity at point 1
% Total temperature at point 1 (TO_1), remains constant for Fanno flow
TO_1 = T_1 * (1 + ((gamma - 1) / 2) * M_1"2);

2
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83
84| $Total pressure at point 1 (PO_1)

85\PO_1 = P_1 % (TO_1 / T_1)"(gamma / (gamma — 1));
86
87
88| %% Section 3: Diffuser Section (1-2)
89

90| $ stagnation properties (TO_1 and PO_1) remain constant along the

diffuser
91|PO_2 = PO_1;
92
93| TO_2 = TO_1;
94

95| % Inputs for the diffuser section

9|A_1 = A_inlet; % area at point 1 (inlet of the diffuser)
97|A_2 = pi * (D_cc / 2)"2; % area at point 2 (exit of the diffuser)
98| Area_ratio = A_2 / A_1; % Area ratio between points 2 and 1

99

100 5 Objective function to minimize

101 fun = @(M_2) ((M_2"2 / M_1"2) * (1 + ((gamma — 1)/2) *...

102 ((M_172 / (M_2"2 + le-6))))"((gamma + 1) / (gamma - 1)) —-Area_ratio
~2);

103

104

105{% Initial guess for Mach 2 (starting point)
106 M2_guess = 0.2;
107

108| ¥ Constraints and bounds for subsonic solution

109| M2_min 0.1; % Lower bound

110|M2_max = 0.99; % Upper bound, subsonic limit (< 1)
111
112| % Using fmincon to find the minimum of the objective function

113l options = optimoptions (’ fmincon’, ’'Display’, "iter’);

114|M2_solution =

115 fmincon (fun, M2_guess, [1, [1, [1, [], M2_min, M2_max, [], options);
116
117|\M_2 = M2_solution;
118

119| % Use isentropic relations to calculate the static temperature and

pressure
1200T_2 = T0_2 / (1 + (gamma - 1) / 2 %= M_2"2); % Static temperature
121/P_2 = PO_2 » (T_2 / TO_2)"(gamma / (gamma - 1)); % Static pressure

122




123
124
125
126
127
128
129
130
131
132
133
134
135
136
137
138
139
140
141
142
143
144
145
146
147
148
149
150
151
152
153
154
155
156
157
158

159

160

161

162

163

% Calculate the velocity at point 2 using the Mach number

V_2 = M 2 % sgrt(gamma » R » T_2); % Velocity at point 2

%% Section 4: Combustor Section (2-3)

% Calculate the mass flow rate (m_dot = rho » V = A)
rho 2 =P _2 / (R = T_2); % Density
m_dot = rho_ 2 *= V_2 x A_2; % Mass flow rate at point 2

o)

% Fuel flow rate based on the air-fuel ratio (AF_ratio)

fuel_flow_rate = m_dot / AF_ratio; % Fuel mass flow rate

% Total heat

Q_total = fuel_flow_rate x calorific_value_propane; % (J/s or W)

Q = Q_total / m_dot; % Heat added by combustion J/kg

[

% Stagnation temperature after combustion (Rayleigh flow assumption)

TO_3 = TO_2 + Q / cp_air ; % Stagnation temperature at point 3 (K)

o\°

Mach number at point 3 after combustion

f=@M_3) ( (1 + gamma * M_2"2) / (1 + gamma * M_3"2) )"2 «*
(M_3 / M_2)"2 *( (1 + ((gamma - 1) / 2) = M_3"2) /
(1 + ((gamma - 1) / 2) * M_272) ) - (T0_3 / TO0_2);

o\

Initial guess for M_3

M_3_initial_guess = 0.1;

o\

fsolve

M_3_solution = fsolve(f, M_3_initial_guess);

M_3 = M_3_solution;

o\

Static temperature at point 3 (Rayleigh relation)
T_ 3 =T_2 * ((1L + gamma » M_272) / (1 + gamma * M_372))"2 x (M_3 / M_2)

o\°

Static pressure at point 3 (Rayleigh relation)
P_.3 =P_2 * (1 + gamma * M_272) / (1 + gamma * M_3"2);% Static pressure (
Pa)
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164
165
166
167
168
169
170
171
172
173
174
175
176
177
178
179
180
181
182
183
184
185
186
187
188
189
190
191
192
193
194
195
196
197
198
199
200
201
202
203

204

205

% Velocity at point 3 using the Mach number and static temperature
V_3 = M 3 % sgrt(gamma R x T_3); % Velocity at point 3 (m/s)
%$Stagnation pressure at point 3
PO_3 = PO_2 * (1 + gamma * M_272) / (1 + gamma * M_3"2) =«
((1 + ((gamma - 1) / 2) * M_372) / (1 + ((gamma - 1) / 2) %= M_2"2)
(gamma / (gamma - 1));
%$Stagnation temperature at point 3
TO_3 = TO_2 * ((1 + gamma  M_272) / (1 + gamma * M_372))"2 =*
(M_3 / M 2)"2 *((1 + ((gamma — 1) / 2) = M_3"2) /
(1 + ((gamma — 1) / 2) * M_2"2));

%% Section 5: Convergent Section (3-4)
% Cross-—-sectional areas at points 3 and 4
A_3 = pi x (D_cc / 2)"2; % area at point 3 (in square meters)
A_4 = A_inlet; % area at point 4 (in sguare meters)
% Calculate the area ratio for the convergent section (4-3)
Area_ratio_convergent = A_3 / A_4;
% Objective function to minimize
fun = @(M_4) ((M_4"2 / M_3"2) % (1 + ((gamma - 1)/2) =

((M_3%2 / (M_4"2 + le-6))))"((gamma + 1) / (gamma — 1))...

— Area_ratio_convergent”2);
% Initial guess for Mach 4 (starting point)
M_4_guess = 0.4;
% Constraints and bounds for subsonic solution
M 4 min = 0.1; % Higher lower
M 4 max = 0.99; % Upper bound, subsonic limit (< 1)
% Use fmincon to find the minimum of the objective function
options = optimoptions(’ fmincon’, ’'Display’, "iter’);
M 4 solution =

fmincon (fun, M_4_guess, [1, [1, [1, []1, M_4 min, M 4_max, [],

) ;

46

).

options
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206 ¥ Display the result

207|disp (" Subsonic solution for M4:7);
208| disp (M_4_solution);

209
210)M_4 = M_4_solution;
211

212| % Stagnation properties remain constant across the convergent section

213 TO_4 = TO_3; % Stagnation temperature remains constant

214|P0_4 = P0_3; % Stagnation pressure remains constant

215

216/ % Use isentropic relations to calculate the static temperature and
pressure

207|T_4 = TO_4 / (1 + (gamma — 1)/2 = M_4"2); % Static temperature

218/P_4 = PO_4 « (T_4 / TO_4)”(gamma / (gamma - 1)); % Static pressure

219

220| % Velocity at point 4 using the Mach number and static temperature

o)

221|V_4 = M_4 » sgrt(gamma R « T_4); % Velocity at point 4
222
223
224|$% Section 6: Exhaust Pipe (4-5)

225

226| L_exhaust = L_inlet; % Length of the exhaust pipe in meters

2271 d_exhaust = d_inlet; % Diameter of the exhaust pipe in meters

228| £_exhaust = 0.03; % Darcy friction factor for the exhaust pipe
229

230

231| % Dimensionless length for Fanno flow (4fL/D)

232| f1._d_exhaust = (4 x f_exhaust x IL_exhaust) / d_exhaust;
233
234| % Dimensionless length for Fanno flow (4fL/D) from Table A.4 for M = 0.46
235| f1L_d_star_exhaust = 1.451;

236
237| $For the given values:

238 fanno_exhaust = fIL_d_star_exhaust - fIL_d_exhaust;
239
240

241|% Fanno flow relations for Mach number

2| f = @(M_5) ((-1 / (gamma * M_572)) - ((gamma + 1) / (2 % gamma)) =*
243 log(M_5"2 / (1 + ((gamma - 1) = M_5"2) / 2))) -

244 ((-1 / (gamma * M_4"2)) - ((gamma + 1) / (2 * gamma)) =*

245 log(M_472 / (1 + ((gamma - 1) * M_472) / 2))) - fanno_exhaust;
246

247\/M_5_guess = 0.2;




248
249
250
251
252
253
254

255
256
257
258
259
260
261
262
263
264
265
266
267
268
269
270
271
272
273
274
275
276
271
278
279
280
281
282
283
284
285
286
287
288
289

M_5_solution = fsolve(f, M_5_guess);

M 5 = M_5_solution;

o\

Temperature relation using Fanno flow: T_5/T_4 for point 1
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T_ 5 =T_4 « (L + (gamma - 1) / 2 « M_4"2) / (1 + (gamma - 1) / 2 * M_5"2)

o\

Pressure relation using Fanno flow: P_5/P_4 for point 1
P.5 =P 4 % (M_4 / M_5) * sqgrt((l + (gamma - 1) / 2 * M_4"2) /
(1 + (gamma - 1) / 2 %= M_57"2));

o\°

Velocity at point 1 based on Mach number and temperature

o

V_5 = M5 % sgrt(gamma » R x T_5); % Velocity at point 1

o

% Total temperature at point 5 (TO0_5), remains constant for Fanno flow
TO_5 = T_5 * (1 + ((gamma - 1) / 2) % M_5"2);

%$Total pressure at point 5 (P0_5)
P0O_5 = P_5 x (T0_5 / T_5)"(gamma / (gamma - 1));

% Mass flow rate at exhaustion
rho 5 =P_5 / (R = T_5); % Density

m_dot_exhaust = rho_5 * V_5 x A_4; % Mass flow rate at point 5

%% Final Output

o\

Thrust
F = m_dot_exhaust * (V_5 - V_inlet) + A 4 x (P_inlet - P_5)

% Display results in a table format

fprintf (' Results_at Various Stations:\n’);

fprintt (V- \n’);

fprintf (' Station\tP_ (Pa)\tT_ (K)\tV_ (m/s)\tM\n’);

fprintf (F0\t%.2f\t%.2f\t%.2f\t%.2f\n", PO_0, TO_O, V_inlet, M_initial);
(

(

(

(

fprintf (F 1\t%.2£\t%.26\t%.2£\t%.2f\n", PO_1, TO_1, v_1, M 1

fprintf (' 2\t%.2f\t%.2f\t%.2f\t%.2f\n", PO_2, TO_2, V_2, M _2);
fprintf (/' 3\t%.2f\t%.2f\t%.2f\t%.2f\n’, PO_3, TO_3, V_3, M_3);

fprintf (F4\t%.2£\t%. 26 \t%5.26\t%.2f\n", PO_4, TO_4, V_4, M 4




290
291
292
293
294
295
296
297

298
299
300
301
302
303
304
305
306
307
308

309
310
311
312
313
314
315
316
317
318
319
320
321
322
323
324
325
326
327
328
329
330

fprintf (' 5\t%.2f\t%.2f\t%.2f\t%.2f\n", PO_5, TO_5, V_5, M_5);
% Plot for total (stagnation) wvalues

figure;

% First subplot - Total Pressure

subplot (3,1,1);

plot ([0 1 2 3 4 5], [PO_O0 PO_1 PO_2 PO_3 PO_4 PO_5], ’"-o’, "LineWidth’
2);

xlabel (' Station’, ’"FontSize’, 12);

ylabel (' Total Pressure_ (Pa)’, ’'FontSize’, 12);

title (' Total Pressure Distribution’, ’'FontSize’, 12);

xticks ([0 1 2 3 4 5]); % Set x—axis ticks
grid on;
% Second subplot - Total Temperature

subplot (3,1,2);

plot ([0 1 2 3 4 5], [TO_O TO_1 TO_2 TO_3 TO_4 TO_5]1, ’"-o’, ’"LineWidth’
2);

xlabel (' Station’, ’"FontSize’, 12);

ylabel (' Total Temperature_ (K)’, ’'FontSize’, 12);

title (' Total Temperature _Distribution’, ’'FontSize’, 12);

xticks ([0 1 2 3 4 51); % Set x—axis ticks

grid on;

% Third subplot - Velocity

subplot (3,1, 3);

plot ([0 1 2 3 4 5], [V_inlet V_1 V_2 V_3 Vv_4 Vv_5], ’"-o’, ’"LineWidth’,
xlabel (" Station’, ’'FontSize’, 12);

ylabel (' Velocity,  (m/s)’, ’'FontSize’, 12);

title(’Velocity, Distribution’, ’'FontSize’, 12);

xticks ([0 1 2 3 4 5]); % Set x—axis ticks

grid onj;

% Plot for static wvalues

figure;

% First subplot - Static Pressure

subplot (3,1,1);
plot ([0 1 2 3 4 5], [P_inlet P_1 P_2 P_3 P_4 P_5], "-0o’, "LinewWidth’,
xlabel (' Station’, ’"FontSize’, 12);
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2);

2);




331
332
333
334
335
336
337
338
339
340
341
342
343
344
345
346
347
348
349
350
351
352
353
354
355
356

ylabel (' Static_Pressure_ (Pa)’, ’'FontSize’,

12);

title(’Static_Pressure_Distribution’, ’'FontSize’,

xticks ([0 1 2 3 4 51);

grid on;

[o)

% Second subplot - Static Temperature

subplot (3,1,2);

plot ([0 1 2 3 4 5], [T_inlet T 1 T 2 T_3 T_4 T_5],

xlabel (' Station’, ’"FontSize’, 12);

vlabel (' Static_Temperature  (K)’, 'FontSize’, 12);

12);

4

title (' Static Temperature Distribution’, ’'FontSize’,

xticks ([0 1 2 3 4 5]);

grid on;

% Third subplot - Static Velocity
subplot (3,1,3);

plot ([0 1 2 3 4 5], [V_inlet V_1 V_2 V_3 VvV_4 V_5],

xlabel (' Station’, ’"FontSize’, 12);

ylabel (' Velocity,  (m/s)’, ’"FontSize’, 12);
title('Velocity Distribution’, ’'FontSize’,
xticks ([0 1 2 3 4 51);

grid on;

12);

4

—O

4
4

12);

—O

4
’

"LineWidth’,

"LineWidth’,

50

2);

2);
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