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Abstract 

 
The motivation behind this master thesis is the renewed interest in pulsejet engines towards power 
or thrust generation for small UAV’s. As technologically simple as it may seem, pulsejet engines 
appear to be the subject of ongoing scientific debate and controversy with regard to their operating 
principle. The problematic which this work addresses could be stated as such: How do pulsejet 
engines really work and how to predict their performance? The first part of the study was an 
exhaustive literature review aimed at gathering knowledge about pulsejet engines. Upon completion, 
the need was felt to clear some confusion and come up with an own understanding of the principles 
of pulsejet engines. Two aspects were simultaneously investigated: gas dynamics and combustion 
theory.  
 

 The gas dynamics study was based on a zero-dimensional numerical model on MATLAB 
which served to calculate the thrust and the frequency of operation depending on the 
pulsejet geometry. It was found that the frequency of operation of a pulsejet is determined 
very closely by its first acoustic mode frequency, which corresponds either to the Helmholtz 
frequency or the quarter wave frequency depending on the pulsejet geometry. The ability to 
sustain a pulsating behaviour and to generate thrust was connected to a coupling between 
the pressure disturbance and the heat released through combustion. A criterion based on 
energy conservation was derived in order to predict the condition under which the modelled 
pulsejet would sustain a pulsating combustion. This criterion was found to be a version of the 
Rayleigh’s criterion for thermo-acoustic instabilities. 

 The second part of the study intended to explore the laws and principles of combustion and 
flame theory, trying to analyse how these known phenomena can explain the pulsejets’ 
operation. More interest was given to the thermo-acoustic instability and results of 
experiments on flame propagating in closed-open tube. A proposal was made to explain the 
engine operation. Further studies related to pulsejet flame transfer function and operability 
diagram were suggested. 

 
This fundamental investigation of pulsejet engines was followed by a more problem-oriented 
engineering task aimed at evaluating their performance in terms of thrust. A formula was derived 
based on the thermodynamic study of the Lenoir cycle in order to connect the thrust with the 
pressure disturbance. Experimentations were carried out on a Redhead pulsejet in order to measure 
thrust, temperature, pressure and frequency. The frequency of operation was predicted with a       
relative difference while the thrust was under predicted with a      relative difference.  
 
Continuation of this work involves a more refined numerical model which would allow identifying 
and characterizing more accurately the mechanisms at stake during the pulsejet operation. Also, 
suggestions were made to investigate noise reduction through pulsejet coupling, which have been 
briefly mentioned at the end of the report. 
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Abstract (svenska) 

 
Motiveringen bakom detta examensarbete är det förnyade intresset för pulsejet motorer mot effekt 
eller dragkraft generation för små UAV. Som tekniskt enkelt som det kan tyckas, pulsejet motorer 
verkar vara föremål för pågående vetenskaplig debatt och kontrovers med avseende på deras 
operativa principer. Den problematik som detta arbete beskriver kan anges som sådan: Hur pulsejet 
motorer fungerar riktigt och hur man förutser deras prestanda? Den första delen av studien var en 
litteraturöversikt för att samla kunskap om pulsejet motorer. Efter slutförandet, fanns det behov av 
att klarogöra viss förvirring och komma med en egen förståelse av principerna för pulsejet motorer. 
Två aspekter undersöktes samtidigt: gasdynamik och förbränningsteori. 
 

 Gasdynamik Studien baserades på en noll-dimensionell numerisk modell MATLAB som 
tjänade för att beräkna dragkraft och arbetsfrekvensen beroende på pulsejet geometri. Det 
visade sig att frekvensen av driften av en pulsejet bestäms mycket noggrant genom sin första 
akustiska läge frekvens, vilket motsvarar antingen Helmholtz frekvens eller kvartalet 
vågfrekvens beroende på pulsejet geometri. Förmågan att upprätthålla ett pulserande 
beteende och för att generera dragkraft var ansluten till en koppling mellan tryckstörningar 
och den värme som frigörs genom förbränningen. Ett kriterium baserat på energibesparing 
härleddes för att förutsäga det tillstånd under vilket det modellerade pulsejet skulle 
upprätthålla en pulserande förbränning. Detta kriterium visade sig vara en version av 
Rayleigh kriterium för termoakustiska instabiliteter. 

 Den andra delen av studien syftar till att undersöka de lagar och principer av förbränning och 
låga teori, försöker analysera hur dessa kända fenomen kan förklara pulsejets operation. Mer 
intresse gavs till termoakustiska instabilitet och resultaten av experiment på flamman 
utbreder sig i slutna öppet rör. Ett förslag gjordes för att förklara motordrift. Ytterligare 
studier relaterade till pulsejet låga överföringsfunktionen och användbart diagram föreslogs. 

 
Denna grundläggande undersökning av pulsejet motorer följdes av en mer problemorienterad 
ingenjörs uppgift syftar till att utvärdera deras resultat när det gäller dragkraft. En formel härleddes 
baserat på den termodynamiska studie av Lenoir cykeln för att ansluta tryck med tryckstörning. 
Experiment utfördes på en Redhead pulsejet för att mäta dragkraft, temperatur, tryck och frekvens. 
Arbetsfrekvensen förutsades med en 0,4% relativa skillnaden medan dragkraft var under förutsägas 
med en 20% relativ skillnad. 
 
Fortsättning av detta arbete innebär en mer förfinad numerisk modell som skulle göra det möjligt att 
identifiera och karakterisera mer exakt de mekanismer som står på spel under pulsejet operationen. 
Dessutom var förslag gjorts för att undersöka brusreducering genom pulsejet koppling, som har kort 
nämns i slutet av rapporten. 
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Nomenclature 

  Specific internal energy [    ] 
  Density [     ] 
   Atmospheric density [     ] 
  Pressure [  ] 
   Atmospheric pressure [  ] 
  Pressure disturbance [  ] 

 ̇ Rate of heat release [      ] 
  Velocity vector [   ] 
  Exhaust velocity [   ] 
  Perfect gas constant 
    Combustion chamber volume [  ] 
  Laplace constant 
  Temperature [ ] 
   Atmospheric temperature [ ] 
  Frequency [     ] 
   Helmholtz frequency [     ] 
    Acoustic frequency [     ] 
    Formation enthalpy [ ] 
   Specific heat capacity 

  ̇  Mass flow inlet [    ] 
  ̇  Mass flow exhaust [    ] 
  Mass fraction 
   Activation energy 
    Length tailpipe [ ] 

    Length combustion chamber [ ] 
    Diameter tailpipe [ ]  

    Diameter combustion chamber [ ] 
̃  Non-dimensional quantity   

   Mass enthalpy [    ] 
  Flame speed [   ] 
  Markstein number 
   Molecular diffusivity 
   Flame length [ ] 

   Sound speed [   ] 
   Exhaust velocity [   ] 
  Impulse [   ] 

 
NB: The equations number will correspond to the part to which they belong. When a new part begins, 
the equations will be counted from 1. 
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I-Introduction 

I.I-Background 

 
The Swedish Defence Material Administration, FMV, is a civil authority whose mission is to 

deliver defence logistics and technologies for Sweden’s security. Amongst other things, FMV 
conducts technical studies in the field of modern battery technology including hybrid energy and 
power supplies, gathered under the denomination of MEA (More Electric Aircraft). The idea behind 
MEA is to unify the aircraft’s internal power flow into electricity, and this approach has proved to be 
of particular interest for mobile unmanned platforms called UAV’s (Unmanned Aerial vehicle), where 
the entire power management including propulsion can be made electric. When it comes down to 
power requirements, it appears quite obvious that an UAV has to be provided with enough power to 
sustain both the technical utility system and the propulsion system. Thus the challenge is to meet 
both requirements, considering that the propulsion task requires a power one or two order of 
magnitude higher than the UAV’s internal systems. Electrical batteries of nowadays don’t have 
enough power density to comply with these power/energy requirements and this drives the 
motivation to use air-breathing systems coupled with an electric generator. Classical solutions 
include Otto, Diesel or gas turbine engine, or alternatively a fuel cell system, and of course each one 
comes with advantages and drawbacks… 

I.II-An alternative worth studying 

 
Pulsejet engines are an old and fairly simple technology of air breathing devices, in which a 

pulsating combustion is self-sustained and coupled with an acoustic oscillation. One historical 
example of this is the very well-known 1940s Argus pulsejet engine used to propel the equally 
famous V1 missile during the Second World War. As technologically simple as it seems, this engine 
was able to develop fairly large amounts of thrust in a very cost-effective way. However, the efforts 
to further investigate this technology slowly faded away due to a high fuel consumption and a very 
loud buzzing noise (which earned the V1 missile the nickname of “buzz bomb”). In spite of the 
numerous and ambitious studies performed during the 1850s, -60s and -70s, the advances in the 
area of jet propulsion at the same time also contributed to the disinterest in the largely outclassed 
pulsejet engines for propulsion purposes. Curiously enough was the pulsejet able to find use in 
modern time as a device for efficient heating and drying in industrial applications. Nowadays and 
because of the growing utility of smaller UAVs, a renewed interest in the simple pulsejet engine has 
developed, and great progress in most engineering disciplines during the last 60 years suggest that a 
foundation exists for possible performance improvements of this technology. 

I.III-UAV-application 

 
In recent years the market for military and civil UAV system has literally exploded. In the size 

range 0-50 kg, the control surfaces of the vehicle are manoeuvred with electric actuators, and all 
other vehicle intrinsic power handling is done with electric motors.  The vehicle thus constitutes a 
MEA concept.  In combination with the fact that the vehicle´s payload may require substantial 
electrical power supply, the electrical supply system must be given the required consideration during 
the feasibility/planning phase as well as during development. However, it is perceived that the all-
electric propulsion has its limitations, and that special consideration must be given in finding 
sufficient and suitable means for the propulsion while providing the other vehicle-internal MEA 
electrical needs. Consequently, a modern internal combustion engine based on the pulsejet engine 
principle sets out the prospect of a simple and cost-effective way to realize small and fast UAV´s 
while simultaneously ensuring electricity supply. 
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II-Objectives and methodology 

II.I-Objectives of the study 

 
The overall objective of this study is to investigate whether or not the results of the 

conducted work indicate a potential utility of the pulsejet concept from the FMV perspective. That is, 
scientific evidence should be provided to show if a pulsejet engine could perform well in achieving 
power or/and thrust requirements so as to be integrated in the power flow of a UAV.  

 
An important sub-task in the thesis work is to extract relevant technical documents and 

arrange the information extracted from these in a purposeful manner. This literature review will 
serve to gather knowledge on the principles of pulsejet engines in order to build a model for 
performance evaluation. 
 

This information should then be assessed and analysed in an attempt to elaborate a draft to 
a “Design Handbook”, which could be used has a guide through the different design steps of a 
pulsejet engine based on a set of requirements to be met. This handbook will come in the form of a 
formula aimed at predicting the thrust depending on the geometry. 
 

The outcome of this study is also to provide assistance for a possible future investigation, so 
it is important to reflect on unsolved problem and to direct the research in the right direction. 

II.II-Methodology 
 

In order to reach the different objectives established to fulfil the requirements of the thesis, 
the study has been divided in different research areas. The work being performed by two people, it 
was also possible for the writers either to focus on one of the particular area of research or to work 
together on the topic. The work has been divided as follow: 
 

 Firstly, a documentary investigation has been carried out. Numerous documents have been 
provided by Etteplan and FMV, covering the history of the pulsejet, several researches 
carried out over the past century and their related results, so as possible improvements 
regarding the pulse combustion. In order to facilitate the use of the information contained in 
these documents, summaries have been written for each of them. 

 

 Secondly, a zero-D numerical model was derived in order to predict the pulsejet engine 
performance in terms of thrust for a given geometry. A 3-D model was wanted at first but it 
turned out it would require too much effort in the scope of this study. 

 

 Thirdly, experiments have been carried out in a KTH lab using a pulsejet bought by Etteplan 
and FMV. These experiments focused on the understanding of the working principles of the 
pulsejet and were aimed at gathering data in order to test the different theories and formula 
derived. 
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III-Historical background 

III.I-The first developments 
 

The very concept of engine based on pulsating flow has first been presented in the 
publication of Nikolai Egorovich Zhukovsky on a paper published in 1882 and called ‘On the reaction 
force of in-and-out oscillating flowing liquid’. This Russian scientist, maybe better known for his work 
on aerodynamics, made research on the Helmholtz problem and investigated the problem of motion 
of a closed tube filled with fluid. 
 

In 1906, Karavodin obtained a patent related to his work on an air-breathing pulsejet engine. 
He managed to build a working engine based on its research the following year, producing high 
speed pulsed gas generated by a cyclic combustion of liquid hydrocarbon fuel/air mixture. 
 

In 1909, Marconnet proposed a resonating combustion device supposed to generate thrust 
directly from exhaust gases. A figure of his engine can be observed below. It can be seen there that 
the basic design and ideas behind the pulsejet engines were coherent. 
 

 
Figure 1 : Marconnet’s pulsejet engine 

During the 1930’s, Reynst also completed some work regarding the pulsejet engines. The 
main subject of his researches concerned self-sustained pulsating combustion systems. Compared to 
the work done on the pulsating engine so far, one of the particularities of the Reynst combustor was 
actually that it only possessed one aperture.  

 
Figure 2 : Reynst’s combustor 

III.II-Pre-World War II and World War II German achievements 
 

In the late 1930’s and beginning of the 1940’s, the German engineer Paul Schmidt patented 
his work on the pulsejet cycle and pulsejet engines. He particularly exposed the principle of 
shockwave ignition occurring inside the engine that he thought was one of the reasons of the 
combustion pulsating cycle. Many outbreaks were carried out at that time, particularly when Schmidt 
worked in collaboration with the ARGUS Company to create the so called V1 bomb or ‘Buzz bomb’. It 
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was in 1942 that the first unmanned flying bomb using pulsejet engine as propulsion device was 
built. A picture of the bomb with its different components can be found below.  
 

 
Figure 3 : German V-1 bomb, propelled by a valved pulsejet engine [1] 

II.III-The particular case of the French Pulsejets 

II.III.I-Valved Pulsejets 

 
In 1946, the French Air Force “Arsenal” military factory started the development of a target 

drone propelled by a valved pulsejet. The work was based on the achievements of the V1 flying 
bomb, but the final engine was actually a scaled down model of it. While the general shape of the 
engine was similar to the one of the V1, the grid system was made of a different material (high 
resistance steel), and a more efficient fuel control was developed, reducing the fuel consumption of 
the engine. The flight tests run in 1949 and 1950 were a success, leading to the manufacturing and 
selling of 400 planes based on this technology.  

II.III.II-Valveless Pulsejets 

 
On the other hand, the company SNECMA also aimed to develop a propulsion device that 

would be based on constant volume combustion. The company produced two particular valveless 
engines: the Escopette and the Ecrevisse (see Figure 4). One of the main changes proposed 
compared to the pulsejets engine created so far was to turn the intake track backwards.  

 
 

Ecrevisse Pulsejet   
 

Escopette Pulsejet 
 
 
 

Figure 4 : Escopette and Ecrevisse by SNECMA [2] 
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When considering the Escopette engine, one can notice that the intake doesn’t curve 
backwards directly. Indeed, the intake is straight but points towards a curved tube mounted 
separately from the main engine and that the company named ‘recuperator’. Particularly, it can be 
noticed that during intake phase, the flow will pass through the gap present between the intake and 
‘recuperator’. Even if this design can appear to be questionable at first, the actual reasons leading to 
it can still be considered in nowadays design. Indeed, the ‘recuperator’ enables to ‘change’ the size of 
the engine while it’s operating.  During the expansion part of the combustion cycle, when hot gases 
are expelled outside of the engine, the ‘recuperator’ acts as a part of the engine, turning the hot flow 
backwards and increasing the thrust. During intake, the fresh air directly enters at the edge of the 
straight inlet tube; the ‘recuperator’ doesn’t influence much the flow, but compared to exhaust 
phase the length of the inlet tube is reduced, improving the efficiency of the engine. 
 

One other difference that can be highlighted compared to the previous engines designed at 
the time is that the exhaust tube is actually composed by two conical and two straight sections 
instead of just a straight tailpipe: the exhaust follows a series of steps of increasing section. This 
geometry aimed to increases the pulsating phenomenon to particularly increase the aspiration of 
fresh air during the intake phase. 
 

It is not appearing on the scheme provided before, but when designing the engine, the 
SNECMA engineers also aimed to use a surplus heat in the exhaust stream, aiming to increase the 
produced thrust. Due to its working principle, only a small amount of air is sucked in the engine when 
the combustion occurs. There is just a part of the heat provided by the combustion which is actually 
transformed in kinetic energy and used to produce thrust. Indeed, only a fraction of air goes out of 
the engine at high speed, the rest of it staying inside while pulsating. Compared to classical geometry 
of pulsejet engine, the Escopette’s progressive exhaust expansion enables to considerably increase 
the volume of the last straight exhaust tube. All the additional heat already present in the flow can 
then warm up a bigger amount of fresh air which will then produce more thrust.  By 1950, the 
Escopette was able actually to propel a flying manned glider called Emouchet, proving the reliability 
of the engine at the time.  
 

When considering the Ecrevisse, it can be seen that this engine possesses a ‘U’ shape. 
Compared to the Escopette, this model is only composed by one part, but the flow from the inlet is 
also used to improve the thrust generated. The inlet tube is again shorter than the exhaust one. The 
combustion chamber constitutes an important part of the engine, letting the possibility of the 
combustion to expand properly. Three models of this engine have been produced, simply named A B 
C and V. Basically, the A model was the smallest one, producing the lowest thrust, and V was the 
biggest one, producing the highest thrust. The ‘Ecrevisse V’ was actually weighting 14.3kg, and was 
able to produce 60Kgp (around 588N). 
 

This engine was actually used to run the propulsion tests of the ‘Coléoptère’, an aircraft build 
by the company during the 1950’s. The objectives of the engine was to take of vertically and to 
change the attitude of the aircraft from vertical to horizontal during the flight, using retractable fins 
mounted on the side of the fuselage nose of the ‘Coléoptère’. The engine was also used to propel a 
racing car in 1955 called ‘cooper mark V’, but the excessive fuel consumption of 680 litres an hour 
convinced the engineers not to carry on using it [3]. The engine license was actually sold twice, to the 
Dutch company Avio-Landa and to the American company Hiller. This company will be of importance, 
being the one producing the famous Lockwood-Hiller pulsejet engine. 
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III.IV-The achievements of the USA 
 

After World War II, the USA was also interested in the pulsejet engines and eager to use it on 
their own aircrafts. Particularly, in the early 1950’s, a particular program was launched by the office 
of naval research. The SQUID project aimed to develop and improve wave engines such as the 
pulsejets. One of the main contributors in this project was the Logan group, whose main 
investigations concerned valveless engines’ shape and fuel type. One particular scientist, Lockwood, 
was first part of the SQUID project and then carried on his investigations on the subject. He finally 
patented a valveless pulsejet with a 180° bend: the Lockwood pulsejet. One of his principal claiming 
was the fact that the non-uniform section area along the engine enabled it to have better start, 
stability of operation thorough a highest range of fuel flows and higher ratio of thrust-to-air handling 
capacity. 

III.V-Researches during the second part of the 20th century 
 

Later, during the 1970’s and 1980’s, the pulsejets related researches and developments 
significantly decreased. At that time, more development was carried out concerning the turbo 
machines and their use in civil aviation. Pulsejets were then more focused on toxic incineration or 
heating system. The interest of the pulsejet in the propulsion devices was actually linked to the 
possibility of using it as a combustor inside a turbo machine. The aim was to create a combustor with 
a potential stagnation pressure gain. 

III.VI-Latest researches 
 

During the last years, pulsejet engines earned a new interest among the aeronautic world. 
Indeed, their easy and cheap manufacturing so as the possibility to build them in a lot of different 
sizes make them an interesting propulsive device for UAVs. Researches are also carried out in order 
to see how the thrust generated by the engine can be augmented, the fuel consumption reduced or 
the valves life increased. Furthermore, the PDE (Pulse Detonation Engine) are also under 
investigation, and constitute of new step in the pulsejet world, creating a possibility of using them in 
future aircrafts. 
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IV-Pulsejet description 

IV.I-What is a pulsejet? 
 

Before digging into the pulsejet principle, it is important to state what exactly is meant by 
“pulsejet engine”. A pulsejet engine is a heat engine in which the combustion occurs in pulses (hence 
the name). This type of engine is a form of air-breathing engine used mostly to generate thrust. As 
opposed to standard jet engines, pulsejet engines use no pre-compression before the combustion, 
which gives them relatively poor compression ratios and thus a low specific impulse. However, they 
contain little to no moving parts, which makes them rather easy to manufacture. Indeed, the design 
of a pulsejet engine basically only involves cylindrical and hollow sections, and their ability to be mass 
produced cheaply and rapidly also contributed to their success during the wold war II. Their 
lightweight design are associated with a relatively high thrust to weight ratio, which is why they 
represent an interesting alternative to propel small UAVs. The design of a standard pulsejet engine is 
described in figure 5 below, and involves: 
-An inlet section through which air and fuel are sucked inside the engine. Air and fuel can be mixed 
either before (pre-mixed) or inside the engine. 
-A combustion chamber where the mixture of air and fuel is ignited. The combustion results in a 
rapid increase in chamber pressure, which pushes the gases outside the engine through the inlet and 
the tailpipe.  
-Valves, which separate the inlet section and the combustion chamber. The valves allow the gases in 
the inlet to enter the combustion chamber, but prevent their backflow in the reverse direction. As a 
result, the gases will only expand through the tailpipe, which increases thrust. Pulsejet engines can 
be either valved or valveless, but due to the low performance of the valveless design, only valved 
pulsejets will be investigated here. The comparison between valved and valveless pulsejet will be 
done below. 
-A Spark plug, which is used to start the engine 
-A Tailpipe, through which the gases are expelled outside the engine at high velocity in order to 
create thrust. Tailpipe often long and cylindrical pipes, and are sometimes ended by a flanged 
section, not represented below. 
-A Conical section often connects the combustion chamber to the tailpipe, as the two usually have 
different cross section areas. 
 

 
Figure 5 : Pulsejet design 
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IV.II-Valved and Valveless pulsejets 
 

The pulsejet engines can be divided in two main categories: valved pulsejet and valveless 
pulsejet. Even if both work following the same basic physic principles, some distinctions should be 
made, and a table describing the differences between the two engines can be found below. 

 

 Advantages Disadvantages 

Valveless Pulsejet 

 
No moving part 
Longer operating life (only 
depending on the amount of fuel 
present in the tank) 
Easier operation from zero speed 
 

Lower level of performance 
Lower efficiency 
More drag 
More weight 
Difficult to run on liquid fuel 

Valved Pulsejet 

 
Better efficiency 
Lower weight 
Less drag 
Less fuel consumption 
Closed combustion chamber which 
increases the post combustion 
confinement 
 

More difficult to build 
Valves’ life limit the operating life 
Harder to start (need of compressed 
air) 

Table 1: Comparison between valved and valveless pulsejet 
 

According to this comparison and considering the type of application the pulsejet engine will 
be used for according to the objectives stated in the master thesis, the valved engine is chosen to be 
the one further studied. 
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V-Literature review 

V.I-Pulsejet principle and gas dynamics 
 

As a result of the literature review done in the first part of this master thesis, it appeared 
quite clear that the principles of pulsejet engines are still vaguely understood. As simple as they 
might seem, the different processes driving the unsteady combustion involve a three-dimensional 
turbulent flow field, acoustic pressure waves and a large transient energy release, and all of these 
aspects are highly coupled together. An explanation in the disinterest in pulsejet engines also lies in 
the fact that a fundamental and detailed understanding of the pulsejet principle is still lacking today. 
It does not mean, however, that nothing can be said about it. One of the aims of this thesis is to try 
to come up with a proper and simple understanding of the pulsejet engine principles, and to later on 
use this basis of knowledge to write a design handbook. This task is not at all simple, and this for two 
main reasons. First, and as mentioned above, the mechanisms which drive the unsteady pulsations of 
these engines are very complicated and it is perhaps contradictory to attempt to find a “simple” 
explanation as to why they work. Then, this task is rendered even harder because when it comes to 
gas dynamics, most authors tend to appropriate concepts such as the “Kadenacy effect” or “acoustic 
vibration” and base their own understanding of pulsejets on these same concepts, without really 
explaining what they mean. As a result, a general confusion remains as to how pulsejet engines 
operate. On the one hand, some authors [4] claim that the pulsating behaviour of pulsejet engines is 
due to the oscillation of gases due to their inertia, a property which is often mentioned [5] as the 
“Kadenacy effect”. On the other hand, some authors [6] claim that a system the pulsejet principle 
involves a system of acoustic waves travelling back and forth inside the engine. It is not excluded that 
both theories might be valid, and if so they might only be suited to describe a certain type of 
pulsejet. In Mathematical modelling of pulse combustion and its applications to innovative thermal 
drying techniques, Wu Zhongua mentions 3 distinct systems based on a pulsating combustion: the 
Schmidt combustor (often called quarter wave combustor), the Helmholtz combustor and the Rijke 
tube combustor. The Rijke tube combustor can be distinguished from the others as it contains two 
open ends and is based upon the operating principle of the Rijke tube which has been quite well 
explained already, so it will be ignored in the scope of this study. The Schmidt type is often 
associated with an acoustic description and has been used toward propulsion purposes mostly. It 
involves a linear and slender design, with a conical section separating a combustion chamber and a 
tailpipe of about equal cross section areas. The Helmholtz combustor has a bulkier combustion 
chamber and a much smaller tailpipe, and is often described by the inertia theory. It seems 
disturbing that only a few authors [7] state that both Schmidt combustors and Helmholtz combustors 
are actually based upon the same principles, which suggests that the inertia and acoustic theory 
could be unified. But then, what are these theories really about?  
 

 Inertia theory 
 

  According to the supporters of the “inertia theory”, the pulsating cycle can be simply 
explained in the following way: The ignition of a fuel and air mixture causes the pressure to build up 
inside the combustion chamber. This increase in pressure causes the gases to expand and rush out of 
the engine through the tailpipe. As the gases flow out, the pressure gradually decreases. Due to the 
gases inertia, the pressure inside the combustion chamber will drop below atmospheric when the 
gases come to rest. As a result, a fresh mixture of air and fuel will be sucked in from the inlet while 
the gases in the tailpipe will be dragged back inside the engine, causing the pressure to increase. The 
hot remnant gases coming from the tailpipe, coupled with the increase in pressure will drive a new 
ignition of the fresh mixture, and the cycle can repeat itself. This cycle is pictured in figure 6 below 
where it is divided into 3 steps: an ignition, an expansion and a backflow. The oscillation of the gases 
due to their inertia is often referred to as the “Kadenacy effect” and involves a large particle 
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displacement which is incompatible with a purely acoustic description. The term “Kadenacy effect” is 
voluntarily written between quotation marks because no credible references have been found 
regarding this effect and it seems that the majority of authors who mention it only quote each 
other’s work without really mentioning where this mysterious “Kadenacy effect” come from. It would 
be perhaps wiser to refer to this explanation only as the “inertia theory” since the concept of inertia 
has been widely approved over the years and can very well be applied to the tailpipe gases.  
 

 
Figure 6 : Gas dynamics according to the inertia theory 

 

 Acoustic theory 
 

Another description of the gas dynamics involves a system of acoustic waves established 
inside the engine. These acoustic waves describe the pulsating behaviour of the pressure disturbance 
and the particle velocity field according to the linear acoustic theory. The wave pattern will be 
explained in details in a future section. For now, it is important to mention how the two theories 
differ. Linear acoustics is the realm of small perturbations around equilibrium while the inertia theory 
involves a large displacement of the gases present in the engine. From the perspective of the 
acoustic theory, the perturbation will propagate along the tailpipe by exchange of momentum 
between small regions of fluid, while the inertia theory involves a simultaneous displacement of all 
the gases. This difference also appears in the mathematical description of those two theories. The 
inertia theory can be derived using only a zero-dimensional model without spatial considerations 
which as a result only involves ordinary differential equations. The acoustic theory requires spatial 
considerations to describe the wave motion, and as a result it involves partial differential equations.  

V.II-Frequency of operation 
 

Another aspect of pulsejet engines on which the opinion of authors is divided is the 
frequency of operation, which is a fundamental characteristics of pulsejet engines. The fact that a lot 
of different mathematical formulas are used to predict the frequency of operation is not necessarily 
wrong, since pulsejet engines exist in a wide range of geometries and can be either valved or 
valveless. However, the majority of authors don’t bother questioning the validity of the formula they 
use and don’t mention to what type of geometries they apply. The literature review suggests once 
again that the different theories regarding the frequency of operation can be divided into two 
groups. On the one hand is the “Helmholtz frequency” while on the other hand are the “acoustic 
frequencies”. Each group includes various formulas which are detailed below in table 2. The 
Helmholtz frequency is often used to describe pulsejet engines of the Helmholtz type, or to describe 
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the resonance frequency of a sub-system comprising a combustion chamber and an inlet 
aerodynamic valve. Two formulas are mentioned, one describing the classical “Helmholtz frequency” 
and the other one describing a non-linear gas dynamics. The Helmholtz resonance phenomenon will 
be explained in further details in a future section. The acoustic frequency is often employed to 
describe pulsejet engines of the Schmidt type also called quarter wave combustors. The quarter 
wave frequency derives from the description of standing waves inside a cylindrical pipe of length  . 
The sixth wave frequency is also sometimes mentioned but does not seem to bear any physical 
meaning. Finally, only a few authors [8] recognize that both theories might be valid and mention that 
the frequency depends not only on the geometry but also on other parameters such as the type of 
fuel used and the rate of inflow of reactants. This suggests once again that both theories could be 
unified, which does not appear very obvious when looking at the equations presented in the table 
below. Could there be a connection between those frequencies?  

 

Frequency theory Description Mathematical formula Reference 

Helmholtz 
frequency 

Helmholtz 
frequency 

     √
   

      
 

   : Tailpipe cross section area 

   : Combustion chamber volume 
   : Tailpipe length 

  : Speed of sound 

[9] 

Non-linear 
Helmholtz 
frequency 

     
     

    (
     
  

)    

   : Tailpipe cross section area 

   : Combustion chamber volume 
   : Tailpipe length 

  : Speed of sound 

[10] 

Acoustic 
frequency 

Quarter wave 
frequency 

   
  
  

 

 : Acoustic length of the engine 
  : Speed of sound 

[11] 

Sixth wave 
frequency 

   
  
  

 

 : Acoustic length of the engine 
  : Speed of sound 

[12] 

Table 2 : Helmholtz and acoustic theories regarding the frequency of operation of pulsejet engines 

V.III-Rayleigh’s Criterion 
 

While some uncertainty remains around the gas dynamics, there seems to be a general 
consensus as to how the gas dynamics and the combustion should be coupled in order to sustain a 
pulsating combustion. Indeed, Lord Rayleigh observed that the effect of an unsteady heat release 
could either encourage or discourage a pressure oscillation depending on the relative phase shift 
between the two. Most authors have acknowledged this work and as a result Rayleigh’s criterion is 
often mentioned in order to capture how the heat release due to combustion can feed energy into 
the pressure oscillation. However, this famous criterion is most of the times used without any 
physical explanation and without précising what it implies. Some clarification of this fundamental 
aspect of pulsejet engines will be given later on.  
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V.IV-Conclusion 
 
 As presented above, a lot of different explanations appear around the principles of pulsejet 
engines which clearly shows that even nowadays, a general confusion remains as to how these 
engines really work. These differences lead to a distinction between two major theories: an inertia 
theory according to which the gas dynamics is governed by the inertia of the gases in the tailpipe, 
and an acoustic theory according to which the gas dynamics is govern by a system of acoustic waves 
travelling back and forth inside the engine. Two theories also exist on the matter of the frequency of 
operation: the Helmholtz frequency is often mentioned to describe Helmholtz type pulsejets while 
the acoustic frequency is often mentioned to describe quarter wave or Schmidt type pulsejets. 
Regarding the combustion and the flame dynamics inside the combustion chamber, not much has 
been done so far. Only the Rayleigh criterion serves as a general guideline to specify under which 
condition the unsteady heat release due to the combustion will drive a pressure oscillation. In an 
attempt to participate in the collective effort to understand pulsejet engines, the following studies 
will try to gather some knowledge based on physical considerations in order to come up with a 
proper understanding of the pulsejet engine principles. 
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VI-Gas dynamics in pulsejet engines 

VI.I-Acoustic theory 

VI.I.I-Introduction to some acoustic principles 

 
 As defined by the American National Standards Institute (ANSI), acoustics is the “science 
of sound, including its production, transmission, and effects, including biological and psychological 
effects”. The mathematical contents of the acoustic theory is related to the description of mechanical 
waves in solid, liquid or gases, including topics such as sound propagation. Indeed, what is usually 
called “sound” is actually _from the perspective of acoustic engineering_ a type of longitudinal wave 
which propagate in a medium by means of adiabatic compression and decompression, and which can 
be characterized by several quantities such as sound pressure, particle velocity, particle displacement 
and sound intensity. Acoustic waves travel at the speed of sound which itself is a characteristic of the 
medium they are passing though [13]. The wave equations for the different quantities mentioned 
above derive from fluid dynamics and can be obtained from the conservation of mass and 
momentum, as well as a set simplifying assumptions. Among them, the most significant assumption 
is that the amplitude of the disturbance of the field quantities is small compared to the equilibrium 
state. This “small perturbation” assumption leads to a linear description of the acoustic phenomena. 
The problem can be further simplified by assuming that the acoustic field quantities only depend on 
the spatial coordinate in the direction of propagation, in which case the waves are called “plane 
waves”. As a result, the acoustic plane wave equation for the pressure disturbance (as well as the 
other field quantities) in one dimension can be written as: 
 

   

   
 

 

  
   

   
   

 

(1) 

where   is the speed of sound of the medium. D’Alembert gave a general equation for this solution in 
the form     (     )    (     ) where    indicates a disturbance traveling in the positive 
  direction and    indicates a disturbance traveling in the negative   direction. Before investigating 
the propagation of plane waves in tubes, it is important to state under which condition is this 
description valid at all. According to S.W. Rienstra & A. Hirschberg [14] the validity of the plane wave 
approximation depends mostly on the diameter of the tube and the viscosity of the fluid. Indeed, 
only waves propagating at a frequency lower than the “cut off” frequency can be considered plane. 
The value of this frequency depends on the shape of the pipe cross section. Also, the condition for 
the validity of a frictionless approximation yields a lower bound for the frequency of plane waves. As 
a result, plane waves can only exist in a tube within the frequency range: 
 

  

   
   

  
  

 

 

(2) 

where   is the tube diameter and   is the kinematic viscosity (about               for air). A 
reasonable frequency range for the operation of pulsejet engines is between 40 hertz (for large 
pulsejets such as the Argus) and about 400 hertz for small pulsejets. The plane wave approximation 
thus remains viable for pipes of a diameter    (    )  , which is enough for this study. 

VI.I.II-Acoustic impedance 

   
 Acoustic impedance is a property of a system to exhibit an opposition to the acoustic flow 
resulting from an acoustic pressure applied to the system. The acoustic impedance   of a pipe of 
cross section area   can be written as         with    the fluid density and   the speed of sound 

https://en.wikipedia.org/wiki/Sound
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of the medium. At the intersection of two medium of different impedances, a plane wave will 
encounter both reflexion and transmission, as pictured in figure 7. The amplitude of the reflected 
and transmitted waves will depend on the reflection coefficient   and the transmission coefficient  , 
whose expressions can be derived using the continuity of pressure and flow at the interface: 
 

  

  
  
  

  
  
  

 and   
 
  
  

  
  
  

 

 

(3) 

 When the two media consist of the same fluid and if the fluid properties are somewhat 
conserved at the interface (which is arguable in the case of a pulsejet tailpipe), the reflection and 
transmission coefficient will only depend on the cross section ratio at the interface. A plane wave 
reaching an open end will result in full reflection with a phase shift of 180° (    ). A plane wave 
reaching a close end will result in full reflection with no phase shift (   ).  

 

 
Figure 7 : Reflection and transmission of a plane wave 

VI.I.III-Wave propagation 

 
Consider a perturbation of a fluid medium in a pipe of length   closed at one end and opened 

at the other. In the case of a pulsejet engine, this perturbation would first arise in the combustion 
chamber in the form of a pressure and temperature pike. According to the solution of the wave 
equation (1), this perturbation will propagate upstream and downstream and will reflect at the open 
and close ends of the pipe (see previous section). The wave propagation pattern is sketched in figure 
8 below. It appears that a cycle is completed after the perturbation has travelled 4 times the total 
length of the tube, which suggests that the pulsejet engine operates as a quarter wave resonator 
with a frequency       . A depression wave reaches the close end of the pipe at about half of the 
cycle period, which could effectively drive a new mixture of air and fuel inside the “combustion 
chamber” of an actual pulsejet engine. This mixture could be ignited half a period later when the two 
compression waves meet again in the combustion chamber. This simple yet meaningful description 
of the wave propagation in a tube is important because it captures the coupling between acoustics 
(through the quarter wave frequency of the tailpipe) and the pulsating combustion inside the 
chamber. 
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Figure 8 : Wave propagation inside a pipe 

 Numerical solution 
 

In order to validate this description, a simple numerical model was computed using Matlab 
based on the linearized one-dimensional Euler’s equations often used in acoustics. These equations 
are the continuity equation and the momentum equation, and can be written as follow: 
 

  
  

  
 
  

  
   (4) 

 
and 
 

  

  
   

  

  
   (5) 

 
with   the particle velocity,   the pressure disturbance and   the density disturbance of the 

medium (in that case, air). In order to connect the pressure disturbance with the density disturbance, 
the wave propagation is assumed to be an adiabatic process, which gives the relation: 
 

    
   with    √

   

  
 (6) 

 
The equations were computed using a first order finite difference scheme with a time step 

small enough to guarantee the convergence of the solution over a small number of iterations. The 
geometry is that of a simple pipe of length         closed at     and opened at       and the 
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boundary conditions impose a null particle velocity at the closed end and a null pressure disturbance 
at the open end. The initial pressure disturbance is a parabolic function whose maximum is attained 
near the closed end (which could be the result of a combustion). Figure 9 below depicts how the 
pressure disturbance develops in the tailpipe at different times. According to the different snapshots, 
It appears that the behaviour of the pressure disturbance is very similar to the one presented in 
figure 8, which suggests that the wave propagation presented above was realistic. The waveform is 
gradually distorted due to the accumulation of errors over each iterations, which explains why the 
pressure disturbance in the last picture does not show the exact same shape as in the first picture. 
The period of the motion is about          seconds, which corresponds to a frequency of        . 

This frequency matches almost exactly the quarter wave frequency   
  

  
        .   
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Figure 9 : Numerical computation of the pressure disturbance 

VI.I.IV-Standing wave 

 
So far, only a simple thought experiment on the basis of acoustic impedance has served to 

understand the traveling of acoustic waves through a tube. While this explanation can help 
understand the basic principle of pulsejet engines (i.e. the coupling between acoustics and the 
pulsating combustion), it is perhaps too simple and ignores a crucial aspect: How are pulsejet engines 
able to produced thrust? In order to dig further into the pulse combustion mechanisms and in 
particular into the wave dynamics, it is essential to consider the wave forms which are 
mathematically allowed in the context of the acoustic theory. Since total reflection occurs both at the 
open and close end of the pipe, the amplitudes of the reflected and incident waves will be the same. 
Also, the frequency and wavelength of the wave is unaltered by reflection. Under these conditions, a 
harmonic solution for the pressure field can be found and written as: 
 

       (     )       (     ) (7) 

Two harmonic waves with same frequency, wavelength and amplitude travelling in opposite 
directions will interfere and produce what is commonly called a standing wave. A standing wave is a 
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stationary wave in which each point has a constant amplitude over time. This can be expressed 
mathematically by using the trigonometric sum-to-product identity to transform equation (7) into: 
 

        (  )    (  )  (8) 

Now, let be considered a pulsejet in the most simple form of a semi-closed pipe at     and 
of length  . The reflection coefficient at the open end is     , meaning the amplitude of the 
pressure disturbance at this point will cancel out. Mathematically, this means that  (     )   , 
or since the time dependant function cannot be null at all times,    (  )     The wave length   and 
the frequency   can thus be written: 

 

   
  

(    )
 and    

 (    )

  
,     

 
(9) 

 The fundamental mode (for    ) represents free oscillations of the acoustic field quantities 
at the frequency of       , in accordance to the previous thought experiment. However, all 
frequencies and wavelengths verifying equation (9) are potential solutions to the wave equations in 
this particular case. Since the wave equation is linear, a general expression for the pressure field can 
be found from superposition of solutions, which yields: 
 

 (   )  ∑      (     )    (      )
 

 

 

(10) 

Where    is the amplitude of the     mode. High order modes are generally associated with 
smaller amplitudes, and thus play a minor part than the fundamental mode. In the scope of this 
study, their contribution to the pulsejet engine principle will be neglected. The particle velocity field 
is also solution to the wave equation but derives from different boundary conditions (the velocity 
disturbance is null at the close end of the pipe). The derivation will not be done here, but a heuristic 
explanation based on energy conservation is enough here: The mechanical energy which includes 
potential energy (pressure) and kinetic energy (velocity) is conserved, which means that it oscillates 
between a state of high pressure and low velocity and a state of low pressure and high velocity. Thus, 
the nodes of pressure are antinodes of velocity and vice versa. As a result, the velocity disturbance 
have the same waveforms but is simply phase shifted by 90° with respect to the pressure 
disturbance.  The standing wave fundamental waveform is pictured in figure 10 below, and higher 
order waveforms for the pressure and velocity disturbance can be observed in figure 11. 
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Figure 10 : Fundamental waveform 

 

 
Figure 11 : Pressure and velocity waveforms for higher order modes 
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VI.I.V-Energetic aspect 

 
In electromagnetism, the Poynting vector is the directional energy flux density (the rate of 

energy transfer per unit area) of an electromagnetic field, and is often used to describe how energy 
propagates in an EM wave. The flux of the Poynting vector through a surface represents the power 
transferred through this surface. An acoustic analogy to this Poynting vector is called “acoustic 

intensity” and is defined as the sound power per unit area:  ⃗    ⃗. Recalling that the particle velocity 
is phase shifted by 90° with respect to the pressure disturbance, it appears that the average acoustic 

intensity in the direction of propagation    ⃗    . This means that the energy of a standing wave 
does not propagate and remains constrained between the nodes, which is why this type of wave is 
also called “stationary wave”. This shows that a purely linear acoustic interpretation of the wave 
system which develops inside a pulsejet engine fails to predict one of its most important aspect i.e. 
the ability to produce thrust and to exchange momentum with its surrounding. Indeed, in the case of 
standing waves, the velocity disturbance at the exhaust of the tailpipe is as much positive as it is 
negative over a period of oscillation. This cannot result in much thrust production. So far, the study 
of a simple cylindrical pipe was conducted in order to understand the basics of pulsejet engines. This 
obviously has its limit, because a pulsejet engine often comprises a combustion chamber of different 
diameter than the exhaust pipe, and an inlet valved section which serves to drive fuel and air inside 
the combustion chamber. Since linear acoustics of the exhaust pipe alone is unable to provide a good 
explanation for thrust production, it is perhaps time to consider the effect of combustion and fuel 
flow. 

VI.II-Numerical model 
 

A first mathematical model inspired by a model suggested by Richards et al was derived in an 
attempt to understand the mechanisms of the valved pulsejet engine. This model is a zero-D lumped 
parameter model, which means it contains no spatial considerations, and all the parameters are 
calculated inside the combustion chamber. The derivation is based on an energy balance inside the 
combustion chamber: the energy changes due to the inflow of reactants, combustion, and outflow of 
products. The combustion is modelled by a one-step Arrhenius law for a bimolecular reaction 
between air and propane. Due to the lack of spatial information, the tailpipe flow is modelled as a 
slug flow (constant density and pressure driven flow) without any consideration for the pressure 
wave system that usually develops inside the tailpipe. The gazes are assumed to be perfect, with 
constant specific heats, and the mixture is supposed to be stoichiometric. 

VI.II.I-Derivation of the mode equations 

 
The model consists of a system of 4 differential equations derived by applying successively:  

 Conservation of energy 

 Conservation of mass 

 Conservation of species 

 Conservation of momentum inside the tailpipe 

 
Figure 12 : Control volume 

https://en.wikipedia.org/wiki/Physics
https://en.wikipedia.org/wiki/Energy_flux
https://en.wikipedia.org/wiki/Electromagnetic_field
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 Conservation of energy 
 
The conservation of energy inside the combustion chamber can be derived using the 

transport theorem and takes the form: 
 

 

  
∫  (  
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(11) 

where   is the density,   is the specific internal energy,   is the pressure,  ̇ is the rate of heat release 
per unit volume,   is the fluid velocity,    denotes    , and   is the outwardly directed normal on 
the boundary. This equation can be simply understood in the following way: The rate of change of 
energy inside the combustion chamber (first term) is equal to the heat released inside the control 
volume (third term) minus the loss of energy due to advection through the boundaries as well as 
work performed inside the control volume (second term) and heat transfer (third term). Heat losses 
through the walls of the chamber are ignored for simplicity reasons. As stated earlier, it is assumed 
that the gazes are perfect and thus they obey the perfect gas law. Also, the Laplace constant   is 
supposed to be constant and the kinetic energy inside the control volume is negligibly small 
compared to the specific internal energy e given by      . Under these assumptions, the first term 
can be written as: 
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where     is the volume of the combustion chamber. The second term can be expressed as function 
of the enthalpy             which allow it to be written as: 
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(13) 

where T is the temperature inside the chamber,    is the ambient temperature,   ̇  the mass flow at 
the entrance of the tailpipe and   ̇  the mass flow at the inlet. The last term can be simply written as: 
 

∫  ̇  
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(14) 

For convenience, the parameters      ̇     ,      ̇      and           are introduced. 
Substituting the expressions for the integrals, the energy equation balance equation (12) can finally 
be written:  
 

 

   

  

  
   (        )   ̇ 

 
(15) 

 Conservation of mass 
 

The conservation of mass over the control volume simply states that mass of gas inside the 
combustion chamber changes due to inflow of reactants and outflow of products. Under the 
assumption of uniformity (constant density inside the control volume), the conservation of mass can 
be written as: 
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       (16) 

 
The mass conservation equation is then replaced by another equation derived as follow. 

Considering the perfect gas law       and using the mass conservation equation (equation (16)) it 
follows that: 
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Solving for 
  

  
 gives: 
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 Rate of heat release 
 

The rate of heat released per unit volume is equal to the heat of reaction per unit of fuel 

mass times the fuel mass reaction rate per unit volume, such that  ̇       ̇. As stated earlier, the 

mass fuel rate of reaction is modelled by a bimolecular reaction rate law between fuel and oxygen: 
 

  ̇   ̂√           ( 
  
   

) 

 
(19) 

Where  ̂ is some kinetic constant,    and    are the mass fractions of fuel and oxygen, respectively, 

   is the activation energy and    is the universal gas constant. The mass oxygen rate of reaction is 

simply the stoichiometric oxygen-fuel mass ratio    times the mass fuel rate of reaction   ̇      ̇. 

 

 Conservation of species 
 

The mass fraction    and    can be derived by considering the mass conservation of species 

across the control volume. The mass conservation of species simply states that the change of fuel 
mass inside the control volume is due to mass flux out of the control volume and the consumption of 
fuel during the reaction, which can be written as: 
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(20) 

Under the assumption of uniformity, this becomes: 
 

    

  
 (           )    ̇ 

 
(21) 

Where      the fuel mass fraction at the inlet. Applying the chain rule of differentiation and 

substituting the mass conservation for 
  

  
 (equation 11) as well as the perfect gas law for   yields: 

 
   

  
  

 

 
(  (       )    ̇) (22) 

 
 



Page | 33  
 

 
 

 Tailpipe dynamics 
 

As stated earlier, gases inside the tailpipe are assumed to move as a slug flow, i.e. they move 
as a whole under the pressure gradient between the tailpipe entrance and the tailpipe exhaust. This 
simple modelling of the gas flow is pretty much all that can be done considering that no spatial 
information can be extracted, and thus the pressure wave inside the tailpipe is simply ignored in that 
case. Applying Newton’s second law yields: 
 

  

  
 

 

    
(    ) 

 

(23) 

With   the gas velocity inside the tailpipe,   the density inside the tailpipe and     the 

tailpipe length. Richards et al simply assumed that the density in the tailpipe at any moment was 
equal to the density of the gases entering the tailpipe at that moment. This means that at moments 
of low density at the tailpipe entrance, the mass of the gases in the tailpipe is underestimated, while 
it is overestimated when the density is high. Therefore an error in the velocity of the gases in the 
tailpipe is produced, but it should not lead to any significant modification of the pulsejet behaviour. 
Using the perfect gas law, equation (23) can be written as: 
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 Dimensionless equations 
 

These equations were then rendered dimensionless, introducing the dimensionless 

parameters  ̃      ,  ̃       and  ̃      . The complete set of model equations comprises 
equations (25), (26), (27), and (28) which stand for, respectively, the conservation of energy, the 
conservation of mass, the conservation of momentum in the tailpipe and the conservation of species. 
These dimensionless equations were solved using Matlab solver ODE45 and the parameters 
investigated were the pressure and temperature oscillation inside the chamber as well as exhaust 
velocity of the gases. The thrust developed can be computed easily using         . A very 
important parameter in pulsejet engines is also the frequency of operation. In order to calculate it, 
the Matlab operator fft (fast Fourier transform) was used to generate the solution in the frequency 
domain. The frequency at which the first pick occurred was assumed to be the frequency of 
operation of the model, which seems reasonable since the other picks at higher frequency showed a 
fairly lower magnitude. 

 
 

  ̃

  
  (

  
  

 
  
  

 ̃)   
 ̇

      
 

 

(25) 

  ̃

  
 
 ̃

 ̃

  ̃

  
 (

  
  

 
  
  
)
 ̃ 

 ̃
 

 

(26) 

  

  
 

  
     

 ̃ (  
 

 ̃
) 

 

(27) 



Page | 34  
 

   

  
 
 ̃

 ̃
(
  
  

(       )  
  ̇

  
) 

 

(28) 

VI.II.II-Geometry 

 
 The geometry of the pulsejet model was based on the hardware provided by Etteplan. 
Obviously, the real model is far more complicated than two simple cylindrical sections, and one 
important aspect which is not modelled here is the conical section which separates the combustion 
chamber from the tailpipe. Figure 13 shows a picture of the hardware which will be used to run 
experiments. The geometrical parameters used to fit the pulsejet are detailed in table 3 below. 
 

 
Figure 13 : Pulsejet Engine provided by Etteplan (model “Redhead” from Hobbyking) 

Part Parameter Designation Value [m] 

Combustion Chamber Length           
Diameter           

Tailpipe Length           

Diameter           

Table 3 : Model parameters 

VI.II.III-Free oscillations 

 

 A first numerical study was done without heat release ( ̇   ) and without inflow of 
reactants (    ). The initial conditions as well as the time of computation are detailed in table 4 
below. The parameters of interest here are the pressure oscillation inside the combustion chamber, 
the exhaust velocity of the flow, the thrust and the frequency of operation. The results are plotted in 
figure 14 below. 
 

Initial conditions Value 

Time of computation        

             
           
           

Table 4 : Initial conditions and time of computation 
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Figure 14 : Free oscillation for Pressure, Velocity and Thrust 

It appears quite obvious that in the case of free oscillations, there is no average velocity or 
average thrust. Indeed, even if energy is provided first in the form of a compression inside the 
combustion chamber, this energy will only serve to drive an oscillation of the gases in the tailpipe. 
This can be understood by looking at the equations (ignoring the inflow and combustion terms): The 
gases inside the tailpipe are first accelerated due to the compression inside the chamber, according 
to equation (27). As the gases rush out, the pressure will gradually decrease and the velocity 
increase. When the pressure turns atmospheric, the gas velocity is at its maximum and is still 
directed outward of the combustion chamber. At this point and according to equation (25) and (27), 
the pressure gradient is inverted which will cause the gases to decelerate. When the gas velocity 
turns null again, the pressure inside the chamber is at its minimum and the pressure gradient is still 
directed inward the combustion chamber. At this point, gases are accelerated back inside the 
combustion chamber. According to equation (25), the pressure will increase again. When it turns 
atmospheric, the gas velocity is maximum and directed inward the combustion chamber. The 
pressure gradient will be inverted once again and be directed outside the combustion chamber. The 
gases will decelerate while the pressure will keep increasing. At one point, the pressure will reach its 
maximum when the gases become at rest, which is the initial state of the system. Without dissipation 
mechanism, these oscillations are self-sustained. This phenomenon is sometimes mentioned as the 
“Kadenacy effect” and claimed to be the driving mechanisms of pulsejet engines, without really 
addressing what it corresponds to.  Although it might not be entirely out of line, it is important to 
state that this so-called “Kadenacy effect” has nothing to do with acoustics and should not be 
mistaken has such. It is perhaps the occasion to clear this confusion. 
 

 Linearization of the system equations 
 

The frequency of operation can be simply derived by linearizing the system equations. First, 
the equations are rearranged in the following way: Ignoring the inflow and combustion term and 
recalling that   ̇       , the first equation (energy equation) can be re-written as: 
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 Differentiating with respect to time yields: 
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(30) 

Incorporating the momentum equation (equation (21)) yields: 
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(31) 

The pressure, temperature and particle velocity of the flow are now written with small 

disturbances in the form       ,        and     with 
 

  
  , 

 

  
   and      (and    

the sound speed in the medium).  Incorporating the expression for  ,  , and   and keeping only the 
first order terms yields a linearized version of equation (31): 
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(32) 

 Equation (32) describes a damped oscillator where    is the natural frequency and   the 

damping ratio. The term √       is simply the sound speed in the medium   , so the frequency and 
damping ratio can be re-written as: 
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(33) 

  This shows that the pressure will oscillate at an angular frequency    which depends only on 
the geometry of the pulsejet and on the speed of sound in the medium. For this set of initial 

conditions, the frequency    
  

  
        matches almost exactly the actual frequency measured 

by Fourier transform         . Quite interestingly, it appears that this frequency is the frequency 
of resonance of a Helmholtz resonator of the same geometry.  
 

 Helmholtz resonance 
 

Helmholtz resonance is the phenomenon of air vibration in a cavity due to the gases inertia. 
An analogy can be made between Helmholtz resonance and a spring-mass system, where “mass” 
stands for the pneumatic inertance             of the tailpipe and “spring” stands for the 

pneumatic stiffness           of the combustion chamber. A spring mass simple is perhaps the 
most simple form of what is commonly known as a harmonic oscillator, which converts energy from 
potential form (potential energy of deformation of the spring) to kinetic form (velocity of the mass 
attached to the spring). Now, in the case of the Helmholtz resonance, energy is simply converted 
from potential form (pressure) to kinetic form (velocity). A simple mathematical model can be 
derived to describe this phenomenon. The resonator is assimilated to a large cavity of air of volume 
  communicating with the atmosphere through a small pipe of length   and section   (as depicted in 
figure 15 below). Due to a small perturbation, the column of air inside the tailpipe undergoes a small 
displacement  , which corresponds to a change in volume      . If the volume of the tailpipe is 
significantly smaller than the volume of the cavity (i.e.     ), Laplace’s law for adiabatic 

transformations defines the associated change in pressure as     
   

 
  . This change in pressure 

corresponds to a force    
    

 

 
 . Applying Newton’s second law of motion to the tailpipe yields:  

 

    
   

   
  

    
 

 
  (34) 

 
which can be expressed as: 
 

   

   
      , with      √

 

  
 

(35) 
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As explained earlier, equation (35) describes a harmonic oscillator with a natural expression 

   which is the same as the expression written above in equation (32). This expression comes from a 
linear description of the gas dynamics. As mentioned in the literature review, a non-linear version of 
this equation exists and was derived in The propulsive duct by Tharratt where the Helmholtz 
frequency is this time solution of the following expression: 
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)    (36) 

 
 The solution trivially converges to the linear version of the Helmholtz frequency for small 
values of the tailpipe length which was one of the assumption given to derive it. 

 
Figure 15 : Helmholtz resonator 

 

 Damping effect 
 

A careful reader will notice that equation (32) introduces a damping factor while the pressure 
oscillation as seen in figure 14 is clearly undamped. The explanation can be found observing the 
continuity equation (equation (16)). Assuming that there is no accumulation of gas, an integration of 
the continuity equation over a period yields: 
 

∫     
 

 

   (37) 

 
Recalling that              and keeping only the first term gives: 

 

∫    
 

 

   

 

(38) 

 As expected, the average particle velocity in the tailpipe is null over a period (which 
mathematically explains why there is no thrust produced in the case of free oscillations). The average 
damping factor (which is proportional to the velocity) will be null over a period, and as a result the 
system behaves like an undamped harmonic oscillator. One issue remains as to how thrust and 
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momentum can be extracted from this model. In order to account for this, it is obviously necessary to 
consider an inflow of reactants from the valves. 

VI.II.IV-Effect of an inflow 

 
An inflow of reactant is now considered in an attempt to obtain thrust. Indeed, under the 

assumption that the reactants will not accumulate in the combustion chamber, the continuity 
equation (equation (16)) integrated over a period leads to: 
 

∫ (     )  
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 Recalling that       ̇      and              and keeping only the first order terms yields: 
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   (40) 

 
 This shows that a mass flow of reactant at the inlet will result in a positive average value of 
the exhaust velocity, and thus thrust can be produced. This is demonstrated in figure 16 below, 
where a mass flow of reactants   ̇            is used and where the time of computation is now 
      . It appears quite clearly that the average velocity is positive in that case, and an average thrust 
of     Newtons is generated. However, it also appears that the presence of a mass flow induces a 
damping of the oscillations. This can be explained by recalling that the damping factor   is 
proportional to the velocity. According to equation (40), the damping factor will be positive over a 
period of oscillation, which will cause damping.  
 

 
Figure 16 : Pressure, Velocity and Thrust oscillation with an inflow of           

VI.II.V-Effect of heat release 

 
 After introducing an inflow of reactants, the effect of heat release is modelled by a 
bimolecular reaction between air and propane. The reaction rate is modelled by equation (19) 
recalled below:   
 

  ̇   ̂√          ( 
  
   

) (41) 

  
 The rate of heat release as function of the rate of reaction can also be rendered non-
dimensional and is written such that:  
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 Incorporating this into the expression for the pressure oscillation (equation (26)) yields: 
 

   

   
     

  

  
   

     
  

  
 (43) 

 
which describes a driven harmonic oscillator. Now, the expression for the derivative of   with 
respect to time can be fairly complicated. What is important to understand here is that the heat 
release can “drive” the oscillation just like an external force can drive and sustain the oscillating 
motion of a harmonic oscillator. The initial parameters and the time of computation are detailed in 
table 5. The pressure disturbance as well as the velocity and thrust as function of time can be 
observed in figure 17 below, with an inflow of reactants of   ̇           . 

Initial conditions Value 

Time of computation        

             
            
           
            

Table 5 : Initial conditions and time of computation 

 
Figure 17: Pressure, Velocity and Thrust oscillation with an inflow with heat release and mass flow 

As expected, the pressure disturbance is encouraged by the combustion and increases until 
reaching the value of about        . At this point, non-linear effects become predominant and the 
amplitude stops to increase. This time, the average velocity is clearly positive and so is the net thrust. 
Without proper damping mechanism, (heat flow through the walls of the combustion chamber, 
friction on the walls of the tailpipe) the oscillations grow very large in amplitude which is not 
physically admissible. However, this simple approach provided a more sensible explanation as to why 
pulsejet engines can produce thrust. The expression of the reaction rate (equation (41)) shows that 
the reaction is driven not only by the mass fraction of reactants (   and   ) but also by the 

thermodynamic state of the reactants inside the combustion chamber (  and  ). Those parameters 
can be connected to the pressure disturbance and thus they will also be characterized by a pulsating 
behaviour, which in turn is encouraged by the reaction rate. This simple argument shows that a 
coupling exists between the oscillations and the combustion.  
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VI.II.VI-Rayleigh’s criterion 

 
So far, it has been demonstrated that the combustion could drive the flow oscillations, but it 

still remains unclear why the heat released due to combustion is turned into a pressure oscillation. 
An insightful criterion can be derived with energy considerations. The energy equation (equation 
(25)) is written as: 
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With               and             . Under the assumption of small perturbation, and using 
the perfect gas law the expression can be re-written as:  
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Multiplying by the pressure perturbation and keeping only the second order terms yields: 
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Using         

  yields: 
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It was assumed in the beginning that the kinetic energy inside the control volume is negligibly 

small compared to the specific internal energy, which means that the first term represents the 
acoustic energy per unit volume inside the combustion chamber. The second term represents the 
flux of acoustic energy through the boundaries of the volume (inlet and exhaust). The last term is 
proportional to the product of pressure disturbance and the heat release. Now, the pulsejet will 
operate only if the coupling between the combustion and the pulsation is such that energy is added 
every period to sustain the oscillating motion. Mathematically, the pressure oscillation will be 
maintained under the condition that: 
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 Incorporating equation (48) into equation (47) yields: 
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This expression is very similar to a very famous criterion often mentioned when dealing with 

thermos-acoustics called the Rayleigh criterion. In 1945, Lord Rayleigh expressed a general condition 
under which an acoustic wave could be excited by a periodic heat release, quoting: “If heat be 
periodically communicated to, and abstracted from, a mass of air vibrating (for example) in a cylinder 
bounded by a piston, the effect produced will depend upon the phase of the vibration at which the 
transfer of heat takes place. If the heat is given to the air at the moment of greatest condensation, or 
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be taken from it at the moment of greatest rarefaction, the vibration is encouraged. On the other 
hand, if heat be given at the moment of greatest rarefaction, or obstructed at the moment of 
greatest condensation, the vibration is discouraged.” In other words, oscillations or encouraged 
when heat is released in phase with the pressure oscillation, and discouraged when heat is released 
out of phase. A heuristic explanation can be given considering a parent pushing their child on a 
swing. In order to sustain the swinging motion, the push –or heat release in the case of a pulsejet 
engine- has to be delivered when the height –or potential energy- is maximum and the velocity –or 
kinetic energy- minimum. The mathematical formulation of the Rayleigh criterion for encouraged 
acoustic oscillations can be expressed in the following way: 
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 (50) 

 

where the product of the pressure disturbance and heat release   ̇ is integrated over the volume   
during the time interval       . A generalized version of the Rayleigh criterion also includes internal 

losses    (due to viscous dissipation, heat conduction or energy fluxes through the boundary of the 
volume, etc.) and takes the following form: 
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Going back to the numerical model, the Rayleigh criterion which was derived is similar to the 

one expressed above, however since no dissipation mechanisms are considered only the energy flux 
through the boundaries appear in the inequality (equation (51)). This expression can be computed 
easily knowing the rate of heat release and the pressure disturbance, which have been plotted in 
figure 18 below.  The length of a period was determined knowing the pulsation frequency 
(          ). It appears that: 
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Figure 18: Normalized pressure disturbance, heat release rate and the product of the two 
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The effect of combustion overcomes the internal losses due to fluxes through the 
boundaries. Rayleigh’s criterion would therefore confirm the pulsating behaviour of the pulsejet in 
this configuration. Rayleigh’s criterion thus provides a good explanation based on energetic 

considerations as to how the combustion (through the quantity  ̇) and the acoustics (through the 
quantity  ) should be coupled in order to sustain oscillations. However, the concept of Rayleigh’s 
criterion only gives a necessary condition but is not sufficient to guaranty that the pulsejet will 
achieve a self-sustained pulsating combustion. Indeed, the combustion intensity depends on several 
other quantities than the pressure disturbance, and Rayleigh’s criterion does not guarantee that the 
combustion will be renewed after each period. 

VI.III-Analogy with the acoustic case 
 

The previous section was written as an attempt to come up with an explanation for the 
pulsejet principles based on theoretical considerations as well as a numerical model. First, it appears 
that a simple acoustic description of the pulsejet fails to describe its ability to produce thrust. This 
however does not discard that pulsejet do involve acoustic wave propagation, but rather shows that 
more complex phenomena including a mass flow of reactants as well as the heat release mechanisms 
need to be considered. In order to do so, a zero-dimensional lump numerical model was then 
developed and solved using Matlab solver Ode 45. It showed quite clearly that the inflow of 
reactants as well as the heat released from the combustion could encourage a pressure oscillation as 
well as a pulsating combustion. No wave propagation could be describe since the numerical model 
contained no spatial information. As a result, the pulsejet operated on the principle of Helmholtz 
resonance (sometimes called “Kadenacy effect”), characterized by the self-oscillation of the gases 
inside the tailpipe due to their inertia at a frequency which depends on the geometrical parameters 
of the pulsejet. This simple model was able to produce a pulsating thrust depending on how much 
inflow of reactants was injected which seems consistent with real life experiments. By investigating 
the zero-dimensional equations used to describe this pulsejet, a stability criterion (or rather an 
“instability” criterion) was derived based on the fact that the coupling between the pressure 
disturbance and heat release should feed energy into the system. A mathematical expression for this 
criterion was derived and it turned out to be very similar to Rayleigh’s criterion often used in 
thermos-acoustic problems. 

It was first mentioned that acoustics alone cannot describe well pulsejet engines, and the 
numerical model ended up describing a Helmholtz pulse combustor. It is perhaps important to recall 
that the Helmholtz resonance phenomenon only occurs when the quantity of gases inside the 
tailpipe is small compared to the quantity of gases inside the combustion chamber. By examining 
historical examples (such as the Argus pulsejet used to propel the V1 bomb which can be seen in 
figure 19), it appears clear that this is not the case in general.  

 

 
Figure 19 : Model of Argus pulsejet from the Planes of Fame Air museum 
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 The Schmidt type pulse combustor has a very elongated design, sometimes of uniform cross 
section, and it can be hard to tell the combustion chamber from the tailpipe. In that case, it does not 
seem very consistent to rely entirely on the Helmholtz explanation, and an acoustic description 
seems more realistic. Now, a numerical model taking into account the wave propagation inside the 
pulsejet would be fairly more complicated as it would need to deal with partial differential equations. 
However, an analogy can be made with the simple model derived above. If heat release and an 
inflow of reactants can produce thrust and alter the frequency of operation of a Helmholtz 
resonator, it is not out of line to think that the same thing could occur in the case of a quarter wave 
combustor. Furthermore, the zero-dimensional model derived above only shows the field 
parameters at one location in the tailpipe, but it is very likely that the oscillations which are observed 
are simply the result of a passing wave which would develop inside the pulsejet. According to this 
affirmation, the Helmholtz combustor operates based on an acoustic principle at the Helmholtz 
frequency. At a first glance, this does not seem very convincing since the Helmholtz frequency shows 
little to no resemblance with the famous quarter wave frequency. Figure 20 below shows the 
difference between the quarter wave combustor (the typical pulsejet engine) and the Helmholtz 
combustor. The first one has a more slender geometry and operates at a frequency which is 
determined by the first acoustic mode of the engine (the quarter wave frequency). The latter one has 
a bulkier geometry with a large combustion chamber and a small tailpipe, it operates at the 
Helmholtz frequency. If both quarter wave pulsejet and Helmholtz combustors operate based on the 
same principles, why would their frequency of operation be so different? 
 

 
Figure 20 : Quarter wave pulsejet and Helmholtz resonator 

As derived in the previous study, thrust can only appear in those systems if a mass flow of 
reactants is added. Heat release due to combustion serves to drive an instability which is 
characterized by a pulsating combustion and a pulsating flow inside the engine. Both these effect 
(inflow and combustion) can cause a shift in frequency from the original frequency of free 
oscillations. However, it remains unclear why certain pulsejet engines should operate as quarter 
wave or Helmholtz combustors. Indeed, the quarter wave combustor and the Helmholtz combustor 
as pictured above in figure 20 represent “extreme” cases and are easy to tell apart from one another, 
but this is not true in general. For example, the red head pulsejet from Hobbyking (figure 21) does 
not show a very slender design (unlike quarter wave combustors), but still has quite a long tailpipe 
(unlike Helmholtz combustors). Since it does not clearly belong to any kind, it is not easy to say at 
which frequency it will operate.  
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Figure 21 : Pulsejet Engine provided by Etteplan (model “Redhead” from Hobbyking) 

Even nowadays in the literature on pulsejet engines, there seems to be a lack of a proper 
mean to discern the different types of engines and identify there mode of operation. The following 
section will try to come up with a general formula that applies to a wide range of pulsejet 
geometries. 

VI.IV-Frequency of operation and the acoustic theory 

VI.IV.I-Acoustic frequency 

 
The acoustic frequency of a quarter wave pulsejet is not so obvious to determinate. Indeed, it 

is often mentioned in the literature [16], [17], that the acoustic frequency is expressed as     
  

  
 

with    the speed of sound and   the “acoustic length” of the tailpipe. It remains unclear what 
exactly is this “acoustic length”. This denomination may be relevant for a linear pulsejet with a 
straight tailpipe and without a bulky combustion chamber, where in that case the “acoustic length” is 
simply the length of the engine. However, if the ratio between the tailpipe section and the 
combustion chamber section becomes small, there will be reflexion and transmission at the interface 
between the tailpipe and the combustion chamber, which should affect the acoustic frequency of the 
system as a whole. As a result, the acoustic frequency is in general not equal to the “quarter wave 
frequency”, and the term “quarter wave resonator is perhaps not so consistent when talking about 
pulsejet engines. For the purpose of clarity, this denomination will not be changed here but it should 
be kept in mind that “quarter wave” actually refers to a pulsejet whose frequency of operation is not 
necessarily the quarter wave frequency. It turns out however that the acoustic frequency of the 
simple geometry pictured in figure 22 below can be derived quite easily. If the combustion chamber 
and the tailpipe are straight pipes, the one-dimensional wave equation can be solved in each of those 
sub-systems and the solutions can be connected using appropriate boundary conditions.  

 

 
Figure 22 : Pulsejet geometry and the non-dimensional number   
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 One dimensional plane wave equation 
 

The one dimensional plane wave equation (equation (1)) describing the pressure disturbance 
field in the tailpipe and combustion chamber admits harmonic solutions which can be expressed in 
the complex form: 

   (   
        

   )     (56) 

where the index   stands for the combustion chamber (   ) or tailpipe (   ),   is the wave 
number and   the frequency, and    and    are the amplitude of the waves traveling in the positive 
and negative   direction respectively. The particle velocity field can be calculated using the linearized 
momentum equation: 
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 which yields: 
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 Boundary conditions 
 

Since this simple model of a pulsejet engine comprises two cylinders, there are 4 unknown 
parameters which are the amplitude of the pressure waves (               ). Thus, 4 boundary 
conditions are needed to solve this problem. Two boundary conditions arise from the close-end and 
open-end conditions at       and       respectively. At the close-end, the velocity disturbance is 
null while at the open-end, the pressure disturbance is null. At the interface between the combustion 
chamber and the tailpipe (   ), two boundary conditions are given by the pressure continuity and 
the mass flow continuity. Those 4 boundary conditions can be expressed as: 
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This set of boundary conditions can be put in matrix form which gives: 
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+ (60) 

 
This linear system will admit non null solutions only if its determinant is null. Which yields: 
 

       (   )    (   ) (61) 

where          is the ratio of the cross section areas of the tailpipe and combustion chamber. The 
acoustic frequency can be determined easily using the simple relation          . For an area ratio 
    , the pulsejet geometry is that of a simple pipe with constant cross section area, and 
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     which corresponds to frequencies     

  

  
 
   

  
 
   

  
    . These frequencies are 

exactly the same as those derived in equation (9), and as expected, the first acoustic frequency is in 
that case the “quarter wave frequency”. For other area and length ratios, the expression for the 
acoustic frequency has to be evaluated numerically. Furthermore, assuming that the wave number   
is small, equation (61) can be simplified using a first order Taylor expansion, which gives    
        or: 
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    (62) 

 
This expression shows that the acoustic frequency can converge toward the famous 

Helmholtz frequency. This cannot be a coincidence. The Helmholtz frequency was found to be the 
frequency of operation of the zero-dimensional model. It was then unclear if the Helmholtz 
resonance phenomenon observed was connected or not to the acoustic theory, and this for two 
reasons: First, the zero-dimensional model contained no spatial information which made it simply 
unable to describe any wave propagation, yet the modelled pulsejet was found to be working quite 
effectively. Then, the Helmholtz frequency had really nothing to do with the quarter wave frequency 
upon which the acoustic description is based on and which was also shown to be the frequency of 
operation of a simple pipe. It was however briefly suggested that in spite of all of that, the Helmholtz 
frequency could be connected to the acoustic theory, in which case the oscillations in the zero-
dimensional model could be interpreted as the passing of an acoustic wave. If back then there was 
little to no ground for this affirmation, it now appears that a clear connection between the Helmholtz 
frequency and the acoustic frequency exists. This connection derives from a more complicated 
formula (equation (61)) which can be solved for various geometries of pulsejet engines and which 
encompasses both quarter wave and Helmholtz frequencies. Applying this to the zero-dimensional 
model derived above yields a frequency of       hertz which is very close to the actual frequency 
of       hertz computed by Fourier transform. This shows that the equation 60 derived above can 
accurately predict the frequency of a pulsejet whose geometry is that of two consecutive cylindrical 
sections.  

VI.IV.II-Conical section 

 
However, the validity of this formula seems questionable for geometries such as that of the 

Argus pulsejet (as seen in figure 23 below). Indeed, this pulsejet engine involves a long conical 
section separating the combustion chamber and the tailpipe, which has not been considered in the 
previous study. In an attempt to get around this problem, the conical section is separated into two 
equally long sections which are then added to the lengths of the combustion chamber and the 
tailpipe. The speed of sound in the Argus pulsejet was about        . Substituting the geometrical 
parameters into equation (61) gives a frequency of operation of about    hertz. This is not two far 
from the actual frequency of operation of    hertz, but not too satisfying either. A better model 
could be perhaps derived considering Webster’s one dimensional horn equation which is used when 
dealing with pipes of varying cross sections. Its expression is given by: 
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 In a conical pipe, the wave equation as described above does admit harmonic solutions of the 
form: 
 

  
 

 
(   

        
   )     (64) 
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 The derivation of the acoustic frequency can be done in the exact same way as presented 
above, i.e. formulating the solution for the wave equation in each of the sections, then connecting 
the solutions using appropriate boundary conditions, and finally expressing the boundary condition 
in matrix form. When dealing with conical sections, solving for the determinant of the matrix proves 
very tedious but it turns out that an analytical equation can be found for the case where a conical 
section separates the combustion chamber from the tailpipe. This equation involves only 
trigonometrical functions but is very long and it was decided to be ignored here as it shows very little 
engineering prospects. 

 
Figure 23 : Argus pulsejet geometry 

VI.V-Conclusion and discussion 
 

This study seems to indicate that the gas dynamics in pulsejet engines of the Quarter wave 
and Helmholtz type is in all cases based upon the theory of acoustics, that is, the frequency of 
operation of a pulsejet engine is always correlated to the first acoustic frequency of the engine. This 
is quite convenient since it shows that the different explanations for the pulsejet engine principle 
mentioned earlier in the literature review can indeed be unified. However, linear acoustics alone 
cannot describe any thrust production, but it was shown latter by investigating a zero-dimensional 
model that thrust could be attained after considering the effects of reactants inflow and heat release 
due to combustion. These non-linear effects can also support a pulsating behaviour depending of the 
coupling between heat release and the pressure disturbance which be quantified by the famous 
Rayleigh criterion. Depending on their geometries, pulsejet engines will behave either like quarter 
wave combustors or like Helmholtz resonators. In order to account for these differences in geometry 
and to predict how at which frequency a pulsejet will operate, an equation was derived by 
investigating the harmonic solutions of the plane wave equation in a pulsejet made of two cylindrical 
sections. This was positively tested against the geometry of the Hobbyking pulsejet which was used 
for the zero dimensional model. However, some uncertainties remain as to how accurately the 
equation can predict the behaviour of any type of geometry. Especially, this equation cannot reliably 
predict the pulsejet behaviour for geometries involving slowly varying cross section areas, which is 
often the case. 

 
It is important to mention that this study of gas dynamics does not immediately address the 

problematic of a “design handbook”, but in the light of the literature review it appeared quite clear 
that there still was a large confusion remaining around pulsejet engines. This section was needed in 
order to give a personal and perhaps more thorough opinion on the principles of pulsejet engines. 
The relations derived merely explain why these engines are able to produce thrust and sustain a 
pulsating behaviour, but cannot be used to build a pulsejet based on a thrust requirement for 
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example. The problematic of pulsejet engine design will be assessed further, but first another theme 
(up until now ignored) will be investigated: combustion in pulsejet engines.  
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VII-Combustion theory in pulsejet engines 

VII.I-Chemistry of combustion 
 

During a combustion reaction, the energy produced comes from the difference of chemical 
energy between the reactants and the products. In case of an exothermic reaction such as 
combustion, this difference of energy induces a release of temperature that can potentially be used 
by the surrounding medium. In order to assess an average magnitude of the produced temperature, 
the combustion characterizing chemical reaction can be analyzed under stoichiometric conditions. 
Some more definitions also need to be given in order to properly use the thermodynamic chemistry 
theory.  
 
Let us consider a global reaction of a given fuel mixed with oxygen: 
 

              →         
 
This reaction can be characterized by its stoichiometric ratio determined by the following formula: 
 

   
       

     
 (1) 

 
Where W is the atomic weight of the fuel or oxygen and ν correspond to the stoichiometric 
coefficients of the reacting species. From this general equation, different characteristics can be 
determined: 
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The value of the equivalence ratio is of importance when determining if the oxidizer and fuel 
are present in a stoichiometric ratio (Φ=1), or if the mixture has to be considered as lean (Φ<1) which 
means there is less fuel than oxidizer, or rich (Φ>1) which means there is more fuel than oxidizer. The 
highest temperature of a flame can be obtained in case of a stoichiometric mixture. However, the 
combustion can occur on a large interval of equivalence ratio, the limits of this interval being the 
flammability limits of a given fuel. 
 

For more general considerations, the perfect gas law can also be assumed in case of most of 
the combustion reactions. The temperatures expected for different fuels usually being below 5000K 
and pressures being under 60 bars. The former means that the species won’t be present under 
plasma form, the latter meaning that there won’t be supercritical gases. The formula can be found 
below: 
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R is the gas constant equals to 8.31 SI, and W is the atomic weight in kilograms. P is the pressure in 
Pa, T the temperature in K, ρ the density in kg/m3 and W the atomic weight. Each gas possesses its 
own atomic weight, which is important to take into consideration, the combustion putting together a 
multi species gas. One then can then use the following equation if needed: 
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However the global reaction only includes oxygen, the combustions which will be considered 

when characterizing the pulsejet operation usually occur with atmosphere used as a combustion 
agent. Taking that into consideration, the ratio of nitrogen must be taken into account in the 
equation too. Usually, it is considered that Air = O2 + 3.76N2. 
 

As stated before, some thermodynamic characteristics of the species present in the chemical 
reaction must be known in order to establish the adiabatic temperature. Particularly, the heat 
capacities have to be considered. In the following equations:  
 
The symbol for the mass heat capacity will be Cpk 

The symbol for the molecular heat capacity will be Cpk
m = Cpk * Wk 

 
As it will be stated later, and for simplicity matter, the different species’ heat capacities will 

be assumed to be constants during the reactions considered. 
 

Another characteristic to be considered is the mass enthalpy that will evolve during the 
reaction, according to the following formula: 
  

         
  ∫      

 

  

 (9) 

 
Here, ΔHf,k

0 is the mass enthalpy of formation at a given temperature T0. The necessary values to be 
used for the combustions considered will be provided later.  
 

From the previous formula and given the molar expressions described before, one can depict 
the molecular enthalpy for one species: 
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 (10) 

 
The total enthalpy can be deduced from there, adding all the components of the different species 
present in the combustion process multiplied by their mass or molecular fraction.  
 

In a general case, if a global reaction of combustion is considered, R being the reactants and 
P being the products formed, the following general equation can be written: 
 

∑     → ∑                        (11) 

 
Then, by assuming the reaction is occurring at constant pressure, going from a temperature 

T1 to a temperature T2, the enthalpies of the reactants and products are equals and the following 
formulas can be obtained: 
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The temperature T0 here corresponds to the reference temperature for thermodynamic data of the 
species are taken (usually 298,15 K). In case T1 equals T0, there is of course one of the integral above 
which is equal to 0. 
 
Then by equalizing the enthalpies due to adiabatic assumption: 
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     (14) 

 

Where     ∑(        )     
    , the molar heat of the reaction, can be deduced. 

 
Knowing the different reactants and products characteristics and the initial temperature T0 

(also by assuming T1=T0), the only remaining is the temperature T2, that will be called adiabatic 
temperature, in case of a stoichiometric reaction.  
 
Finally the power produced by the combustion can also be assessed according to this formula: 
 

    ̇   
  

     
 (15) 

 
The description above was made for a general reaction, but in order to establish the 

adiabatic temperature produced by different types of fuel, the following chemical reaction will be 
used: 

            (      ) →                        
 

From there, the enthalpy equilibrium will be used assuming an adiabatic transformation, and 
the temperature at the end of the reaction can be assessed. In order to do so, the different chemical 
component characteristics need to be obtained. Most of them can be found on books or on internet, 
and the table below presents this data for an initial temperature of 298,15K, so as the adiabatic 
temperatures obtained for four different types of fuel. The specific heat capacities are here assumed 
to be constant, and the dissociations effects are neglected. 

 
 

Chemical species Cp,m (kJ/kg K) Cp,mol (J/mol K) ΔHf0 (kJ/mol) 
Adiabatic 
temperature 
(K) 

Carbone dioxide (CO2) 0,83 36,61 -393,51 / 

Water (H2O) 4,19 75,42 -241,88 / 

Nitrogen (N2) 1,04 29,1 0 / 

Dioxygen (O2) 0,92 29,4 0 / 

Ethanol (C2H5OH) 2,44 112 -277 2109 

Methanol (CH3OH) 2,48 79,5 -238,4 2115 

Gasoline/Octane (C8H18) 2,22 228 -208,4 2485 

Diesel (C12H23) 2,05 342,35 -319 2510 

Table 6 : Chemical species characteristics and adiabatic temperatures 
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Different ranges of temperatures can be produced by the fuels considered. These values 
particularly show that the choice of fuel may influence the general behavior of the engine. However, 
it is important to remember that these temperatures are the adiabatic ones observed in case of a 
stoichiometric mixture, which means that they will probably not be observed when measuring the 
data in the lab experiment. Moreover, the initial temperature considered might not be the one of the 
room of the lab experiment, which also leads to a change in the potential values to expect. It seems 
though that higher amplitude can be attained with diesel and gasoline. 

VII.II-Flame burning velocity  
 
Nomenclature and transcripts used for all the following equations: 

- b for burnt 
- u for unburnt 
- L for laminar (correspond usually to the unburnt state) 

 
Before describing the method to determine how to calculate a flame burning velocity, some 

further definitions must be given. First of all, the reaction rate corresponds to the time needed to 
release all the heat in combustion, and will be written: τr 
Moreover the molecular and thermal diffusion coefficient will be considered to be of same 
magnitude, meaning D≈DT. This characteristic is actually important when considering deflagrations, 
but would have been neglected if detonations have taken place. Considering the general way for 
pulsejets to work, the combustion processes seem to be closer to the ones of a deflagration. 
 
When considering the main governing equations for inviscid flows of reactive gas, [18] provides the 
following:  
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Where  ( ) is the heat release for the jth reaction. 

And  ̇( ) is the reaction rate of the jth reaction (number of time/unit time volume the reaction 
proceeds). 
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The latter equations are the ones governing the behavior of the fluid and related chemical 

species during a combustion process.  
 

Particularly, they can be used in a simple model in order to calculate a flame speed for a 
given reaction. Several assumptions have to be made in order to derive analytically a formula for the 
flame speed.  
 
These assumptions are described below: 
 

 The Arrhenius law is considered to determine the reaction rate 
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 Lewis number equals to 1 

 The reaction is a one-step irreversible reaction 

 The quasi isobaric approximation is made, considering the low Mach number approximation. 
This means that in the model the density will change but the acoustic waves are moving so fast 
(Mach speed) compared to the flame that they will equalize the pressure (uniform pressure): the 
pressure effects can be neglected.  

 The model will be solved as a 1-dimension model 

 The flame is considered to be a planar flame 

 The mixture is supposed to be stoichiometric 
 

Of course, considering the behavior of the pulsejet, most of these assumptions are wrong, 
particularly considering the quasi isobaric approximation and the planar flame. However, they enable 
to derive an equation of the flame speed that can be used later. All the steps won’t be described in 
the following section; however, it will be possible for the reader to read on all the steps in [18]. 
 

What’s more, considering a planar flame, the reference plane is the one of the flam. The quantity 
m is introduced in order to ease the equations, and m = ρuUL = ρbUb. This will lead to the change of 
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These assumptions lead to a new way of writing the thermal and chemical species equations: 
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(21) 

Finally, the following boundary conditions are assumed: 
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Knowing the species involved in the combustion, determining the value of m will help 

determine the value of the flame. It will be considered here that the speed of propagation (also 
known as displacement speed) is the same as the consumption speed (spatial integral of the chemical 
rates). 
 

The one-step reaction being decomposed as Reactants -> Products + Heat, and supposing 
that Y is a fraction of the reactants, the equations above can be simplified again: 
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(23) 

The boundary conditions then become: 
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The different steps of the resolution of this problem won’t be derived here, but they can be 
found in [18]. It is worth saying that the resolution is made in 2 steps, solving the problem in the 

preheated zone of the flame where  ̇    and in the inner reaction zone where dimension analysis 
enables to simplify and solve the problem. By matching the two solutions in the boundary conditions, 
one can find the result expected. This method is known as the one used by Zeldovitch to determine 
the flame propagation speed. 
 

Before presenting this result, some reminder about the Arrhenius law needs to be done as 
part of the solution numbers are related to it. 
 

The Arrhenius equation shows the temperature dependence of the reaction rates of a 
chemical reaction. One particular use of this equation is to determinate the energy of activation of 
chemical species for different reaction. In the particular case of the flame propagation speed, the 
energy of activation is supposed to be known, and the Arrhenius equation is used to determine the 
reaction rate of the reacting chemical species. This rate is used when determining the flame 
propagation speed. 
 
The Arrhenius law can be formulated as follow: 
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Where Ea is the energy of activation (which unity change depending of the use of the gas or 
Boltzmann constant), kB is the Boltzmann constant, R is the gas constant, A is the number of 
collisions/second, τcoll the collision rate, k is the number of collisions that result in a reaction/second, 
τr is the reaction rate and T the temperature. One can see that the equation is the same on both 
sides; it is just the way of writing it which changes. 
 

When solving the flame speed problem, [18] uses another different expression, introducing 
the values β and θ, considering also the value of τr for the burnt gas τrb: 
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Where   
  

    
(  

  

  
) and   

    

     
. Once again, depending on the data available, one can use 

kB or R as a constant. 
 

One last value which is necessary to calculate the flame propagation speed is the value of the 
molecular diffusivity D of the products. A dimensionless number exist in order to assess the 
difference between the thermal (DT) and molecular (D) diffusivity of a gas known as the Lewis 

number:     
  

 
.  

 
One of the assumptions was to consider Le=1, so one can assume the value of the molecular 

diffusivity: 
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 (26) 

 
Where ktc is the thermal conductivity, cp the heat capacity and ρ the density of the chemical species. 
 
Finally, the expressions of m and the flame burning velocity are derived below: 
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(27) 

Without access to proper chemical data, it is quite difficult to assess properly the values of m 
for the different types of gasoline considered in the previous part. Moreover, when considering the 
assumptions made, it is necessary to ensure that β>>1 for the result obtained to be valid. If it is not 
the case, the formula won’t be applicable.  
 

The flame burning velocity can also be of use when considering the propagation of the flame 
inside a pulsejet. The result must be adapted to describe a spatial velocity but can be used to 
determine an order of magnitude of how fast the produced flame can propagate inside the engine, 
for example multiplying the burning speed by the rate of density between unburnt and burnt mixture 
as it is done in [19]. If the fuel is changed, the different coefficients present in the formula will be 
modified as well, showing the influence of fuel on the potential reachable velocity. This velocity can 
also be considered as a first assumption when trying to model time rates for thermo-acoustic 
instabilities, but this will be discussed later.  
 

Even if no specific data has been calculated with this formula due to lack of values for the 
given coefficients of the formula, investigations have been made in order to find diagrams showing 
order of magnitude for different fuels considered. A figure can be found after this paragraph. Three 
interesting burning velocities can be observed, considering the calculations made before: gasoline in 
its proper form, iso-octane and methanol. When considering the maximum velocity for each of the 
species, it can be seen that the methanol is the one possessing the highest value, even if it possessed 
a smaller value of flame adiabatic temperature. This is not necessarily surprising considering that 
even in an analytical description several other characteristics have to be considered in order to 
determine the burning velocity of a given mixture. The energy of activation, thermal diffusivity or 
density surely influence the results obtained. Another interesting fact is the influence of the 
equivalence ratio. Indeed, the stoichiometric ratio is not necessarily the optimal regarding flame 
burning velocity. 
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Figure 24: Burning velocity for different species and fuel/air ratio [20] 

After evaluating the flame propagation speed, one can focus on the local instabilities that can 
occur close to the flame contour. Three types of instabilities exist: the hydrodynamic instability, the 
thermo-diffusive instability and the thermo-acoustic instability. Considering that the aim of this study 
is to analyze the general behavior of the pulsejet, mainly the first and last types of instability are of 
interest. Indeed, even if all of them are related to a physical behavior close to the boundary of the 
flame, the hydrodynamic and thermo-acoustic instabilities can more easily be related to the global 
pulsejet operation.  

VII.III-Hydrodynamic instability  
 

The main assumption related to the hydrodynamic instability is to consider the flame as a 
hydrodynamic discontinuity. The flame then must be considered as a surface of 0 thickness 
separating two incompressible flows. To describe the local and global phenomena, the viscous 
effects are neglected, and the low Mach number assumption is again supposed to be valid. 

VII.III.I-Local influence 

 
When crossing a planar flame, the mixture evolves from fresh to burnt. The characteristics of the 
fluid from each part of the flame are different, so is the flame propagation speed. When considering 
the governing equations of combustion and taking into account the hydrodynamic continuity 
between the two mixtures, the following formula can be obtained [18]: 
 
 

  
  

  
  
  

  
  
  

 

 
 

Figure 25 : Evolution of speed and density across a planar flame 

However, it is very unlikely that the flame will propagate staying planar. When considering an 
initial planar flame, any small disturbance can lead to oscillations of the front of the flame due to the 
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thermal expansion cause by the burning matter. This behavior corresponds to the hydrodynamic 
instability (also known as the Darrius Landau instability). The growth rate of these oscillations is 
linked to the flame wave length and to the propagation speed of the flame in the fresh mixture. Their 
expansion is usually limited by mechanisms of thermal stabilization or nonlinear stabilization (called 
Huygens effect). 
 

The local influence of the hydrodynamic effect can particularly be observed when considering 
the divergence and convergence of streamlines across the front of a flame. Indeed, across the flame 
front the tangential component of the flame speed is conserved, but the normal component evolves 
according to the change in temperatures. The evolution of the streamlines across an oscillating flame 
front can be observed on the figure below. 
 

 
Figure 26 : Evolution of flow streamlines across an oscillating flame 

This effect and the jump conditions leading to the equation of the flame front are fully 
described in [18]. Whereas this local effect is interesting, it is the global influence of the 
hydrodynamic instability that should be considered when explaining the pulsejet operation. 

VII.III.II-Global influence: the piston effect 

 
On the global scale, when not just considering the evolution of the surface of the flame and 

following the assumptions made, one of the main formulas that should be kept in mind is the 
following: 
 

  
  

  
  
  

  
  
  

 (28) 

 
It means that across the flame, the speed follows a similar trend to that of the temperature, and a 
contrary to the one of the density. 
 

Let’s consider now two cases of flame propagation in open-closed tubes. The closed end is 
supposed to be on the left side, open end on the right side. The reference frame is located on the 
planar flame. 
 

In the first case, the ignition occurs at the open end of the tube, and the fresh gas is 
considered to have no motion being located at the closed end of the tube (see figure below). 
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Figure 27 : Hydrodynamic instability effect in a closed-open tube (1) 

The flame is propagating with the velocity UL in the fresh mixture. Considering the burnt 
mixture, the difference of velocity can be calculated according to the hydrodynamic relations 
between temperatures and velocities.  
 

Moreover, it can be seen that the burnt gas also goes outside the tube at the velocity Ub-
UL>0. This might not seem of a direct interest, but this difference of velocity relative to the flame 
front can be interesting when considering a pulsejet ignition. 
 
Indeed, let’s consider now that the ignition process is made at the closed end of the tube. This tube 
now can be assimilated to a given type of pulsejet known as a quarter wave pulsejet. 
 

 
Figure 28 : Hydrodynamic instability effect in a closed-open tube (2) 

In that case, contrary to before, the burnt gases are supposed to be static as they can’t exit 
the tube and the flow is supposed to be incompressible. However, the planar flame now should 
propagate at the burnt gas velocity Ub. To satisfy the continuity equation, the fresh mixture should 
cross the flame at the speed UL. In order to fulfill this criteria, the fresh gas must be put into motion 
toward the open end at the velocity Ub-UL>0. 
 

This particular effect is called the piston effect, as the flame is acting on the fresh mixture as 
a semi permeable piston, putting the whole column of gas into motion. It is actually a mechanical 
effect that can be assumed to be part of the production of thrust for the pulsejet. Indeed, in this 
model the pressure across the flame is supposed to be constant, but the gas put into motion can be 
the source of the global change of pressure inside the pulsejet. This could explain the origin of the 
first pressure disturbance along the tube that will generate the oscillating pressure waves inside. 

VII.IV-Thermo-diffusive phenomenon 
 
The thermo-diffusive phenomena could mainly be related to the name of George Markstein. He 
indeed tried to analyze the influence of the thermal diffusion on the surface topology of a 
propagating flame by inventing the concept of the Markstein number. When considering the front of 
the flame, this number characterizes the effect of local heat release on variations of surface topology 
and curvature while the flame is propagating. The most common definition of the Markstein number 
is the following: 
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The flame thickness is generally considered as the thickness of the spatial zone where the 
chemical reaction of the combustion occurs. The Markstein length corresponds to a length on the 
flame front where the stretch (created by flame curvature and aerodynamic strain) affects the flame 
topology. Not so much analysis will be done regarding the thermo-diffusive phenomenon. To 
summarize, it highlights the effects of stretch on the flame front. One of the more global 
consequences of the flame thermos-diffusive phenomenon is for example the flame ability to 
accelerate when propagating in an open-closed tube. This behavior of the flame will be further 
discussed in the next session. 

VII.V-Flame behavior in a closed open tube 
 

In this section, a particular interest will be given to the work of Kerampran [19] when 
considering the behavior of a flame in a closed open tube. The observations and measurements 
described in his report enable to propose a description of the behavior of a pulsejet engine. 
However, before explaining this theory a summary of the work of Kerampran is made in the following 
session. The basis of his experiment was to observe the correlated evolution of a flame and pressure 
inside a tube with closed end on one side and open on the other. The tube is filled with reactants and 
combustion is initiated at the closed end with a hot wire. A flame is created and propagates along the 
tube until it goes out of it at the open end. A camera enables to observe the propagation of the flame 
on the tube and a pressure gauge situated at the closed end enables to measure the pressure 
evolution relative to time. Three different types of fuel are used in order to observe the difference of 
flame propagation and pressure evolution. Mainly, two types of behavior can be observed: 
 

 The front of the flame oscillates and the flame consequently accelerates, decelerates, travels 
backwards and accelerates towards the open end again; the front flame oscillates. In the 
meantime, the pressure oscillates at a frequency close to the fundamental of the acoustic 
frequency of the tube until the flame goes out, and then the amplitude of the pressure 
oscillations decay. 

 The front of the flame accelerates and decelerates, but the flame never travels backwards. 
The pressure no longer oscillates at the acoustic frequency, but stages of overpressure 
appear, separated by depression. The pressure amplitude also decays when the flame exit 
the tube. 

 
These two types of behavior mainly seem to depend of the type of fuel used and of the 

related initial flame spatial speed. Kerampran’s hypothesis is that the initial spatial speed of the 
flame is a governing factor dictating which behavior will be observed. A small enough spatial speed at 
ignition will lead to the first behavior. He also noticed that the tube length doesn’t have a particular 
influence on the flame average speed when the flame oscillation is observed. However, in case of the 
second behavior, the average speed tends to increase when the length of the tube increases. A 
general observation that can be made is that the flame behavior results from the competition 
between on the one hand the flame propagating speed and the nature of the fuel and on the other 
hand the oscillation of a column of fresh/burnt gas and acoustic characteristics of the tube. This 
balance is strongly connected to the thermo-acoustic instabilities that can occur in a propagating 
flame. These phenomena will be detailed later in the report. Moreover, one should also highlight the 
importance of the initial spatial velocity of the flame and its impact on the pressure peak created by 
the combustion. If an isentropic compression of the fresh gas during the combustion is considered 
and the hypothesis of low Mach number is accepted, the following formula can depict this effect: 
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P0 here characterize the pressure of the fresh gas, for the tube experiment it corresponds to 
the atmospheric pressure. P1 is the pressure that has to be calculated. M0 is the Mach number 
corresponding to the fresh mixture which is considered to be at rest for the first combustion, M1 is 
the Mach number associated with the spatial velocity of the flame compared to the speed of sound 
in the fresh mixture behind the gas, and γ is the ratio of specific heats. In [19], the different values of 
the peak pressure obtained for different fuel are derived. Now that the basic results of the 
experiments of Kerampran have been presented, and considering the different physical phenomena 
that have been described before, an explanation of the pulsejet operation can be described. Let us 
consider a simple model of pulsejet corresponding to a tube closed at one side and open at the 
other. Valves are present on the closed end and their aperture and closure is controlled by the fluid 
dynamics inside the pulsejet, meaning that there is no automatic mechanism present. This example 
would correspond to a valved pulsejet similar to the one that can be found in the description made 
by Tharrat.  In order to explain the behavior of the engine, the actual first combustion will be 
considered, supposing that this combustion will happen and can be ignited with the help of a spark 
plug. An actual assumption has to be made relative to the fuel. It has been observed experimentally 
that pulsejet can work with a wide branch of fuel. However, for valved pulsejet, it has been observed 
that it can be more complex to launch them with any possible fuel. A discussion relative to the fuel 
will be made at the end of the theory, but let’s consider that for the example the fuel taken will 
respond to the pressure oscillations the same way as the first behavior described above (oscillation 
and traveling backwards). The mechanism described is not in contradiction with the possibility of 
blow off, but it will be considered here that the combustion will lead to the self-sustainability of the 
pulsejet cycle. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 29 : Operation of the pulsejet with the first combustion 
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The interactions between flame propagation and pressure have been observed in [19]. The 
way the combustion influences the pressure and the feedback provided by the pressure on the flame 
constitutes a key for the explanation of the pulsejet operation. Let’s consider the different time steps 
illustrated in figure 29. 
 
Time t0: first combustion 
 

From experiments, it has been observed that to ignite the first combustion, one needs to 
connect a tube blowing pressurized air to the fuel atomizer. The pressurized air and fuel blown 
towards the valves will enable to open them and beginning to fill in the pulsejet with fresh mixture. 
The spark plug is then launched until the first combustion occurs. This first combustion can be hard 
to reach depending on the fuel and the efficiency with which the pulsejet is filled. Indeed, a minimum 
equivalence ratio is needed for combustion to occur, but the closest to the stoichiometric ratio the 
mixture is, the best chance for the combustion to happen and deliver an important amount of 
energy. When the combustion finally occurs, an important rise of pressure is observed, particularly 
close to the closed end of the pulsejet. The pressure at the open end remains equal to the 
atmospheric pressure. This sudden rise of pressure will lead to the closure of the valves. This first 
peak pressure depends on the type of fuel but can potentially happen with any fuel. However, a not 
strong enough peak of pressure might not have the desire influence on the valves. 
 
Time t1: 
 

The flame begins to propagate toward the open end of the tube at a given spatial speed 
(which depends of the nature of the fuel). At the same time, the pressure inside the tube globally 
decreases. When considering the flame propagation inside a tube in [19], one can assume that the 
flame will begin to decelerate while the pressure is decreasing. 
 
Time t2: 
 

The pressure inside the tube is now globally negative, the flame decelerates even more. One 
potential explication of this phenomenon is that energy is taken from the flame by the surrounding 
fluid. If the pressure was just to oscillate inside the tube without any gain of energy, the amplitude of 
the oscillations observed would decay. This can be explained when considering the Rayleigh criteria, 
or more precisely the thermo-acoustic instability of the flame. This particular instability will be talked 
about later. 
 
Time t3: 
 

The pressure at the closed end reaches its minimum. Considering the observations from [19], 
this is a moment where the flame may stop. At the same time, the difference of pressure between 
the outside of the pulsejet and the negative pressure at the closed end creates an enough powerful 
depression to open the valves. This aperture may be triggered before depending on the mechanical 
characteristics of the valves. Moreover, the amplitude of the depression may differ with the type of 
fuel, influencing the opening time of the valves too. 
 
Time t4: 
 

One can suppose that the flame doesn’t have enough energy to resume its acceleration 
towards the open end. It is also possible that the depression created at the closed end of the tube or 
the loss of energy transferred to the surrounding fluid cause the flame to travel backwards. If enough 
energy is accessible (for example in case another fuel is used), the flame may accelerate again after 
the pressure reaches its minimum. Moreover, the depression being still present in the pulsejet, one 
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can assume the valves are still open and fresh mixture keeps on entering. Indeed, due to the 
presence of the atomizer at the entrance, the breathing flow contains reactants similar to the ones of 
the first combustion. 
 
Time t5: 
 

The oscillation of the global pressure doesn’t stop, leading to an overpressure inside the 
pulsejet. The relation between the pressure and the flame is complex, the former not only being 
amplified by the latter, but also creating a feedback on it. Indeed, in case the pressure becomes 
positive again, the flame accelerates towards the open end. The presence of the flame also enables 
the amplitude of the oscillations of pressure not to decay. Considering the entrance of the fresh 
mixture, one can suppose that the valves may be close, but this once again may depend on their 
mechanical characteristics. The over pressure inside the pulsejet may compress the incoming 
reactants leading to an increase of their temperature; this will ease the new combustion process.  
 
Time t6: 
 

The global pressure reaches its maximum again. Indeed, the quantity of reactants which 
entered the pulsejet enables a big enough equivalence ratio to ignite a new combustion. The overall 
pressure and temperature of the mixture ease the process. Moreover, residues of the first 
combustion may still be in the surrounding flow. A new combustion occurs at the close end of the 
pulsejet. The flame carries on propagating, also feeding the pressure oscillations and maybe helping 
the new combustion to occur. This new combustion will feed the pressure rise too, but the influence 
of it will depend on its phase coordination with the pressure oscillations (this phenomenon will be 
talked later). A superposition of the effect of a single flame and a new combustion doesn’t contradict 
this phenomenon, although it won’t necessary be optimized. 
 

Finally, the process described with a single flame will occur again, this new combustion 
leading to a new propagating flame. The flames influences on pressure will then superpose, and it 
becomes hard to analyze in detail what is going to happen. However, one can imagine an overall 
positive coupling between the two flames leading to the pulsejet operation. One particular need 
comes from the fill in ability of the fresh mixture during the aperture of the valves. Indeed, enough 
reactants need to be injected in the pulsejet to enable a new combustion, but they also must 
properly fill in the volume of the engine to prevent the flame to blow off. 
 

In the model described, the overall pressure inside the pulsejet oscillates following sort of 
standing waves. These waves could result from the superposition of compression and depression 
waves travelling back and forth in the pulsejet. Whereas the assumption of perfect standing waves is 
hard to prove, the fundamental principle presented should be kept. Indeed, the oscillations of the 
overall pressure have been measured in a tube in [19], but also in many experiments involving 
pulsejets. A standing wave is then the simplest form of propagation phenomenon that can be used to 
describe the behavior of the pressure. One over observation that can be made when only considering 
the tube shape is that the frequency of the pressure oscillations is really close to the acoustic 
frequency of the tube. The difference probably comes from the interaction between the pressure 
waves and the flame. In case of a really fast flame, one can see in [19] that the pressure oscillations 
are then far from acoustic frequency. In order for the pulsejet to work though, the valves need to be 
open letting in fresh mixture to enable sustainable combustion. The case of too fast flames may 
actually create a contradictory effect for the valves opening, potentially explaining why it may be 
harder to make valved pulsejet work. One other interesting conclusion is related to the actual 
operating frequency of the pulsejet. The pressure oscillations drive the aperture and closure of the 
valves. Consequently, the iterative combustions are influenced by the pressure oscillations’ 
frequency. These combustions are acting back on the pressure oscillations, potentially shifting their 
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frequency due to the difference of their phases. However, a stabilization of the phenomenon will 
occur, finding an optimal operating frequency linked both to the acoustic and combustion 
frequencies. If one consider a more complex geometry, the related acoustic frequency may be hard 
to calculate. However, this frequency might influence the first combustions until the interaction 
between combustion and pressure oscillations are properly established, leading to the actual 
operating frequency of the pulsejet. Then, potentially every shape of pulsejet can work, as soon as a 
working feedback between combustion and pressure waves can be found by the system. More 
details regarding the influence of phase between flame and pressure oscillation frequency will be 
explained in a following section. 
 

The interaction between flame and pressure is actually related to a phenomenon called 
thermo-acoustic instability. This process is linked to the Rayleigh criterion, and different approaches 
can be presented in order to explain the way flame and pressure interact. It is still a subject for many 
researches, and it may be complex to give a detail representation of the interaction happening inside 
the pulsejet. 

VII.VI-Thermo-acoustic instability 
 

Before talking about the pulsejet operation, some explanations related to the thermo-
acoustic instability will be presented. Many of these come from the course given by Tim Lieuwen that 
can be found in [21]. In order to better explain the phenomenon, let us consider an example 
described in [21] about an acoustically compact flame located in a tube with closed and open end 
boundary conditions (a picture showing it can be found below). Only the main results and principles 
will be explained here. The aim of the problem is to find a relation between the flame heat release 
phenomenon and the sound wave frequency and amplitude. 
 

 
Figure 30 : Acoustically compact flame in a closed-open tube 

In this example, the letters u and p characterize the disturbances of acoustic velocity and 
pressure along the tube compared to the mean value of each of these physical characteristics. The 
boundary conditions of the model state that the speed disturbance at the closed end and the 
pressure disturbance at the open end are respectively equal to 0. The flame possesses a length Lf, 
and a sound wave is propagating through it, coming from the closed end side. The tube is considered 
to be separated by the flame in two areas (I and II), and some jumping conditions through the flame 
can be considered. The values of the pressure disturbance levels at the beginning and end of the 
flame are equal, but the jump in unsteady acoustic velocity is related to the total spatially integrated 

unsteady heat release of the flame:  ̇. Here the local spatial distribution of the heat release can be 
neglected as the acoustic wave is considered to be large compared to the flame length.  
 

When crossing the flame, the sound wave may generate vortices along the flame edge. They 
will propagate at the flow velocity, here smaller than the sound wave speed equal to the speed of 
sound c0. The phenomenon will be used by the flame and the sound wave to transfer energy from 
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one to the other. This transfer will correspond to what is described as the total unsteady heat release 

 ̇ and need to be modelled in order to perform the example calculations.  
 

This model is a really challenging task in combustion researches. In [21], it is based on a 

“velocity coupled” flame response model. This means that  ̇ is proportional to the flow velocity 
which amplitude is multiply by a gain factor ɲ and delayed by a time delay term τheat: 
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The most important aspects of this expression are the gain factor (that can vary with the fuel 

for example) and the time delay (that can be linked to the vortices created by the sound wave).  
 

Solving the boundary and matching conditions and using some assumptions, a system of 
characteristic equations can be found and solved. Using an approximation for small gain values and 
Taylor’s expansion, a solution for the wave number of the acoustic wave is derived, leading to the 
combustor operating frequency (only the fundamental mode is considered here). One particularity of 
this wave number is that it possesses a real and imaginary part. The imaginary part, named ωi, is 
proportional to the gain factor of the heat release, and corresponds to an exponential growth or 
decay in time and space for the coupling response between the acoustic wave and the flame. The 
growth case corresponds to an unstable solution characteristic of the thermo-acoustic instability. 
 

Particularly, the interaction between flame and sound/pressure waves is related to the 
Rayleigh criterion which stipulates that energy coming from heat release can be added to an acoustic 
field. In the example, when calculating the product of the time averaged unsteady pressure and heat 
release, the result is different than zero and related to ωi. When the result is positive, energy is 
added to the acoustic field: the system is unstable and pressure waves are amplified. Of course, this 
amplification possesses an upper limitation due to physical considerations. On the contrary, a 
negative product means that energy is taken from the acoustic field by the flame: the system is 
globally stable but the pressure waves are damped. 
 

On the example considered in [21], the acoustic frequency corresponding to the fundamental 
of the tube is actually the frequency known as quarter wave frequency (used as a reference in many 
pulsejet studies). The instability phenomenon will only be based on this fundamental frequency as 
stated before. From the fundamental frequency the period can be deduced easily, and will be noted 
Ϯ1/4. The evolution of the ratio τheat/ Ϯ1/4 will actually characterize the phase difference evolution 
between the unsteady heat release and the acoustic wave, correlated to the stable or unstable 
modes between the two phenomena. Basically, a difference of phase between -90° and 90° 
corresponds to an unstable state, the ratio τheat/ Ϯ1/4 then being contained between ½ and 1.  
 

The instability is particularly strong in case the pressure waves and heat release possess the 
exact same phase. This situation is also the one where the Rayleigh criterion is the most satisfied, as 
the heat release fully supports the pressure waves, simultaneously causing a lot of noise. Moreover, 
it should be noticed that as a cyclic phenomenon, the instability and stability modes not only occur 
for a phase between -180° and 180°. However, for convenience matter, the picture below 
summarizing the idea of the thermo-acoustic instability will only present phase difference belonging 
of this interval. 
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Figure 31 : Stable or unstable mode between pressure waves and heat release 

The main effect of this instability can actually be linked to the pulsejet engine as the 
unsteady heat release can cause some system to exhibit self-excited oscillations at frequencies 
shifted from their natural acoustic frequency. These phenomena corroborate with the previous 
theory presented in this report. 

 
The basis of the phenomenon being described, another important aspect relies on the non-

monotonic variations that occur in the instability. Indeed, the phenomenon is governed by several 
different parameters which all influence the mode in which the system will place itself. Particularly, 
the geometry, directly linked to the acoustic characteristic of the overall system, will affect the 
pressure waves and their fundamental frequency. Considering the flame itself, two main criteria will 
have impact on its temperature and length. First, regarding thermodynamic considerations, the 
choice of fuel will change the temperature the flame may reach, affecting similarly the burning speed 
it can attain. This will affect the potential length of the flame (a faster flame tending to be smaller in 
size), leading to a change of the time delay τheat and of the phase difference with the pressure waves. 
Moreover, changing the equivalence ratio of a given fuel will tend to have a similar effect on the 
flame, the stoichiometric mixture being the one able to produce the most heat. A study has been 
performed by D. Santavicca (see [21]) where data has been collected for different tube size and 
different equivalence ratios. The results can be found in the figure below: 
 

 
Figure 32 : Non-monotonic behavior of the thermo-acoustic instability 
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The values going from 1 to 4 correspond to the instability amplitude measured in psi in the 
system. As said before, an increase in the equivalence ratio closer to the stoichiometric value would 
lead to an increase of the flame velocity and a decrease of the flame length and time delay. In case of 
a simple tube, an increase of the length leads to an increase of its frequency of the fundamental 
acoustic mode. The period then simultaneously decreases.  
 

The variations of the instabilities amplitude corroborate the existence of a zone of instability 
where the flame transfers energy to the pressure waves and where a maximum can be obtained. 
Depending on the system use, this maximum instability area should be sought or avoided. On the 
particular case of a valved pulsejet engine, where pressure oscillations need to be driven to enable 
fresh mixture to enter and maintain the combustion, these particular “optimal instability areas” 
possess a great interest. They are indeed the source of a stationary pulsejet operation, which 
principle is going to be explained in the following section. 
 

The description of the pulsejet operation, particularly regarding the first combustion, has 
been described before. The impact of the thermo-acoustic instabilities has been underlined, and 
needs to be more precisely assessed. It particularly provides an explanation of the interaction 
between the flame and pressure waves. However, one must remember that the model presented 
before took into consideration a standing flame in a tube, the pulsejet potentially possessing a 
compilation of moving flames and potentially a complete deflagration along the tube. However, 
considering the details of the thermo-acoustic described, a better understanding of the pulsejet 
operation can be assessed, particularly regarding boundary operating conditions. 
 

The whole pulsejet operation principle remains on the interaction between the combustion 
and acoustic process of the engine. It is a hard process to model considering the coupling between 
pressure waves and flames, but a global understanding on the pulsejet operation can be deducted 
from the different physical processes that have been described before. The assumption of the overall 
operation follows the previous explanation given in the report. However, some particular behaviors 
of the engine have been observed on many experiments realized through the years. Many questions 
remain unsolved: why does the engine respond so fast to a change of fuel to air ratio, why can it 
work on different fuels, but why not all of them work, why some geometry work and some others 
not. Many formulas relaying on experiments have been written and presented, some working well 
for a designer to create a working pulsejet, but not so many answers to these basic questions can be 
found. After establishing a basic model of operation, and considering the details provided in the 
previous sections, some answers will be provided in the following to propose a solution to these 
questions.  
 

Let’s focus first on the pulsejet operation cycle and dig in some more particular details 
related to the engine behavior. As described before, once the combustion repetition occurs and the 
pressure waves enabling enough fresh mixture to enter the engine, the pulsejet can work 
“indefinitely” in a stationary mode, if the fuel is considered to be unlimited and the material is not 
breaking. On the previous explanation, the operating cycle was supposed to be launched and then 
was explained, but more interest should be given on the reason of this ignition. The following figure 
should be considered, and should principally be related to the thermo-acoustic instability explained 
before. To simplify the idea, the same assumptions as the ones described before are taken, meaning 
that the pulsejet possess cyclic stable and unstable mode considering its inner thermo-acoustic 
instability modes. This means that for its given geometry, the pressure waves which will be 
generated inside will possess a proper frequency of oscillation related to the pulsejet acoustic 
characteristics. For the fuel chosen, the heat release delay will possess a potential time delay leading 
to a phase difference between the heat release and pressure waves. 
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Figure 33 : Pulsejet stationary operation diagram 

The thermo-acoustic instability mode will then be either stable or unstable, meaning the 
pressure waves will lose or gain energy from the combustion. When considering the given geometry 
and fuel, two cases can basically occur: the phase difference is located in the stable zone of in the 
unstable zone. 
 

In case the phase difference is located in the stable zone, if the combustion actually occurs, it 
won’t transfer any positive energy into the acoustic field, and no self-oscillations will be created. The 
flame will just blow of when getting out of the pulsejet. 
 

In case the phase is located in the unstable zone, energy will be transferred from the heat 
release to the acoustic field, generating self-oscillations in the pulsejet. These generated pressure 
waves however don’t guarantee the pulsejet to actually enter in a stationary operation phase. 
Indeed, the amplitude of the pressure oscillation can be too small to pull away the valves and 
maintain a big enough amount of fresh mixture to ignite a new combustion. However, if the 
amplitude is big enough to bring enough mixture in, it is possible for a new combustion to occur, 
transfer more energy to the pressure waves giving more amplitude to their oscillations, bringing 
more fresh mixture in, etc. A stationary phenomenon will finally occur as the feedback between the 
pressure waves and combustion enable both of them to sustain. Once this stationary operation zone 
is reached, the pulsejet can operate as long as fuel is provided. 
 

In the ideal case, this stationary state will happen around the middle of the instable zone, 
creating the highest transfer of energy to the pressure waves. This state sort of satisfies the “best” 
Rayleigh criterion for the flame but also creates the noisiest zone for the overall system. When 
regarding the operability of the engine to different fuels, this explanation sustain, as the criteria for 
the pulsejet to work is to achieve a proper phase shift between the flame and the pressure waves. It 
also can explain why pulsejets answer well and fast to an increase of injected fuel. Indeed, if one 
considers that the engine reaches a stationary operation which is not situated in the optimal Rayleigh 
criteria zone, and the amount of fresh mixture entering the pulsejet is increased, the equivalence 
ratio is increased. In that case, the pulsejet operation will be shifted closer to the optimal Rayleigh 
criterion, its performances being increased at the same time. One has to be careful when 
manipulating the equivalence ratio though, as it can at a point make the mixture to reach and 
decrease the efficiency of the energy transfer between the combustion and pressure waves. 
 

A global behavior of the pulsejet operation being described, and some details now provided 
regarding the thermo-acoustic instability and its influence on pulsejets operation, a small discussion 
regarding the thrust generation should be written. It is essentially the existence of a mass flow 
entering and exiting the engine and the relative velocity of the flow at the closed/open end and open 
end of the pulsejet that enable the thrust generation. Indeed, all the pressure waves that have been 
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described are among the fundamental physic phenomena responsible of the pulsejet operation, but 
they are not directly linked to the thrust. Combustion, due to the characteristics changes it brings to 
the flow, ultimately generates a change of velocity between the entrance and exit of the pulsejet. In 
fact, the combustions being an oscillating phenomenon inside the pulsejet as described before, the 
thrust generated is oscillating too. The average value of it being positive, the pulsejet can be used as 
a propulsive device. 

VII.VII-The pulsejet operability area diagram 
 

Considering the behavior described above, a more general analysis of the pulsejet operability 
area can be described. Indeed, due to the non-monotonic effect of the thermo-acoustic instability 
and to the wide range of fuels and geometries possible, a concept of a general operability area 
diagram for pulsejet can be described. The picture representing the concept can be found below. 

 

 
Figure 34 : Pulsejet operability areas 

The general idea of this diagram is to represent a general mapping of all the operating points 
that can characterize a pulsejet engine. This is a potential outcome of the purpose of the thesis 
consisting on the establishment of a “Design Handbook” for pulsejet engines. The x-axis would 
represent a range of operating temperature, depending on the type of fuel and equivalence ratio. 
The y-axis would represent the operating frequency, depending mainly on the geometry of the 
engine. In this diagram, the areas marked would highlight the unstable thermo-acoustic instabilities 
(where a pulsejet can enter in a stationary mode). A precision must be made again, the pulsejet 
operability zones being contained in the general areas of instabilities between acoustic and 
combustion, as a big enough pressure amplitude need to be obtained to open the valves of the 
pulsejet. This diagram would enable, knowing a given fuel achievable temperature and theoretical 
acoustic frequency of a given geometry of pulsejet, if the engine can reach or not a stationary 
operation. However, this would only constitute a first assumption, considering the thermo-acoustic 
instabilities can cause a difference between the operating frequency of the engine and its acoustic 
fundamental frequency.  
 

Several options can be proposed in order to determine the edges of this diagram. The first 
possibility is to develop a reliable numerical model of a pulsejet engine, basing the results obtained 
on the measurements that can be realized in the lab experiment performed during the thesis. From 
there, one can determine the operating frequency and the temperature obtained inside an engine 
for a given fuel. By changing the fuel, the temperature will change and the evolution of the 
instabilities areas for the value of the operating frequency would be obtained. After that, by changing 
the geometry of the pulsejet, same operations can be done for a new frequency. This first possibility 
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would require an important amount of simulations but may guarantee good values for the diagram 
given the reliability of the first numerical model. 

 
The second possibility would be to try to build a flame transfer function (FTF) mixing the data 

obtained from the theories described above in the report and measurements acquired during the lab 
experiment. The main problem consists on the establishment of the FTF. Indeed, many researches 
are performed in order to establish a generalized model, but most of the existing FTF correspond to 
combustion chambers which geometries are not similar to the one of the pulsejet. Moreover, the 
fluid dynamics and flame behavior might be different from one system to the other. Another 
problem is that the FTF are usually used to assess the flame surface behavior, and it would be more 
interesting for the study to be able to gauge the influence of the flame on its environment, 
particularly its influence on pressure oscillations and operating frequency. One could imagine sort of 
a “Flame Bode diagram” that would show for a given temperature what are the frequencies where 
the thermo-acoustic instability would actually be unstable (this would be represented in the diagram 
by a gain superior to 1). The temperature would then be a parameter of the model, implemented 
thanks to thermodynamics for example. Another possible entry parameter would be the theoretical 
phase shift between the flame and the pressure waves, determined using the flame speed. It should 
be included in the feedback between the pressure waves and the heat release and influence the 
results obtained. The FTF would then have to be created entirely to fulfill the enounced 
requirements. The other option would be to try to work with the other partner university located in 
the United States to assess if it would be possible to measure data that could be set on a reference 
model of FTF. 

VII.VIII-Flame stabilization process 
 

In order for the engine to work, the combustion and flames must find a way to globally 
stabilize. Generally, due to the combustor geometry and to flow properties, the combustion is held in 
a given location. This stabilization process can be called flame anchoring and take different shapes. 
The flame can indeed be aerodynamically stabilized, meaning that the flame will stand in a 
stagnation point generated by big scales vortex breakdown, or can stabilize touching the edges or 
corners of the metal constituting the engine. This stabilization process is very unsteady, the position 
of the flame being able to change while the engine is operating. Also, this anchoring is not always 
observed, flames may actually blow off directly without making it possible for the engine to generate 
an anchoring situation. The geometry and the flow characteristics are important as well, making it 
possible or not to create a stagnation point. This may be a reason why some pulsejets never work, 
the geometry not only influencing the pressure waves period but also the ability of the flame to exist, 
meaning the operability areas of the pulsejets not only depend on the operating temperature. 
However, as said before, a simple model of behavior should decrease the numbers of entry 
parameters to a minimum. 

VII.IX-General discussion regarding the combustion theory 

VII.IX.I-Discussion of the chemistry model 

 
The general steps used to describe the combustion chemistry correspond to a basic approach 

of the processes that actually occur in a real reaction. Indeed, many assumptions have been taken, 
potentially leading to a difference between the temperatures calculated and the ones observed. First 
of all, the mixture is assumed to be stoichiometric. It is actually quite hard to confirm with the 
experiment if inside the pulsejet engine the combustion is always stoichiometric. Given the large 
area of flammability for a given gas, considering lean and rich mixtures, combustions can happen for 
several initial conditions. The stoichiometric temperature is usually the highest one achievable by a 
given mixture of reactants, meaning that there are strong chances to observe a smaller value in the 
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experiments.  Another aspect is the change in specific heat that has been neglected and can 
influence the result obtained for the temperature. The adiabatic assumption is also to be considered, 
even if it is currently made. The species present in the combustion and the one step process are also 
a reason for a potential difference between calculated and observed temperatures. The dissociations 
are indeed not taken into account in the calculations. However, establishing a proper dissociation 
process for a given reaction can be difficult and was not the aim of the thesis.  

VII.IX.I-Discussion of the flame burning velocity 

 
Many assumptions have been established in order to derive an analytical expression for the 

flame burning velocity. Given the complexity of the pulsejet operation, these assumptions lead of 
course to the determination of a wrong value for the flame burning velocity. However, as stated 
before, it is of interest to know an order of magnitude of this dimension, and how fuel can influence 
on this particular physical characteristic of the flame. The burning velocity in itself is also interesting 
as it can be correlated to the actual propagation velocity of the flame inside the engine. For a given 
size of pulsejet, this may affect the general operating conditions and maybe even change its 
characteristic frequency. There haven’t been any experiments that have been made in order to prove 
or reject this assumption, but one can suppose that given the flame speed influence on pressure 
waves in a closed-open end tube [19], it may be of interest to look into this. Of course, more complex 
model of flame speed should be established, but this would require a proper CFD model of the 
engine and an important amount of simulations to run. Indeed, a lot of flame characteristics are not 
considered, and LES simulations may be able to predict more accurately the actual flame speed 
inside the engine. 

VII.IX.III-Discussion regarding the choice of the fuel 

 
As established before, the choice of the fuel for a given engine will influence in many levels 

its operation. From thermochemistry to acoustic, the heat release produced by the reaction of 
combustion seems to be an important factor in pulsejet operations. A proper way to model this 
influence would on the one hand to describe the combustion steps of each fuel more accurately, or 
to develop proper heat time delay for each fuel and configuration. As it seems, this would require an 
important amount of work, but could be a way to establish the diagram that has been described 
before. Parametric flame transfer function or LES model on CFD could be a way to establish solutions. 
Another point worth mentioning corresponds to the fact that a pulsejet doesn’t necessary work with 
all kind of fuel. This may highlight the importance of the combustion process and time delay when 
considering the engine operation. The influence on the thrust produced can be of interest too, as the 
pressure ratios and mass flow present in the engine may be linked to the heat released by the 
combustion. The flammability range of the fuels can also have an effect on the operating area that a 
given engine might possess. 

VII.IX.IV-Discussion regarding the influence of geometry 

 
The geometry of the combustion chamber has hardly been discussed all along the report 

while it actually changes characteristics of combustion. Factors such as the fill in ratio, flame 
anchoring spatial location, size of eddies, etc. are related to the combustion chamber geometry. An 
engine like a pulsejet is even more dependent on it, as the whole engine could be considered as a 
sort of combustion chamber, deflagration occurring all along. Moreover, according to experiments 
and results provided by Bruce Simpson for example, it seems the ratio of the length over the 
diameter of a pulsejet is not the same for small and big engines. The general geometry of the device 
is depicted thanks to this ratio, but the combustion chamber is related to it. Small pulsejets are 
known to operate at higher frequencies, meaning that fuel is technically aspired more frequently 
inside the engine. The combustion process seems to occur more often, but with smaller specific 
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quantities, reducing the need of a large chamber and showing the influence of the shape of the 
combustion chamber and generally geometry.  
 

VII.IX.V-Discussion regarding the thermo-acoustic instability 

 
The thermo-acoustic instability is a well-known effect showing the interaction between flame 

and pressure waves. It has been described as a leading phenomenon of the pulsejet operation, but 
no specific data has been established regarding an expression of the time delay between the heat 
release and pressure waves. It is indeed still a subject of many researches, and a general formula 
seems complex to determine. Another comment results in the fact that even if this instability is 
present in the pulsejet cycles, it has to be considered that it may not be the only governing physical 
phenomenon responsible of the engine operation. For example, the influences of flow velocity, mass 
flow or turbulences have not been assessed, and should be depicted in potential further studies. 

VII.IX.VI-Discussion regarding the flame transfer function and pulsejet diagram 

 
The general idea of a pulsejet diagram has been proposed, linked to the establishment of a 

pulsejet flame transfer function. This corresponds actually to an interesting challenge, as FTF are 
often used in industry regarding combustion chamber operations in engines. The aim of this so called 
diagram would be to have general curves to be related to when building an engine. In many other 
areas similar types of working diagram exist, and this would be part of a general ‘Design Handbook’ 
for pulsejet engines. It is however only a general idea which can be discussed; the axis can of course 
be implemented in a different way than frequency and temperature. Particularly regarding the 
frequency, this comes from the fact that the thermo-acoustic instability is a leading principle in 
pulsejet operation. If this assumption ends up being proven false, the diagram in itself will possess 
less influence. The frequency however relates to the geometry, but a more accurate geometry based 
diagram could be established. Indeed, a given geometry will always possess a proper acoustic 
frequency, but will not necessarily host combustion. Regarding the FTF, the point would be to create 
it by incorporating as incomes the general geometry of the engine, potentially the ratio between 
length and diameter as a first step, and the type of fuel. More data can be incorporated as well, but 
regarding the analysis done so far, the creation of such a function, which can be parametrized, would 
be a big step in the creation of the pulsejet operation diagram. Many assumptions have to be made, 
and current models of FTF are actually not used on this purpose, making it more difficult to rely on 
actual examples. The basic formulas described at the beginning of the combustion analysis can 
however be included in a first draft of a model, as they link the different phenomena occurring in the 
pulsejet in an analytical way. The feedback between pressure waves and heat release would have to 
be displayed accurately for each type of fuel. What’s more, the flame speed model used to 
determine the time delay would have to be more accurate than the one described before, from 
which establishing assumptions differ from the ones of a flame in a working pulsejet. Later, more 
complex CFD models can be used, incorporating also fluid mechanics such as flame anchoring and 
turbulences, leading to a more accurate model of the dynamics inside the engine, which would aim 
to create an even better flame transfer function. 

VII.X-General conclusion 
 

Some general descriptions of the physic and chemistry of combustion have been developed. 
Going from thermochemistry to description of the different types of flame related instabilities, a 
better understanding of the pulsejet operation has been achieved. Many assumptions have been 
assessed and more complex ones could be developed regarding these phenomena, but this study 
could correspond to a global understanding of some combustion related particularities of the 
pulsejet engines. A potential outcome called pulsejet operation diagram has been proposed, and 
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further studies would be required in order to confirm the existence of such a tool.  Finally, 
combustion theory is just a portion of the physics that can describe the pulsejet engine operation. 
There is indeed much more to consider if one wants to understand the pulsejet operation accurately. 
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VIII-On thrust 

VIII.I-Lenoir cycle and isentropic expansion 
 

Thrust can be roughly estimated by considering the thermodynamic transformation of the 
gases during a cycle. Pulse combustion engines are often characterized by the Lenoir cycle (figure 
(35)), based on the operation of an engine patented by Jean Joseph Etienne Lenoir in 1860. This 
engine is an example of quasi-constant volume thermodynamic process, in which a perfect gas 
undergoes: 

 

 Heat addition at constant volume (a->b)  

 Adiabatic expansion (b->c) 

 Constant pressure heat exhaust (c->a) 
 

 
Figure 35 : P-V diagram of the Lenoir cycle 

 The first heat addition follows an admission at pressure    and temperature   . The gases 
are then brought to pressure    and temperature    thanks to a constant volume combustion. 
Eventually, the gases undergo an isentropic expansion at pressure   . During the expansion, it is 
assumed that the gases exchange no heat or work on their surroundings. As a result, the total 
enthalpy    is conserved which gives: 
 

     
  

 

 
           (1) 

 

 The thermal capacity can be expressed as    
  

   
 and the isentropic expansion gives a 

relation between the pressure and temperature ratios 
  

       
 

  

       

   

 . Substituting these 

expressions in equation (1) yields: 
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https://en.wikipedia.org/wiki/Jean_Joseph_Etienne_Lenoir
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 From the perspective of the pulsejet engine,         is the total temperature in the 

combustion chamber. The combustion is assumed to occur at a very low velocity, and thus the total 
temperature is equal or close to the static temperature. Also, the static temperature is assumed to 
be constant and equal to the maximum temperature attained after combustion, thus           . 

        is the total pressure in the combustion chamber, also assumed to be equal to the static 

pressure  .    is the atmospheric pressure at which the gas is expanded. The speed of sound inside 

the engine can be written as   √    , which yields: 
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(  

  
 

   
 
) (3) 

VIII.II-Impulse and thrust 
 

The impulse of a discharge    at this velocity is        . A change of gases mass    will 

result in a pressure drop in the combustion chamber. Since the gases absorb or exchange no heat 

during their expansion, the expansion is adiabatic. As a result, the mass loss    can be connected to 

the pressure drop    using     
 

 
 

  

 
, which yields: 
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where   is the initial mass inside the combustion chamber, which can be approximated by 
       . The total impulse during the expansion (from the maximum pressure    to the 
atmospheric pressure   ) is given by: 
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The impulse due to the gas expansion is expressed in           . As a result, the expression 

above can be written as         with: 
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The value of the effective velocity      only depends on the pressure ratio between the 

atmosphere and the combustion chamber. Under the assumption of constant volume combustion, 
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the pressure ratio can be connected to the temperature ratio using  
  

  
 

  

  
. The maximum 

temperature could be calculated knowing the type of fuel used, and this would also give the speed of 

sound   given by   √    . Then, the average thrust is simply impulse of one cycle multiplied by 

the number of cycles per second which is the frequency of operation of the engine: 
 

 ̅     (8) 
   

This would be true if the gases were working on a whole cycle period. In reality, the gases 
only work during the cycle period where the pressure is positive (over atmospheric) and little to no 
work is done while the pressure is negative (below atmospheric). It can be assumed that the pressure 
is positive for only about half of the cycle period. As a result, the gases only work during half a cycle 
and the average thrust over a cycle is reduced by half, giving: 
 

 ̅  
 

 
   (9) 

 
This corroborates Tharratt’s calculation of thrust in The propulsive duct as he states: “The 

thrust, however, can be directly calculated on the basis that the cycle is completed over two working 
strokes” which further results in the average thrust expression being halved. The frequency   can be 
determined knowing the geometry of the engine using an equation previously derived: 
 

       (    )    (    ) (10) 

 
where the wave number   can be expressed as function of the frequency   and the sound speed   
using the relation        .    is the cross section ratio between the tailpipe and the combustion 
chamber,     is the length of the combustion chamber and     the length of the tailpipe. As a result, 

he thrust can be entirely determined knowing only the type of fuel and the geometry. The thrust 
calculated in in that case is the nominal static thrust (without throttle and in a resting flow). 

VIII.III-Lenoir cycle and isentropic expansion 
 

The inverse problem could be harder to solve i.e. calculating the geometry knowing the 
thrust desired. Indeed, the geometry of the pulsejet as described before involves four parameters: 
 

 Length of the combustion chamber     

 Length of the tailpipe     

 Diameter of the combustion chamber     

 Diameter of the tailpipe     

 
As a result, the geometry of the pulsejet cannot be uniquely determined as function of the 

thrust. In order to solve this, a baseline geometry can be given, and the inverse problem then 
consists in finding the proper scaling factor which will give the desired amount of thrust. The 
Hobbyking pulsejet gives a suitable baseline geometry for which the geometrical parameters are: 
 

[               ]                            (11) 

 
Then, as explained earlier, the nominal thrust  ̅ is uniquely determined for a given scale 

factor and type of fuel (which translates into a temperature ratio). Equation (9) has been solved for 

several scaling factors   ranging from     to 10 and for temperature ratios 
  

  
 ranging from      to 
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     with a step of     . Figure 36 below shows the evolution of thrust as function of the scaling 
factor for different temperature ratios.  
 

 
Figure 36 : Thrust as function of the scaling factor 

 It appears that each of these curves can be very well fitted to quadratic polynomial functions 
of the scaling factor in the form: 
 

 ̅      (12) 
 
 The coefficient   as well as the norm of the maximum residual for this quadratic 
interpolation have been plotted as function of the temperature ratios below in figure 37. The 
quadratic approximation suggests that all things being equal, thrust varies as a quadratic function of 
a linear dimension. This could be expected since the impulse   is proportional to the volume of gases 
in the combustion chamber while the frequency   is inversely proportional to the acoustic length of 
the engine. Thrust, which is the product of the two, is then proportional to the square of a linear 
dimension. In other words, if the dimensions of a given size of pulsejet are doubled, the resulting 
thrust will be quadrupled.  
 

 
Figure 37 : Coefficient   and maximum residual norm 
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In order to make the inverse problem easier to solve, an expression for the coefficient   was 

found by fitting a mathematical function of the form:     (
  

  

 
  ). An iterative process was 

used to compute the numbers   and   yielding the lowest residual norm. As result, the coefficient   
can be very closely approximated by the function: 
 

        (
  
  

     

  ) (13) 

  
The coefficient   and    are plotted in figure 38 below: 

 

 
Figure 38 :   and   as function of the temperature ratio 

As a result, a general formula can be derived for the thrust of a pulsejet of geometry: 
 

[               ]                              (14) 

 
where   is the scaling factor. The expression for the thrust is given by: 
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Knowing the nominal thrust and the pressure ratio, the scaling factor can be found using: 
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VIII.IV- Discussion 
 

The derivation is based under a number of assumptions that are not necessarily valid. 
Amongst them: 

 The Lenoir cycle, assuming a constant volume combustion and expansion at atmospheric 
pressure is a highly questionable thermodynamic modelling of the pulsejet engine. 

 The model does not include any throttling which is another key characteristics of pulsejet 
engines.  

 The mass of gases per cycle is estimated based upon the assumption that the chamber is 
filled entirely once every cycle. This again is nowhere near certain.  

 The hypothesis that the temperature ratio could be determined depending on the type of 
fuel used is highly debatable. Indeed, the adiabatic flame temperature represents the 
absolute maximum temperature for of the constant pressure combustion of a perfectly 
stoichiometric mixture, which is obviously never the case in reality. 

 
An interesting result which has been demonstrated here is that according to this model, the 

thrust increases with the square of the scale factor. Since the mass increases with the cube of a 
scaling factor, this suggests that pulsejet engines of large dimensions have decreasing thrust to 
weight ratios and are thus less efficient. This also suggests that small sized pulsejet could indeed be 
employed to propel small UAV’s. Hypothetically, a pulsejet delivering about a hundred newton of 
thrust could be a good alternative to propel small scale drones for military surveillance for example. 
According to this model, the scale factor of this pulsejet would only be about 2.8, giving a total length 
of       approximately. This seems quite promising and in line with the objectives presented earlier 
in the thesis presentation.  
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IX-Lab Experiment 

IX.I-Purpose 
 

When studying a propulsive device such as the pulsejet, it is important to be able to rely on 
some measurements to compare them with the theory developed. In the scope of this thesis, and in 
order to validate the different theories proposed earlier, a small scale pulsejet has been bought by 
Etteplan and FMV. This engine will be used through test experimentations where different physic 
parameters will be measured, describing the behaviour of the pulsejet. The lab experiment, created 
in collaboration with KTH, has also been built in order to enable the possibility of further studies 
related to the pulsejet engine purchased. Finally, it was also a way for the writers of this document to 
see the engine working and better understand its principles, following a scientific approach that 
engineers may face in the working world. The different relevant steps and assumptions of the lab 
experiments will be explained, so as the results obtained. 

IX.II-Description of the test procedure and set of data 
 

When setting up an experimental lab, one needs to think of a test procedure to follow. This 
procedure aims firstly to choose the right set of data that will be measured in the experimentation.  
After deciding which are the relevant parameters, how they can be used and how to interpret them, 
one need to think of the way to measure them. The measurement material needs to be chosen 
wisely in order to provide enough reliable the data. Once the lab has been performed, the data must 
be processed to extract the wanted information. In order to better understand the objectives of the 
lab experiment, the physical parameters and the equipment chosen to measure them are described 
in the following. 

IX.II.I-Pressure and thrust 

 
Pressure is one of the most important parameter to measure. It is measured both inside the 

combustion chamber and at the entrance of the inlet. Also, atmospheric pressure inside the room is 
needed. Average thrust is related to the performance of the engine, and needs to be connected with 
other parameters such that the pressure oscillation inside the chamber. As a matter of fact, this 
quantity is the one to be considered when deciding if the engine will be able to propel a UAV. The 
purpose behind those measurements is to measure how the pressure oscillation develops inside the 
combustion chamber for a given geometry and to derive a relation between this pressure oscillations 
and the thrust measured separately. The thrust and pressure measurements can be compared to the 
theoretical model for thrust based on the Lenoir cycle and derived in the previous section. The 
material needed to perform such a data collection is a pressure transducer which is connected to the 
combustion chamber of the pulsejet. This part of the engine has been chosen for measuring pressure 
oscillations as it is where the biggest pressure changes occur. In order not to destroy the pressure 
transducer when measuring, a long tube linking the combustion chamber to the device has been 
used. For this reason the pressure measured is of a slightly different magnitude and phase as the one 
in the chamber. A dynamic calibration is needed. Also, measuring the static pressure    at the 
entrance of the inlet will serve to indirectly measure the mass flow of air. Thrust is measured using a 
simple weighing scale. This enables only a measurement of the average thrust. A dynamic load cell 
was used to measure the pulsating thrust but it broke during the first trials which made it impossible 
to use after.  
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IX.II.II-Temperature 

 
Temperature is an important parameter to assess as well. It could have been interesting to 

observe the temperature oscillations, particularly in order to have an insight on the heat release that 
occurs in every combustion cycle, but the material available at KTH wasn’t sufficient to collect this 
type of measurement. Nevertheless, the total temperature is measured in the combustion chamber 
and at the exhaust of the tailpipe. Temperature can be used to evaluate the sound speed inside the 
tailpipe, which in turn is used to derive a relation between geometrical properties of the pulsejet and 
the pulsation frequency. The sound speed is measured in the following way: 

  √    (1) 

The material needed in order to perform the measurements is a thermocouple of B type. It is 
supposed to resist to temperatures of a few thousands of degrees, which correspond to the potential 
range of temperatures that can be found inside an operating jet. 

IX.II.III-Noise 

 
The pulsejet engines are known for their ability to produce an impressive amount of noise. 

Among others, this was one of the reasons why the pulsejet engines development slowed down 
compared to the one of the turbo machines. It is then interesting to measure the noise produced by 
one engine, and potentially see how it can be reduced. With the material available, it wasn’t possible 
to measure the sound level with good accuracy. The main reason to use the microphone is that from 
the noise the frequency of the engine can be derived too and compared to the one obtained with the 
pressure transducer. A microphone has been borrowed from the acoustic department of KTH. In 
order to give relevant results, sound pressure has to be measured in a fixed location, not to close to 
the engine and not to close to the walls. 

IX.III-Experimental setup 
 

 
Figure 39 : Experimental setup 

Considering the physical parameters that were to be measured, different tools and probes 
have been added to the pulsejet. Two thermocouples at the combustion chamber and exit of the 
pulsejet, two pressure transducers, at the inlet and combustion chamber and a load cell linked to the 
tray supporting the engine. A fuel tank and tubes have been installed too in order to provide fuel 
when the combustion occurs. A microphone is placed close to lab set up in order to measure the 
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noise produced by the device. The spark plug and its related electric box necessary to ignite the 
pulsejet are not represented on the scheme, neither do the protections or the outlet fan placed at 
the exit of the engine. 

IX.IV-Risks analysis 
 

When performing any experimental investigation, a set of risks have to be taken into 
consideration in order to assure the safety of the lab environment. Risks can be of two types, 
potentially harming either for the people experimenting or destroying the material. The pulsejet 
engine has been provided by the company Etteplan and adapted by technicians working at KTH. It 
was indeed necessary to install all the measurements tools on the device. The tests were run in KTH, 
meaning that the risk analysis was to be assessed according to the university rules. A particular 
document of risk assessment being already created, the authors worked in collaboration with the 
supervisor and technicians at KTH to determine what were the requirements necessary to launch the 
pulsejet safely. This particular risk assessment can be found in the annex of the report, with the 
details of all the risks related to the experiment and their related safety measures.  

IX.V-Description of the lab procedure 
 

All the tools being installed on the pulsejet engine and all the risks being assessed, it is 
necessary to choose what procedure to follow in order to run the lab test properly. Basically, this 
document is supposed to remind the steps that need to be followed before, during and after the 
experiment. It had to be accepted by the supervisor of the master thesis and also aimed to raise 
awareness of what were the steps to follow to set up a proper lab environment and procedure. 
Similar as the risk analysis, this document can be found in the annex of this report. 

IX.VI Results and discussion 

IX.VI.I-Pressure and thrust 

 
 The unsteady pressure could only be measured during one run due to problems with the 
calibration. The unsteady pressure in the combustion chamber is plotted below. Some interesting 
results can be found there. During the first part of the run, the technician was blowing fuel inside the 
engine and then stopped after a while. This resulted in a net decrease in thrust (from 17 Newtons to 
12 Newtons) and a corresponding decrease in maximum chamber pressure (from 220 kPa to 210 
kPa). This highlights the ability of pulsejet engines to be throttled by regulating the mass flow of fuel 
in the combustion chamber. This effect has not been quantified however. During the last part of the 
run, when the pulsejet engine is running on its own, the maximum chamber pressure is around 210 

kPa, while the atmospheric pressure is measured at 100 kPa. This yields a pressure ratio 
  

  
     . 

Incorporating this into equation (15) (from “On thrust”), with a scale factor of 1, gives an average 
thrust       Newtons. This is not too far from the actual result measured at 12 Newtons, and the 
discrepancies could be further reduced by considering the following thing: it was earlier assumed 
that the gases only performed work during half a cycle. By zooming on the pressure curve around the 
atmospheric level (right side of the figure), it appears that the pressure disturbance is more often 
positive than negative, which translates into an under estimation of thrust in the proposed model. 
With that in mind, the relative difference between the thrust calculated and measured is only about 
20% and could be reduced to 7% by considering the effect mentioned above. 
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Figure 40 : Unsteady pressure over time 

 Simplification of the thrust calculation 
 

It could be convenient to calculate the thrust with a more direct formula in order to estimate 
very roughly the performance based on the pressure ratio. The instantaneous thrust can be obtained 
easily using    ̇   where  ̇ is the mass flow and    the exhaust velocity. The mass flow can be 
expressed as  ̇         which gives      

    . Incorporating the expression for the exhaust 

velocity obtained from isentropic expansion (equation (3) from “On thrust”) yields: 
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The average thrust over a cycle is simply 
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Where   is the frequency of operation. Now, before going further into details, an assumption 
regarding the pressure distribution over a cycle has to be given in order to calculate the thrust. First, 
it will be assumed that the part of the cycle during which the pressure is negative does not 
contribute to the thrust. Then, the pressure distribution is assumed to follow a triangular shape, like 
in the figure below, and that the maximum pressure is attained at a quarter of the cycle period.  
 

 
Figure 41 : Pressure distribution over a cycle 
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Under this assumption, the thrust takes the following expression: 
 

 ̅        
 

   
[   

 

    
  

  
(
    

  

 
 
  )] (4) 

In order to evaluate this, the speed of sound has to be determined first. During the last run 
when the pressure ratio could be measured, the maximum temperature in the combustion chamber 
was about 1400 Kelvins while the maximum temperature at the exhaust was about 1230 Kelvins. It is 
interesting to note here that the temperatures obtained are way lower than the ones expected from 
the combustion theory. This means that the assumptions made to describe the chemistry 
mechanisms are probably not accurate enough (this was however expected, as the chemistry 
described a quite simple model). The average speed of sound can be assessed to be around     m/s. 

Incorporating this number as well as the pressure ratio 
  

    
      in the formula above yields and 

average thrust  ̅      newtons. This is way higher than the thrust of 12 Newtons developed by the 
engine, which shows that this approach is not very promising.  

IX.VI.II-Frequency 

 
 The frequency of operation is calculated using the Matlab fft (fast Fourier transform) 
operator to transform the time domain signal from the microphone into a frequency domain signal. 
The results are plotted in figure 42 below. The first maximum of the frequency domain signal gives 
the frequency of operation at       hertz. 

 
Figure 42 : Microphone signal in time and frequency domain 

 This process was repeated for a number of trials, with the results reported in table 7 below. It 
appears that the average frequency measured is       hertz, and that very little deviation is 
observed. Run number 3 presents the most deviation but this is due to the rupture of the valves early 
during the run which obviously affected the measurement (the broken valves can be observed 
below). This frequency must be compared to the frequency theoretically predicted earlier of 
      hertz. The relative difference between actual and theoretical frequencies is       which 
is fairly large.  
 

However, the speed of sound used during the calculation of the frequency needs to be 
adjusted to the actual speed of sound measured. The average speed of sound simulated using the 
numerical model was largely overestimated due to the lack of dissipative mechanisms. By 
incorporating the average speed of sound measured during the experiment (of      m/s), the 
frequency calculated using equation (5) recalled below is     hertz, which is surprisingly close to the 
frequency measured. Indeed, the relative difference is now less than      . This shows that the 
frequency of operation of the pulsejet engine does seem to follow the frequency of the first acoustic 
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mode, and that the equation proposed can very well predict the frequency of pulsejet engines of 
simple geometries. 

       (   )    (   ) (5) 

 

Run Frequency [hertz] 

1 255 

2 261 

3 238 

4 251 

5 253 

6 260 

Table 7 : Frequency results for different runs 

 
Figure 43 : Broken valves 

 Discussion on the frequency of operation 
 

In order to clear some confusion and to test all the different hypothesis, the half-wave theory 
will be briefly discussed here. The half wave theory intends to describe the pulsejet as a half-wave 
resonator, i.e. like a pipe opened at both ends. This is not totally out of line. Indeed, one could argue 
that when the depression wave reaches the valves, the depression opens the valves and the pipe is 
no longer in the close-open configuration, which means that the gazes no longer see the pulsejet as a 
“quarter wave resonator” but rather something between a half and quarter wave. Also, it appears 
quite counter intuitive that the pressure wave would travel down the entire length of the engine four 
times for every cycle and retain enough energy to perform the ignition of the next cycle. According to 
the half wave theory, the pressure wave only does one round trip inside the engine for each cycle 
and frequency of operation of the pulsejet engine is simply          , which in that case yields 

    hertz. This is obviously way higher than the observed frequency of     hertz. Now, taking into 
account the mass flow inside the engine would yield a different result, because the wave speed 
would superpose with the mean flow. With a thrust of 12 Newtons, it is easy to calculate the average 
speed inside the engine, which can be estimated at about           . If the exhaust velocity is 
assumed to be the mean flow velocity (which should in fact be lower than that), then the half-wave 
frequency can be calculated using: 
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 This yields a frequency          hertz, which is still more than twice as large as the actual 

measured frequency. The half-wave thus fails to predict the pulsejet engine frequency of operation, 

which also suggests that the wave does indeed two round trips inside the engine during a cycle. 

VIII.VI.III-Conclusion and discussion 
 
 Some difficulties were experienced during the lab experiments, in particular when trying to 
start the engine. According to the pieces of information found in the literature review, pulsejet 
engines are supposed to be easily started and robust to changes in environment. This was clearly not 
the case here, and the explanation is not obvious to give. One possible explanation would be the 
valve quality. If the valves are not perfectly pushed back against the wall of the chamber in their 
resting position, then some fuel leakage could occur during the first ignitions. This happened several 
times during the first lab experiment, and after examining the valves it appeared that one of them 
was twisted and was not resting against the wall. The gap was very small, but the pulsejet could be 
started again after changing the valves, still with some difficulties however. The valve quality is also 
quite questionable since the first set of valves broke after only about 10 seconds of run… Another 
interesting point to mention is the very rapid heating of the outside wall of both the combustion 
chamber and the tailpipe. After only about 10 seconds of run, the walls are glowing orange up to 
about 3 quarters of the tailpipe length. This suggests that longer run should imperatively be done 
under a cooling flow. Overall, the lab experiment was a success as it helped confirm the previously 
derived theories about the frequency of operation and about the thrust. 
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X-Further work 

X.I-Numerical model 

X.I.I-Outcome 

 
 In order to acquire a better understanding of the wave propagation as well as the 
combustion mechanisms inside the engine, a 3-D numerical model could be developed using an open 
source software. The purpose of this study would be to accurately predict and visualize the different 
phenomena which occur during a pulsejet operation so as to shed light on the still vaguely 
understood pulsejet principles. Amongst other things, possible areas of research include gas 
dynamics, combustion mechanisms, valve description and mass flow regulation. 
 

 Gas dynamics 
 

One possible outcome from a 3-D numerical solution is to derive and visualize the wave 
propagation inside the engine. As a result, it would be possible to identify the frequency of operation 
and correlate it to the acoustic behaviour of the pulsejet. Indeed, pulsejet engines are sometimes 
referred as a “quarter wave”, half-wave” or “sixth wave” oscillator, depending on the frequency at 
which they are claimed to operate (respectively       ,       ,       ). By calculating how 
many times the pressure wave travels through the engine during a cycle, it would be possible to 
correctly determine the frequency of operation and to identify the acoustic behaviour of the 
pulsejet. It is also not excluded that this behaviour could depend on the scale of the engine, which 
could be tested rather easily by simply scaling up or down the numerical model.  
 

 Combustion mechanism 
 

Since the pulsations inside a pulsejet engine can only be achieved by a right coupling 
between heat release and the flow kinematics, it is safe to say that the combustion mechanisms of 
the reactants are at the heart of the pulsejet principles. Due to the simplicity of the 0-D numerical 
model derived in the scope of this thesis, only a single step bi-molecular reaction model was used 
based on Arrhenius law to describe the heat release mechanism. A 3-D numerical simulation could 
allow for a multi-step and multi-molecular reaction including free radicals, which could be the basis 
of a better understanding of the combustion mechanisms. Different aspects of the combustion could 
be studied, and different examples are provided here. First, focus could be made on the ignition 
process and the criteria to obtain a stable operation for the engine. Then, the effect of flow vortices 
on the engine operation could be considered, as they seem to have a strong impact on the 
combustion efficiency. Another potential research could focus on the flame theory and 
establishment of a flame transfer function. As stated before, such a tool could be used in order to 
determine the legitimacy of the operability areas for pulsejet engines. Some research regarding the 
determination of a proper time delay considering the geometry (or acoustic frequency) of the engine 
and flame temperature could be made too. It is however important to remember that such a 
criterion is a general subject of research nowadays, and might be complex to define.  
 

 Valve description 
 

Valves have been completely ignored in the scope of this master thesis, but they also play a 
crucial part in pulsejet engines. The lab experiments have shown that a rupture of the valves led to a 
breaking of the pulsations, which simply shows how important they are. In order to investigate this 
matter, a simple model of valves based on the beam theory could be derived and injected inside the 
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numerical simulation in order to accurately compute the valves motion. This could serve to predict 
the rupture mechanisms for example. 
 

 Mass flow regulation 
 

As presented above, mass flow is the key to thrust in pulsejet engines. Several historical 
examples showed that pulsejet had the ability to be throttled very easily and rapidly to increase the 
amount of thrust produced in a matter of seconds. Throttling mechanisms could be investigated by 
varying the mass flow of reactants for example, which could help explain this interesting feat of 
pulsejet engines. 

X.I.II-Tasks 

 
 Deriving a numerical model suppose at first a great understanding of how pulsejet engines 
work. As a result, a first task will involve documentation based on this report and on the literature 
given by Etteplan. This first part should aim at gathering enough knowledge in pulsejet engines, and 
at least between 2 weeks and a month should be given to come up with a reasonable understanding 
of the principles at stake. The student in charge of the master thesis should already be familiar with 
the governing equations of fluid dynamics but some amount of time could also be spent 
strengthening this knowledge. Also, the combustion physics needs to be understood in order to 
properly analyse the results of the different simulations. Maybe a month should be spent on this 
second task, i.e. gathering knowledge about fluid dynamics and combustion physics. The numerical 
model will be built in the light of all the information obtained during the first and second task. 
Building the numerical model involves 2 major tasks. First, the geometry of the pulsejet needs to be 
defined using a CAD software such as CATIA for example. The CAD model of the pulsejet should be 
parametrized in order to make it easier to change the geometry for different simulations. The CAD 
model should be imported in the fluid dynamic solver and transformed into a mesh. This task should 
take approximately 2 weeks. The second task involves the valve description. The motion of the valves 
should be represented by a UDF (User Defined Function) which will be computed by the fluid 
dynamic solver. 2 weeks could also be spent there. Finally, the last part of the master thesis will be 
spent running the simulations, analysing the results and connecting them to the different 
problematics mentioned before. This should maybe take 2 months. As a result, this task should take 
about 4 month, as pictured below in the Gantt diagram. 
 

time 1 month 1 month 2 month 

Documentation   

CAD modelling    

Valve description    

Simulation   

Gantt diagram for the numerical simulation tasks 

X.I.III-Literature 

 
 An extensive amount of literature already exists when it comes to numerical description of 
pulsejet engines. In Mathematical modelling of pulse combustion and its applications to innovative 
thermal drying techniques, Wu Zhonghua presents the different equations involved and the 
assumptions which can be used to describe the flow in a numerical solver. In A Numerical 
Investigation on the Influence of Engine Shape and Mixing Processes on Wave Engine Performance, 
Robert R. Erickson also presents an interesting numerical model of a pulsejet engine. Some 
inspiration could be taken from these documents. With respect to the valves modelling, The 
propulsive duct by C. E. Tharratt, F.S.E., F.R.Ae.S., F.B.I.S. as well as Comparison Between Numerically 
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Simulated and Experimentally Measured Flow field Quantities Behind a Pulsejet by Geng, Paxson, 
Zheng, Kuznetsov, and Roberts could be used to get an insight on how this should be done. 

X.II-Pulsejet coupling 

X.II.I-Principle of pulsejet coupling 

 
 One of the main reasons which drove the disinterest in pulsejet engines is that they create a 
very loud noise. In the case of both military and civil purposes, the problematic of noise in pulsejet 
engines should be addressed in order to make them a viable option for propulsion or power 
generation. An elegant solution based upon the pulsating nature of these engines was found by 
putting two pulsejet side by side and by coupling them so that they would work in anti-phase. Noise 
reduction through pulsejet coupling has been partially studied by Evans and Alshami [22] with 
promising results, which suggests that there is room for interesting findings here. The basic Idea 
behind pulsejet coupling comes from a wave phenomenon called destructive interference. If the 
sound waves coming from the two twin pulsejets are in anti-phase, the amplitude of the disturbance 
resulting from the superposition of the two waves will be on average lower, which translates into a 
lower noise level. This can be understood simply by looking at figure 44 below.  
 

  
Figure 44 : Principle of Noise reduction through pulsejet coupling 

X.II.II-Coupling procedure 

 
 What makes the elegance of this solution is definitely that the coupling does not involve any 
control mechanisms. Actually, the twin pulsejets are simply connected together through a tubing 
system so that they can “communicate” through the means of flow propagation. However, it has not 
been clearly demonstrated yet how the twin pulsejets should be coupled. According to Alshami, the 
pulsejets should be connected at their end, in a way that the exhaust and the inlet of each pulsejet 
could communicate in a “cavity” before meeting with the atmosphere. This is depicted below. 
  



Page | 89  
 

 
Figure 45 : Pulsejet coupling by Alshami 

 Evidence was shown that this setup could yield a significant reduction in noise level (from 
110 db for a single unit to 99 db for a twin unit), but without really explaining the features of the 
coupling system. In order to understand the physics of pulsejet coupling, one needs to recall that the 
principle of pulsejet engines is based upon the propagation of acoustic waves and the interaction 
between these waves and the periodic heat release due to combustion. In order to make things 
simpler, let consider a simple pipe-like pulsejet, for which the acoustic frequency is the famous 
“quarter wave” frequency which depends only on the length of the pipe and the speed of sound. In 
that case, the wavelength of the wave system inside the pulsejet is four times the length of the pipe, 
which means that the acoustic wave has to travel four times the length of the pipe over a cycle. Now, 
recall that in order to achieve noise reduction, the twin pulsejet should work in anti-phase or in other 
words there should be a half-cycle difference between the two pulsejets. Since a cycle corresponds 
to four times the length of the pulsejet, a half-cycle corresponds to only two times the length of the 
pulsejet. This is pictured on figure 46 below, where the two twin pulsejets are aligned and separated 
by twice their length (obviously what needs to be measured is the distance between the same 
components i.e. combustion chamber to combustion chamber, inlet to inlet or exhaust to exhaust). It 
appears that the two pulsejets effectively work in anti-phase: when the pressure in pulsejet 1 is high, 
the pressure in pulsejet 2 is low and vice versa. As a result, the sound pressure in the far field of 
these coupled pulsejet would be reduced, but since the second pulsejet is in the way of the first, the 
serial connection shows little to no practical utility… 
 

 
Figure 46 : Pulsejet coupled in series of two 

 A parallel connection should be much more efficient to produce thrust. In order to conserve 
the difference of two lengths between the two pulsejets, it is quite obvious that the exhaust of one 
pulsejet should be connected to the combustion chamber and vice versa. The parallel configuration 
also offers the advantage that both pulsejets will work towards being pushed in anti-phase, which 
increases the chance of getting the wanted results. The parallel configuration is pictured in figure 47 
below and in figure 48 shows a more realistic view of what could be the coupling system between 
the two pulsejets. Alshami’s procedure to couple the twin pulsejets is a bit different from the 
procedure presented but there are reasons to think that it follows the same principle. 
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Figure 47 : Coupling system in parallel configuration 

 

 
Figure 48 : Coupling system 

 
A deeper understanding of the coupling mechanism should be assessed too, as there isn’t for 

now any accurate theory of how two valved pulsejets should be coupled; Alshami indeed operated 
valveless pulsejets. The geometry to choose for the coupling system presented would require some 
research too in order to ensure the right interaction between the two engines. 

X.II.III-Experimental setup 

 
 An experimental setup was built in order to investigate noise reduction through pulsejet 
coupling. Two redhead pulsejet engines from Hobbyking have been mounted in parallel on a linear 
bearing. All that is left to do is to connect the two pulsejets according to the previous section. Figure 
49 below presents the experimental setup which has been prepared for a further work.  
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Figure 49 : Twin pulsejet experimental setup 

X.III – Improving single pulsejet performances 
 
Another field for research could be carried out regarding improvement of characteristics for a single 
pulsejet. There have already been studies related to this field, and some examples of such 
investigations are presented below. 

X.III.I Valves 

 
The pulsejet’s valves possess an important role in the engine’s operation. There are several factors 
that can be investigated in order to influence the pulsejet operation. Changing the material used to 
build the valves could improve their efficiency or increase their lifetime. Another proposal regarding 
the latter has been proposed by B. Simpson, who suggests adding a “protecting disc” in front of the 
valves inside the combustion chamber in order to decrease the backward heat they receive from 
there. The general geometry of the valves and its influence on the incoming flow can be studied too. 
The results may give some insights on how the valves increase the mixing rate in the combustion 
chamber or affect the apparition of vortices. 

X.III.II Augmenter 

 
Another important issue when considering pulsejet corresponds to the thrust the engines are able to 
generate. Even if their thrust-to-weight ratio is superior to 1, meaning they produce enough thrust to 
sustain themselves when flying, their ability to propel small aircraft may be limited. A way to improve 
this characteristic would be to investigate a way to increate this ratio. Adding an augmenter at the 
end of the engine could be a solution. The distance between the engine exit and the augmenter is a 
characteristic to assess properly in order to obtain the optimal thrust, so as the proper geometry to 
give to the augmenter to obtain interesting results. In the reports provided by Etteplan some similar 
studies have been carried out, providing a first input if this are of work is considered. 
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X.III.III Injection system 

 
In one of the experiment that was carried out in KTH so as in some reports it has been seen that the 
mass flow of fuel possess a direct influence on the thrust produced by the pulsejet. In the case of the 
KTH lab, the technician present just blew some additional fuel through the tube connecting the 
intake of the engine and the fuel tank. A research to elaborate a more refined system to optimize the 
equivalence ratio could be carried out. Particularly, a better understanding of the combustion 
mechanisms would help to develop such a tool. 
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Annex 

Annex A-Pulsejet CAD geometry 

 
Pulsejet section 

 

 
3D view of the pulsejet 
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Annex B-Procedure to run the pulsejet engine 
 
General comment: Try to run the engine when not so many people are present in the building due to 
potential noise disturbances. 
 

Before launching the engine 

 
1. Prepare the entire security prerequisite in accordance to the risk analysis. 
2. Put the warning signs to prevent burn from hot surface.  
3. Prepare an extinguisher in case of fire. 
4. Check the presence of an object inside the pulsejet. 
5. Check the tube linking the fuel tank to the engine. 
6. Check that the fan leading to the outside is working and possess enough mass flow.  
7. Make sure there are no residues of fuel inside the engine. 
8. Wear gloves, eyes and ear protection before running the engine. 
9. Mount the experiment on the measuring bench. 
10. Link the measurement material to the engine. 
11. Check that the fuel tank isn’t higher than the level of the inlet (ideal position 10-20mm under 

it). 
12. Put on the CO gas detector. 
13. Put the protection wall around the engine. 
14. Make sure a fire blanket and a fire extinguisher are present. 
15. Technicians must always be present when running the engine. 

 

To launch the engine 
 

1. Put the fuel collector under the end of the exhaust pipe of the engine if the pulsejet gets 
flooded. 

2. Put on the different measurement materials. 
3. Connect the compress air tube to the intake of the engine. 
4. Connect the fuel tank to the intake of the engine. 
5. Ensure the battery of the ignition system is disconnected ad the ignition switch is in the OFF 

position. 
6. Connect RED alligator clips (position +ve) to the spark plug. 
7. Connect the BLACK alligator clips (negative –ve) to the stainless mount ring.  
8. ALWAYS MAKE SURE THAT THE CIRCUIT IS GROUNDED BEFORE TURNING ON THE ‘ON’ 

IGNITION SWITCH. 
9. Turn ON the fuel pomp and supply compressed air in the intake. 
10. Turn ON the ignition system. 
11. Once the engine runs steadily, turn OFF the ignition system. 
12. Turn OFF the compressed air. 
13. Remove both RED and BLACK alligator clips. 
14. Disconnect the battery from ignition system. 

 

While the engine is running 
 

1. Measure the data wanted for the lab experiment: temperature, pressure, thrust, inlet 
velocity, noise, fuel consumption. 

2. Make sure the exhaust pipe is properly working to lead the exhaust gases outside. 
3. Don’t run the engine too long on stationary state (3-4 minutes) to avoid too much 

overheating and noise. 
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Turn off the engine 
 

1. Turn OFF the fuel supplier, the engine will stop by itself. 
2. Don’t touch the engine directly, let it cool down. 
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Annex C-Pulsejet engine KTH Lab Equipment 
 

 

 

HPT Lab 

 

 

Lab Equipment 

 

 

General Description               page: 97 (1) 
Lab Equipment 

Pulsejet engine 

Date 

      

Rev 

      

Done by: 

Théo Bour & Félix Coutand 

Approved (signature) 

      

 
 1 Overview 

 
  1.1 Responsibilities Main 

      

Deputy 

      1.2 General description 

The pulsejet is an engine working according to the principle of a pulsed combustion. The aim of the lab 

is to test some parameters in order to analyze them and to compare them to the theorical ones 

determined during a master thesis done for Etteplan and FMV. 

 
2 Inventory 

 
  2.1 Main components 

Pulsejet  In use  New  Parked 

Fuel tank and fuel  In use  New  Parked 

Ignition system  In use  New  Parked 

Fuel shut off valve  In use  New  Parked 

(Maybe more, we wait to get the pulsejet)  In use  New  Parked 

  In use  New  Parked 

  In use  New  Parked 

  In use  New  Parked 
  3 Technical Documentation 

 3.1 Design specifications 

Document No / title 

 

Date: 

      

Rev 

      

 Not available 

3.2 Design report 
Document No / title 

 

Date: 

      

Rev 

      

 Not available 

3.3 Technical drawings 
Document No / title 

 

Date: 

      

Rev 

      

 Not available 

3.4 Commissioning report 

Document No / title 

 

Date: 

      

Rev 

      

 Not available 

  4 Operating Manual 

 4.1 Operating manual 
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Document No / title 

Procedure to run the Pulsejet Lab 

Date: 

      

Rev 

      

 Not available 

4.1 Safety instructions 
Document No / title 

Procedure to run the Pulsejet Lab 

Date: 

      

Rev 

      

 Not available 

  5 Periodic Actions 

 5.1 Inspection Interval: 

Before each run 

 Not needed 

5.2 Calibration Interval: 

      

 Not needed 
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Annex D-Pulsejet engine KTH Risk analysis for Lab equipment 
 

 

 

HPT Lab 

 

 

Risk Analysis for Lab Equipment 

Form 1 

 

Overview                                    Page: 99 (1) 
Lab Equipment 

Pulsejet engine 

Date 

      

Rev 

      

Done by: 

Théo Bour & Félix Coutand 

Approved (signature) 

      

 
 1 Preparation 

 
  1.1 Fill in form “General description of lab equipment”  Done 
Done by: 

      

 

Date: 

      
 2 Risk Identification 

 
  2.1 Fill in column 1 on form 2 “Risk Analysis”  Done 
2.2 Overall risk situation (summary) 

14risks have been found.. 

Done by: 

 

Date: 

      
  3 Risk Assessment 

 3.1 Perform risk assessment 

 Fill in column 2 on form 2 “Risk Analysis”  Likelihood  Consequence 

 Fill in risk ranking toll on form 3 “Risk Ranking”  Done 

 Continue risk assessment in column 2 on form 2  Risk group  

3.2 Summary of assessed risks  

Explosion or rupture of the pulsejet, deformation of the pulsejet, breaking of the valves, leakage of flammable substance from the tank, 

uncontrolled ejection of gases and gas poisoning, erroneous connection of cables, foreign object inside the pulsejet, flood of the engine, rupture 

of the brackets maintaining the pulsejet, burn due to hot substance of hot surface, ear damage, electric shock, drop of heavy object, Fire 

Done by: 

      

Date: 

      
  4 Risk Response Planning 

 4.1 Fill in column 3 “Risk Response” on form 2 “Risk Analysis”  Done 

4.2 Proposed responses 

      

Costs (kSEK) 

      

Responsible: 

      

Due date: 

       

      

 

      

 

      

 

       

      

 

      

 

      

 

       

      

 

      

 

      

 

       

      

 

      

 

      

 

      



Page | 100  
 

Done by: 

      

Date: 

      
  5 Implementation 

 5.1 Implementation of risk responses in operating manual  Done  Not needed 

Document No / title 

      

Date: 

      

Approved (signature) 

      
5.2 Specification report for eventual changes in equipment  Done  Not needed 

Document No / title 

      

Date: 

      

Approved (signature) 

      
 


