
BACHELOR THESIS

Propulsion Systems for Light Missiles and
Support Weapons

Konstantin Petrov
2014

Bachelor of Science
Engineering Physics and Electrical Engineering

Luleå University of Technology
Department of Computer Science, Electrical and Space Engineering



  

  
 
 
 
 
 

PROPULSION SYSTEMS FOR LIGHT 
MISSILES AND SUPPORT WEAPONS 

 
 
 

 

 

 

 

Konstantin Petrov 

Bachelor’s thesis in Technology 

Luleå University of Technology 

Dept. of Computer Science-, Electrical- and Space Engineering  

January 2014



 

i 
 

Preface 
I began my studies at Luleå University of Technology on the program Aerospace engineering with an 

Aeronautical engineering as my orientation. Later I changed to the Technical Physics bachelor program 

which is why this report is closely related to Aeronautical engineering due to my personal interest in the 

area. This report concludes my three years of studies in Luleå University of Technology. 

The work was done during three months at Saab Dynamics AB in Karlskoga. I would like to express my 

great appreciations to my director at Saab Henrik Bjerke for making this work possible, to my supervisor 

Mathias Lindström and Ulf Bengtsson who helped me greatly during my work and to my supervisor Lars-

Göran Westerberg at LTU.  



 

ii 
 

Abstract 
Solid rocket engines have been, and still remain, the preferred propulsion system for missiles, grenades, 

rockets and robots. Only during the last decades other types of propulsion systems, such as air breathing 

engines, have been implemented in larger missile systems. However, the technology used in smaller 

missile systems still mainly uses solid rocket engines as their main propulsion system. The high risk of 

explosion, the fact that the engine cannot be turned off after being ignited and the increasing 

consideration of environmental pollution make it desirable to invest in research of alternatives.  

The information used for this theoretical investigation were gathered from open sources acquired from 

reports, books and personal interviews with leading employees in each specific field. A description of the 

latest achievements is conducted for each of the propulsion systems, leaving legally restricted sectors out. 

Numerous sources are not disclosed for the public due to their involvement in national security and could 

therefore not be accessed. In order to acquire sufficient sources nevertheless, specific projects in 

companies and research organizations were targeted. 

This report concludes todays’ standpoint for each mentioned propulsion system in respect to 

trustworthiness, stealth, environmental friendliness and price as well as thrust and performance 

parameters such as specific impulse, volume specific impulse and specific fuel consumption. The report is 

also specifically oriented towards the development of subsonic, short range- and man- portable anti-tank 

missiles. 
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1 Introduction 

1.1 Short history 
Solid propellants have been the main fuel for propelling missiles ever since they were developed. Due to 

its reliability when it comes to long term storing, cost and performance it has been widely used in weapon 

systems and space rockets all over the world. However the downsides with solid propellants are that it 

has a high risk of explosion, cannot be turned off after started and it is not so environmental friendly [1], 

[2]. It is therefore necessary to make a research on alternative propulsion systems for missiles.   

There has become a higher demand of man portable support weapons with higher accuracy on further 

distances than todays’ systems [1]. It is therefore very desirable to map the latest developments in the 

area of propulsion systems for light missiles. This in order to show what propulsion systems exists and 

what are being developed [3], [4], [5], [6], [7], [8]. The propulsion systems have been assessed by their 

potential as a propulsion system for a man portable anti-tank system. Properties as trustworthiness, 

thrust, high specific impulse, high volume specific impulse, specific fuel consumption, stealth, 

environmental friendliness and price are highly valued [1]. 

This kind of system serves the defense of national security primarily by deterrence and, in the unlikely 

event of a confrontation, through implementation. However the ethical aspects of this kind of system can 

be disputed as it in some cases is used for other purposes then it was designated for. Therefore lays great 

responsibility on producers to sell only to carefully selected partners which themselves are required to 

limit usage to defensive purpose [9]. 

As in all fields of technology there is a desire to develop and to get to know about the latest development 

in specific fields. It has therefore been very interesting to make a research about how far the development 

has come. This research is only one of many researches done [10], [11]. However the available data in this 

field has been outdated and it is therefore very desirable to make a new one. That is the main reason for 

doing this type of research.  
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1.2 Missile technology 
Missiles are a self-propelled guided weapons system. Missiles differ in size and shape depending on their 

purpose and range and have mainly been used in military applications as well as for space rockets. From 

a military point of view there exist several types of missiles:  

The short range- and medium range missiles can be divided into 5 types: 

 Air to air. 

o Missiles launched from an aircraft on a target located in the air. 

 Air to surface. 

o Missiles launched from an aircraft on a ground target (land or sea). 

 Surface to air. 

o Missiles launched from the surface (land or sea) on targets in the air. 

 Surface to surface. 

o Missiles launched on the surface on land targets. 

 Anti-satellite. 

o Missiles launched on targets in space. 

When it comes to surface to surface missiles there can also be some distinctions, they are: 

 Ballistic. 

o A missile that follows a pre-calculated trajectory.  

 Cruise missiles.  

o A propelled and guided missile that relies on the dynamic reaction of lift. Usually delivers 

a large warhead over a long range. 

 Anti-ship. 

o Missiles intended to take out sea targets. 

 Anti-tank. 

o Missiles intended to take out land targets. 

The main task of this report is to investigate prospective propulsion systems for surface to surface-, short 

range-, man portable anti-tank missiles. However other types of missiles are also taken in consideration, 

due to the fact that all types are closely related. 

A man portable anti-tank system has to be powerful and easy to handle, yet with a reasonable price. A 

crew of no more than one-three people has to be able to use it properly. In order for the system to be as 

mentioned earlier, parameters such as weight, size, complexity and stealth has to be considered.  
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1.3 Tasks 
The main task of this report is to summarize and compare the technical and commercial properties of 

todays’ missile propulsion systems as well as asses their potential of being used in future man portable 

anti-tank systems.   

All systems are described in some detail in order to make the reader understand the basics of these 

systems and how they may be applied for missile propulsion. The report is concluded with a discussion 

concerning which of these propulsion systems that are interesting for man portable anti-tank missile 

systems. 

Parameters taken in consideration in the report are: trustworthiness, stealth, environmental friendliness 

and price as well as thrust- and performance parameters such as specific impulse, volume specific impulse 

and Specific Fuel Consumption (SFC). 

The results will be displayed for all systems in the results section. Conclusions are done by thorough 

analysis of several reports, books and interviews with people working in the field.  

The focus of this report is to give the reader a view of the latest research trends and status of each specific 

system, which are available for the public. The report tries to cover the main research projects in each 

specific area, if enough information has been available. This means that smaller research projects and 

projects protected by confidentially laws are not included in the report. This report will also not go in 

further detail considering supersonic propulsion systems as RAM- and SCRAM jet.  

1.4 Methodology 
The report is based on through analysis of several books, open reports and interviews with authors 
working in leading positions in the field. The literature has been sorted and analyzed, such that a 
conclusion and a summary of relevant information related to earlier mentioned parameters see the 
discussion in sections 2.1-2.2, about each specific propulsion system could be described. In order to 
increase the understanding for readers with their major expertise outside the investigated topic, basic 
technical and commercial properties of current propulsion systems are presented and explained.  
 
Not only performance parameters, related to those mentioned in sections 2.1-2.2, are considered when 
evaluating each specific propulsion system. Additionally, parameters such as stealth, economy and 
environmental friendliness are taken into consideration.  
 
The properties of each specific propulsion system are described in chapter 3. 

  



 

4 
 

2 Theory 
A missile propulsion systems main purpose is to propel the missile from the launching position, i.e. the 

weapon bearer, missile platform, aircraft etc. to the target.  

Usually the propulsion system should also accelerate the missile to the desired altitude, velocity and 

direction and keep these parameters arbitrary until the target is reached. The required thrust during the 

launch mostly depends on the launch weight whilst the required thrust during cruise mostly depends on 

the required range, the aerodynamic shape and the type of maneuvers that has to be accomplished.  

The launch- and cruise phase varies very much for different types of missiles, see 1.2. For example a 

supersonic missile usually requires two engines. One engine for the acceleration stage, which accelerates 

the missile above a certain Mach number and a second for the cruise stage which propels the missile to 

its target. However for a many man portable anti-tank system only one propulsion system is required, due 

to the short range. 

Many different propulsion systems exists but mostly solid rocket engines are used as the main propulsion 

system in a man portable anti-tank systems. 

When assessing different propulsion systems performances thrust, specific impulse, specific fuel 

consumption and characteristic velocity will be considered. They are all explained in detail below. The 

core of the method, i.e. how the propulsion systems are assessed, is closely related to the following. 

2.1 Impulse and thrust 
Newton’s second law of motion states that net external force acting on an object accelerates it in the 

same direction as the force. The net force on an object is the product of the time derivative of mass and 

velocity, and is displayed below [40]: 

∑ 𝐹 =
𝑑𝑝

𝑑𝑡
=

𝑑𝑚𝑣

𝑑𝑡
= 𝑚

𝑑𝑣

𝑑𝑡
+ 𝑣

𝑑𝑚

𝑑𝑡
 

 (1) 

 

From Newton’s second law of motion the definition of momentum can be defined which in turn can define 

the impulse moment theorem. Impulse is defined by taking the time derivative of the resultant force 

(Equation 1) from time t1 to t2. This is often referred to as the impulse momentum theorem and is also the 

general definition of impulse, and is displayed below [40]. 

𝐼𝑡𝑜𝑡 = ∫ ∑ 𝐹𝑑𝑡
𝑡2

𝑡1

= 𝑚𝑣2 − 𝑚𝑣1, 
(2) 

 

 

The thrust is the force exerted on a vehicle produced by propulsion system. The thrust of a missile can be 

seen as the reaction force for matter being ejected from the missile at high velocity. The thrust equation 

is expressed in Equation 3 [28], [40]. 

 

𝐹 =
𝑑𝑚𝑜

𝑑𝑡
𝑣𝑜 = �̇�𝑜𝑣𝑢, 

(3) 
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Where �̇�𝑜 is the massflow at the engine outlet [kg/s] and 𝑣𝑜 is the flow velocity at the engine outlet [m/s]. 
 

However Equation (3) is only valid for propulsion systems which carries the oxidizer along with the fuel. 

The thrust for a propulsion system such as air breathing systems is calculated by Equation (4). 

   

𝐹 =
𝑑𝑚𝑜

𝑑𝑡
𝑣𝑜 −

𝑑𝑚𝑖

𝑑𝑡
𝑣𝑖 = �̇�𝑜𝑣𝑜 − �̇�𝑖𝑣𝑖,  (4) 

 
Where �̇�𝑖 is the massflow at the engine inlet [kg/s] and 𝑣𝑖 is the flow velocity at the engine inlet [m/s]. 
 

Specific impulse is the impulse which can be delivered by a propellant per unit weight under given 

conditions, usually pressure, temperature, shape of nozzle etc. [28].  

The specific impulse is derived from the average total impulse, and is displayed below: 

𝐼𝑠 =  
𝐼𝑡𝑜𝑡

𝑚𝑝
=

𝐹

�̇�𝑔
, 

(5) 

 

Where 𝐼𝑡𝑜𝑡 is the total impulse [Ns], 𝑚𝑝 is the propellant mass [kg], �̇� is mass flow of the propellant [kg/s], 

g is the gravitational constant and F is the thrust [28]. 

Another parameter taken into consideration when assessing propulsion systems is the volume specific 

impulse, Equation (6). The volume specific impulse shows the impulse that can be delivered for a specific 

amount of propellant.  

𝐼𝑠,𝑣 =  
𝐼𝑡𝑜𝑡

𝑉𝑝
, 

(6) 

 

Where 𝑉𝑝 is the propellant volume [m3]. 

2.2 Performance 
The main parameter to be assessed when comparing each respective propulsion system is the 

performance. If the performance for a specific propulsion system is superior other, then other parameters 

such as stealth, size, weight, price etc. can have less significance while designing the whole system. Due 

to the fact that a system with considerable performance will, combined with a sufficient targeting system, 

be able deliver its load at further distances, at less time or a combination of both. 

The performance is assessed differently when it comes to solid rocket engines and air breathing 

propulsion systems. 

2.2.1 Performance of Solid Rocket Engines 
There are two main methods for calculating the performance of a solid rocket engine, the first method is 

defined as: 

𝐹 =  �̇�𝐶∗𝐶𝐹 , (7) 
 

Where C* is the coefficient for the characteristic velocity, with dimensions [m/s]. It is dependent on the 
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state in the combustion chamber [28]. CF is the thrust coefficient. It is dimensionless and is dependent of 

the design of the outlet [28]. 

Usually C* is used as a performance parameter. It is used to compare relative performance of different 

chemical rocket propulsion systems and propellants.  

Second method of calculating the performance is displayed below: 

𝐹 = (𝑃𝑐𝑐 − 𝑃∞)𝐴∗, (8) 
 

Where 𝑃𝑐𝑐  𝑎𝑛𝑑 𝑃∞is the pressure in the combustion chamber and the surrounding pressure respectively. 

𝐴∗ is the narrowest cross sectional area of the nozzle [28].  

However due to the lack of information about the propulsion systems concerning equation (7) and (8) 

they will not be taken into consideration when assessing the propulsion systems. 

2.2.2  Performance of Air Breathing Propulsion System 
The main difference between a solid rocket engine and an air breathing propulsion system is that an air 

breathing system uses the air as an oxidizer. This fact reduces weight to the propulsion system as the 

oxidizer does not need to be taken with. 

The main performance parameter used in order to compare air breathing engines is the Thrust Specific 

Fuel Consumption (TSFC) also called the Specific Fuel Consumption (SFC). The SFC is defined as: 

𝑆𝐹𝐶 =
𝑚𝑏̇

𝐹𝑁
, 

(9) 

 
Where 𝑚𝑏̇  is the engine mass flow [28]. 𝐹𝑁 is the netto thrust for the engine and is defined as: 
 

𝐹𝑁 = �̇�𝑜𝑣𝑜 − �̇�𝑖𝑣𝑖 + (𝑃𝑜 − 𝑃∞)𝐴𝑜, (10) 
 

Where the parameters are taken from Equations (4) and (8). 
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3 Propulsion systems 

3.1 Solid rocket engines 
A solid rocket engine uses fuel in solid form for propulsion, commonly known as solid propellant. Solid 

propellant can be divided into several categories but the two most commonly known are: 

 Homogeneous propellant (Double base). 

 Heterogeneous propellant (Composite). 

3.1.1 Homogeneous  
The homogeneous, also known as double base, is made up by a fuel and an oxidizer which together makes 

a colloid solution (gel). This mostly contains two main components thereof the designation “Double base-

propellant”. The components are usually Nitrocellulose and Nitroglycerine. 

Nitroglycerine does not form any solid shapes of coal by detonation, which means that no smoke is 

emitted which can obscure the view for the gunner and reveal the firing point. This quality makes the solid 

propellant a so called “smokeless propellant”.  

A higher specific impulse can be achieved by adding metal powder, usually aluminum [1]. 

3.1.2 Heterogeneous  
The heterogeneous powder, also known as composite, contains oxidizing crystals which are mixed in the 

fuel and also acts as a binder. The binder is a substance which is used in solid propellants to bind the fuel 

and oxidizer. The oxidizer level must be kept high due to performance reasons. This implies that the binder 

should have a reliable solidity property. 

The most known solid propellant is that of HTPB-type where Hydroxyl-Terminated Poly Butadiene is used 

as a binder. Another, earlier very popular, solid propellant is that of CTPB-type where Carboxyl-

Terminated Poly Butadiene is used as a binder. 

The HTPB-type has the advantage to be able to contain a higher oxidizer level which gives a higher aging 

properties and a lower price.  

Metal powder is added to improve the specific impulse, usually aluminum. A common mixture for 

composite propellant is: 

 13 % Binder. 

 18 % Aluminum powder. 

 68 % Oxidizer. 

 1 % Other (Catalyst etc.). 

Generally the composite powder is the most popular as it has a higher specific impulse, higher density, 

better mechanical properties and better aging properties than the double base propellant. Only if low 

detection level is required the double base powder is chosen [1]. 
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3.1.3 New solid propellants 
As the demand of solid propellants hardens, new are developed that must fulfill following requirements: 

 Better performance than todays’ solid propellants. 

 Less smoke detection. 

 Less effect on the nature. 

 Better IM-properties (Insensetive Munition). 

One of the new types of propellants is ADN-propellant (Ammonium Dinitramide). It has shown good 

potential to become the future propellant for rockets and other aircrafts and is further explained below. 

3.1.3.1 ADN-propellant 

ADN-propellant is a composite based propellant with low smoke development based on ADN (Ammonium 

Dinitramide) and GAP (Glycidyl Azide Polymer) as a binder [1]. The advantages with ADN-propellant are: 

 Smokeless. 

 Envoirmental friendly. 

o Which also mean easy to handle. 

 Easilly solved in water. 

o Allows ADN-propellant to act as a monopropellant in liquid form. 

 Higher Isp than Hydrazine. 

o Hydrazine is used in todays’ space crafts’ but is extremely toxic and dangerous. 

GAP is used as a binder as it are [6]: 

 Easily compatibale with ADN. 

 Improves the performance. 

 Gives good ballistical properties in combination with ADN-propellant. 

ADN-propellant was first synthesized in USSR 1971 but as a result of strong secrecy laws the knowledge 

of the research in this field was not known until researchers in USA “reinvented” the ADN-propellant and 

put a patent on it 1988. Since 1990 FOI (Totalförsvarets ForskningsInstitut (Swedish Defence Research 

Agency)) by Grindsjön have been researching in the area. There are sources indicating that the ADN-

propellant is used in the Russian IBM-system (Intercontinental Ballistic Missiles), if this knowledge exists 

then it has not reached the rest of the world yet [6]. 

The development of green fuels, including FOI:s ADN development is partly financed by the EU research 

program GRASP (Green Advanced Space Propulsion). The main task is to find a green space rocket fuel. 

The ADN-propellant has found itself to be a very good candidate to be able to replace the infamous rocket 

fuel Hydrazine (which are very often used as fuel for the space craft’s steering rockets) [7]. 

3.2 Small turbojet engine 
The turbojet engine is one of the oldest and most used air breathing engine in the flight industry. Parallel 

with the development of large turbojet engines, small turbojet engines are also being developed. However 

performance of small turbojet engines have not kept a steady pace with large ones, as a result of a larger 

demand for large ones and due to the fact that it is very hard to scale down all needed components [8].  



 

9 
 

A turbojet engine always contains an intake, compressor, combustor, turbine and an outlet, Figure 1. Air 

is delivered through the intake to the compressor where it has to be as smooth and uniform as possible. 

The task of the compressor is to compress the air before combustion, i.e. to increase air pressure which 

leads to increased temperature and density. This is done to make combustion as effective as possible. 

Compression can be done with two different compressors, an axial compressor or a radial compressor. 

Axial compressors compress the air in the axial direction whereas radial compressors compress the air in 

the radial direction. 

The pressurized air then moves to the combustion chamber where fuel is injected and burned. Energy 

transfer occurs as a result of a chemical reaction where the temperature strongly increases whilst the 

pressure at a large remains constant.  

 

First step where energy is absorbed is in the turbine, which is directly connected with the compressor. 

This is where gas energy is converted to mechanical work which powers the compressor and other 

necessary parts.  

The task of the outlet is to convert the pressurized air- and thermal energy to kinetic energy. It is done by 

expanding the air to ambient air pressure which gives propulsion. High exhaust velocity is a prerequisite 

to the generation of thrust. Exhaust velocity may be increased even more by using an afterburner and 

thrust augmentation. However this method is very fuel inefficient and is only applied militarily [12]. 

Small turbojet engines is based on the same process, however great difficulty appears when it comes to 

compress all necessary parts for achieving an arbitrary propulsion over weight ratio. Usually a radial 

compressor is used in the small engines as it uses less space than an axial compressor. 

Applications for “smaller” turbojet engines (relative aircraft engines) in missiles already exist in the 

Swedish missile systems Taurus KEPD-350, -350D, -350P and Robot 15. Their engine radius is around 60 

cm (23,6 in) or more. 

Advantages for using a small turbojet rather than a solid rocket engine are: 

 No oxidizer is needed to be carried along since the ambient air is used as oxidizer, which usually 

means that more energy can be acquired from the fuel than in a solid rocket engine. 

Figure 1 - A turbojet with all of its components [12]. 
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 Propulsion can be adjusted. 

 Higher safety during storage and transportation. 

Drawbacks in relation to a solid rocket engine are: 

 Cannot be stored as long without maintenance. 

 Not as good performance. 

The main problem with a small turbojet has been the high fuel consumption. It has lately been sufficiently 

improved for small turbojets, with a radius 10-15 cm diameter. This makes the propulsion system very 

interesting for light missiles as the engine enables propulsion control [13]. 

3.2.1 Hawk Turbine 
The use of small turbojet engines have largely been for private RC-planes, the development has therefore 

been largely oriented in that direction. A very interesting company in the industry is Hawk Turbine from 

Västerås, they develop small turbojets, with a diameter of 10-12 cm, for RC-planes. Their engine 

development has resulted in two small, strong and very fuel efficient turbojet engines, relative other 

engines in the industry [14]. The engines are 100R and 190R [14]. 

3.2.2 HSPS (Hamilton Sundstrand Power Systems) 
HSPS from USA have long been developing small turbojets, around 25 years. Development is done for 

military use and is part of SENGAP (Small Engine Advanced Program) financed by DARPA (Defence 

Advanced Research Agency). The program demands on the engines were [15]: 

 Launch height 4,6 km (15’000 feet). 

 Lowest maximum altitude 9,1 km (30’000 feet). 

 30 minutes flight time. 

3.3 Pulsejet engine 
The pulsejet engine, Figure 2, is propelled by combustion of fuel in a combustion chamber which is 

mounted on a cylindrical pipe. Air is taken in through a combustion intake valve that opens and closes as 

the pressure drops and rises cyclically in the combustor. Combustion takes places by ignition of injected 

fuel together with air. When ignition occurs the intake valve is closed. It closes due to the pressure 

increase in the combustion chamber. Pressure is increased when combustion products are ejected at the 

end of the tube. The ejected air also creates a pressure decrease in the combustion chamber which causes 

the intake valve to open and the process can be resumed. Typical specific impulse (Isp) is 1400-1500 s [17]. 
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Advantages with a pulsejet are:  

 Very simple design, it can be constructed with no or with very few moving parts. 

 Can be propelled on almost any fuel. 

 The fuel burns very efficiently since it is deflagrated. 

 Very high power/weight-ratio. 

Disadvantages are: 

 Very noisy (140 dB) (120 dB is the pain threshold for the human ear). 

 Vibrates very violently at high velocities. 

 Extremely quick heat development. 

The pulsejet engine is considered to be very unstable and difficult to control, the technique has therefore 

not been so widely embraced in the aviation industry. However it was used in the infamous rocket from 

the Second World War, V-1 (Fi-103) built and developed by Nazi Germany [38].  

3.3.1 Valveless pulsejet 
An even more simple design of the valved pulsejet is a valveless engine with a longer and bent tube. This 

model has all the advantages and disadvantages as the pulsejet and as it lacks a valve it means that it is 

totally free from moving parts. This is a great advantage as the mechanical valve in the valved pulsejet 

requires regular maintenance.   

3.4 Pulse detonation engine (PDE) 
A pulse detonation engine is based on the same concept as a pulsejet with the main difference in 

combustion. PDE will probably be used in the lower Mach numbers (1-2) but it has a theoretical max 

velocity at Mach 4 [18]. The opportunity to work in subsonic velocities gives the PDE a great advantage 

against high speed engines as RAM- and SCRAM-jet which only works after reaching Mach 2 [19].  

Figure 2 - A model of a pulsejet engine, the only moving part is the air intake [16]. 
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Most air breathing- and rocket-engines burn fuel through deflagration, which requires the air to move sub 

sonically, this makes the engine ineffective at supersonic speeds. As fuel is combusted sub sonically in a 

pulsejet a great part of unburned fuel and air ejects the end of the tube. Furthermore deflagration of the 

fuel cannot be done with a constant volume due to the low combustion velocity. The low combustion 

velocity creates density differences in the fuel concentration before burning everything. This makes the 

combustion even less effective. Combustion by detonation does not allow unburned fuel and air to escape 

and the combustion is done with a constant volume, which is a very effective way of burning fuel [20]. 

A PDEs performance is based on the following parameters: The distribution of fuel in the combustion 

chamber, the duration of high pressure in the engine, the maximum operation frequency which depends 

on filling time and the value and behavior of the necessary energy for combusting the fuel by detonations 

[21]. 

As the PDE is very much like a pulsejet engine the advantages are also very similar: 

 Has the opportunity to start without a starting engine. 

 Theoretical maximum velocity of Mach 5. 

 Very simple design, can be constructed with very few moving parts. 

 High thermic efficiency and therefore very high specific impulse. Compared with other engines 

the PDE can be up to 30 % more efficient [21]. 

 High power/thrust-ratio. 

 Can theoretically become more stable than a pulsejet. A pulsejet engine has approximately 250 

pulses/s due to the mechanical valve, whilst a PDE can reach 1000 pulses/s which smoothens the 

vibrations [20]. 

 Can be applied to both air breathing- and rocket-vehicles. An air breathing engine is being 

developed and a PDE where the oxidizer is included is highly possible. 

Disadvantages with a PDE are: 

 Will probably require very strong, expensive materials to withstand the large stress caused by 

detonations. 

 Extremely loud due to detonations. 

 Intake valve will probably be utterly complex. 

Since its discovery 1940 the interest for PDEs has been great and today big companies as NASA, Pratt & 

Whitney, General Electric and MBDA are working in the area [37]. 

3.4.1 Air Force Research Laboratory 
The only known occasion for flying a PDE was in 2008, Ohio USA, and was conducted by Air Force Research 

Laboratory (AFRL) who gets national funding for their researches. The airplane flown was a homebuilt 

Rutan Long-EZ with a special designed integral part for the PDE. It took off with a jet engine and switched 

to the PDE in midflight. The following parameters were attained: 

 Maximum velocity: 193 km/h (120 mi/h). 

 Thrust: 890 N (200 pounds). 

 Reached alltitude: 18-30 m (60-100 feet). 
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Continued research is conducted in AFRL. However additional information could not be obtained. 

3.4.2 MBDA France 
MBDA France considers that the turbojets performance is sufficient for missile propulsion and that they 

are relatively low cost for a medium thrust range of 250-500 daN. MBDA France has therefore targeted 

their PDE-research on small low cost missiles, UAV (Unmanned Air Vehicle) and UCAV (Unamanned 

Combat Air Vehicle) for the thrust range 50-100 daN [21].    

3.4.3 General Electric (GE) 
Development of PDE:s in GE is for civilian use, rather than developing a single PDE they are developing a 

system of several PDE tubes, also called PDC (Pulse Detonation Combustors) also called a “multitube-

system”. A PDC are several PDE tubes placed uniformly in a circle with a well synchronized combustion. It 

is planned that a PDC-system will be applied in a turbofan engine where it will replace the combustion 

chamber between the compressor and the turbine. The development has inspired countries like Japan 

and China to start their own research program in the area [22]. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

The concept can be seen in Figure 3. In GE:s researches 8 PDE tubes were used, in a circle shape. This 

system was placed in front of an axial turbine designed for: 

 4,54 kg/s (10 lbm/s). 

 25’000 RPM. 

 7,5 MW (10’000 hp). 

The turbofan engine which was used in the tests were not designed or corrected for a PDC-system. 

 

Figure 3 - PDC-concept (Pulse Detonation Combustors) [22]. 
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3.5 Continuous detonation wave engine (CDWE) 
Continuous detonation wave engine also detonates its fuel during combustion, for the same reason as for 

the PDE engines. Researches in the area were initiated at 1960-century in Russia and is therefore relatively 

new [24]. Tests longer than 5 seconds have not been conducted. 

Advantages with a CDWE are [24]: 

 Have theoretically higher performance than other propulsive systems (20-25 % better thermic 

properties than other concepts). 

Advantages against a PDE are: 

 Reduced vibration problems. 

 Easier ignition. 

 Easier to propell due to lower chamber pressure. 

 Higher mass flow. 

 Higher propulsion over weight ratio. 

 

 

 

The engine is in a too early stage to determine its usage, it is hoped that it could be applied for spaceships 

or aircrafts [25]. Figure 4 illustrates how a detonation occurs inside a CDWE. A solid central cylinder is 

placed in the middle of a hollow outer cylinder, with a specific height. Detonation waves propagates in 

the normal direction of the fuel injection [26]. 

A full detonation cycle can be seen in Figure 5. Fuel and oxidizer are injected in the combustion chamber, 

when it is nearly full the fuel is ignited and when the shockwave nearly has propagated a revolution new 

fuel is injected.  

Figure 4 - Principle of a CDWE, the grey area represents a solid cylinder, combustion takes place around 
it surrounded by a larger cylinder [24]. 
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The flow in the chamber is very heterogeneous, with a 2D Prandtl-Meyer expansion wave after the leading 

shock, Figure 6. The transverse detonations waves (BC and B’C’) propagates in a layer of injected fuel (AB’) 

close to the injection wall. Flow of the injected fuel also gives rise to an expansion wave which accelerates 

flow in positive z-direction (point 5). For the continuous propagation of the wave it is necessary that a 

regular and well synchronized fuel injection is done, that has to a specific height h which does exceed the 

critical height h* with some margin. This requires very small and well distributed fuel droplets for a quick 

and effective reaction [26]. 

 
 
 
 
 
 
 
 
 

Problems when it comes to combustion in a CDWE are: 

 The time difference between two detonation waves is very short, achieving optimal timing for 

combustion is extremely difficult. 

 The injected fuel can partly be mixed with earlier combustion products and will therefore not be 

combusted.  

 The expansion wave after the detonation wave can sometimes accelerate the fluid flow and fuel 

in positive x-direction which gives distortions in the fuel injection.  

Figure 5 - Description of how a detonation cycle looks like in a CDWE. Fuel and oxidizer is injected in the 
combustion chamber, when it is nearly full the fuel is ignited and when the shockwave makes a 

revolution new fuel is injected [26]. 

Figure 6 - Detailed illustration of the flow in the combustion chamber in a CDWE [26]. 
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3.6 Hybrid rocket engines (HRE) 
A HRE, Figure 7, is an engine very similar to a solid rocket engine. The burning of the fuel is conducted 

with an oxidizer whose state is not the same as the fuels state and is physically separated. The most 

trustworthy set up is liquid oxygen together with solid fuel, where also most of the research is done. A 

solid oxidizer together with liquid oxygen is also theoretically possible, however it is not feasible.   

Hope lies that this configuration will be applicable for spacecraft’s and for military applications. 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
There are great advantages with a HRE towards traditional solid rocket engines and liquid rocket engines, 

these are [26], [28]: 

 Low explosion hazard during storage transportation and firing. The oxidizer and fuel is stored 

separately from eachother and cannot be burned without contact. Solid- and liquid rocket engines 

are on the other hand not as safe at the event of an explosion, both explode violently in contact 

with a spark etc. 

 Thrusting capabilities, it can be started, stopped and restarted again. 

 Tiny defects, as tiny cracks or holes, in the fuel block of a HRE causes little or no change in 

performance while the same crack or hole causes fatal disasters in other rocket systems. 

 Relatively low cost. 

 Higher specific impulse than solid rocket engines and higher volume specific impulse than 

bipropellant liquid engines. 

Downsides of the engine are: 

 The construction contains many necessary components which gives low weight/thrust-ratio. 

 Lower density specific impulse than solid rocket engines. 

 The so called “blowing effect”, which means higher burning temperature causes slower burning 

time, due to the separation of the oxidizer and fuel (can sometimes be an advantage). 

Figure 7 - Hybrid Rocket Engine [28]. 
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3.6.1 Combustion 
The combustion process in a HRE is very different from the one in a solid rocket engine. In order for the 

solid fuel to be combusted it needs to be vaporized, which requires an external energy source.  

At ignition the fuel gets sprayed with oxidizer and throttling is achieved by regulating the mass inflow of 

the oxidizer. The combustion fire can be extinguished and restarted during flight. Decomposition of the 

oxidizer is used in all hybrid systems types’ as an initiation spark for burning fuel. Depending on what type 

of engine is used, the decomposition of the oxidizer is done differently, these are: 

 Through a hypergolic reaction. 

 By using an igniter. 

 Through a catalaysator. 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Decomposition of the oxidizer results in an exothermic reaction which increases the combustion chamber 

temperature to a specific level. The specific temperature level stimulates vaporization and allows 

combustion of fuel together with the decomposed oxidizer. 

Figure 8 illustrates how the combustion in the hybrid occures. The “Active combustion zone” is where the 

temperature increase takes place due to the earlier explaned exothermic reaction, the produced heat 

warms vaporizes the fuel which through convection moves up into the “Active combustion zone” where 

it can be burned. The combustion zone thickness is controlled by the oxidizer massflow rate and it 

controlls how much fuel that can be burned [28]. 

Figure 8 Illustration of the combustion process in a hybrid rocket engine [28]. 
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3.6.2 Selection of oxidizer and fuel 
Oxidizer and fuel are chosen depending on the application of the HRE. These can be spacecrafts, short- 

and long-distance missiles and other types of aircrafts. 

3.6.2.1 Fuel 

Interesting fuels for a hybrid varies but commonly for the majority of them are that they are poisonous 

and hazardous, RFNA etc. 

However the composite propellant HTPB (Hydroxy Terminated PolyButadiene) is preferred due to its high 

oxidation content, good aging properties and low cost [1].  

3.6.2.2 Oxidizer 

Oxidizers must fulfill conditions like:  

 Easy to handle. 

 High specific impulse. 

 Low cost. 

There are many different oxidizers, their properties and specific impulses can be seen in Figure 9 and Table 

1. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

 

 

 

 

 

 

Figure 9 Theoretical vacuum specific impulse of selected oxidizers reacted with HTPB [28]. 
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3.6.3 Hybrid rocket types 
There are two types of hypergolic engines. One that uses liquid oxidizer together with solid fuel and one 

that uses solid oxidizer with liquid fuel. The last mentioned type is theoretically plausible but is not feasible 

due to the fact that todays’ oxidizer mainly contains crystals which are hard to get in a manageable form 

[27]. 

However there are mainly three different ways of igniting the fuel in a hypergolic rocket, they are 

explained below. 

3.6.3.1 Hypergolic hybrid rockets 

A hypergolic process is when two substances ignites spontaneously on contact, one of the substances acts 

as an oxidizer the other as fuel. The advantage with a hypergolic combustion is that an ignition system is 

not required which simplifies construction, complexity and the weight of the engine. However it has been 

found hard to find any suitable oxidizer- and combustion substances. 

There are two types of hypergolic engines one that uses liquid oxidizer together with solid fuel and one 

that uses solid oxidizer with liquid fuel. The last mentioned type is theoretically plausible but is not feasible 

due to the fact that todays’ oxidizer mainly contains crystals which are hard to get in a manageable form 

[27]. 

The type with liquid oxidizer and solid fuel is the hypergolic engine with greatest possibility for realization. 

It is easier to conduct a combustion when the oxidizer is liquid and the fuel is solid. 

In a hypergolic hybrid engine the oxidizer is disintegrated, wherein an exothermic reaction is initiated as 

the oxidizer comes in contact with the fuel. Chamber temperature increases to a level when combustion 

of the solid fuel can occur. However this process is hard to recreate every specific time which gives 

unacceptable ignition delays. Ignition delay is defined as the time of contact of the oxidizer and the fuel 

until combustion starts. Uncertainty of the ignition delay can be decreased by using more reactive 

substances but it also means that handling condition is deprived [28]. 

Table 1 Properties and specific impulses for actual HRE oxidizers [28]. 

Oxidizer Melting point(oC) Boiling point(oC) Density (g/cm3) ΔfHa (kcal/mol) 

O2 – 218 – 183 1,149 – 3,1 
F2 – 220 – 188 1,696 – 3,0 
O3 – 193 – 112 1,614 30,9 
F2O – 224 – 145 1,650 2,5 
F2O2 – 154 – 57 1,450 4,7 
N2O – 90 – 88 1,226 15,5 
N2O4 – 11 22 1,449 2,3 
IRFNA*  80 to 120 1,583 – 41,0 
H2O2 0 150 1,463 44,8 
ClO2 – 59 11 1,640 24,7 
ClF3 – 76 11 1,810 – 44,4 
     
*Red fumin nitric acid 
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3.6.3.2 Hybrid rocket engine with an ignition device 

A HRE with an ignition device uses substances that require an external energy source for combustion, i.e. 

non-hypergolic substances. 

Disintegration of the oxidizer is initiated by an ignition device, then combustion occurs like mentioned 

above. 

3.6.3.3 Hybrid rocket engine with ignition by an exotherm reaction 

A hypergolic engine with an ignition by an exotherm reaction uses substances that are either hypergolic 

or the opposite.  

Disintegration of the oxidizer is done through a catalyst device placed before the combustion chamber. 

The combustion process is then initiated when disintegrated oxidizer is fed in to the combustion chamber.  

3.6.3.3.1 Nammo Raufoss 

Research in this area is done by Nammo Raufoos in Norway which has close cooperation with Saab 

Dynamics Underwater Systems as they possess great knowledge when it comes to hydrogen peroxide as 

an oxidizer.  

Nammo have for long been been researching in the area of HRE:s and can therefore be seen as a world 

leader in the area. ESA finds their research very interesting for future space rocket propulsion systems 

and have therefore chosen to finance their research [23]. All the following researches are done on small 

hybrid rockets, such as the one seen in Figure 10. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

 

 

Figure 10 Nammo Raufoss lab arrangement [2]. 
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Oxidizer 

Hydrogen peroxide (H2O2) is used as oxidizer and when disintegrated forms water and hydrogen gas. 

Hydrogen peroxide has very desirable properties as an oxidizer: 

 Its thermic properties enables combustion without an ignition device. 

 Beyond its role as an oxidizer it is also suitable as a propellant, it is a so called “monopropellant”. 

 Envoirmental friendly, when disintegrated it forms water and hydrogen gas. 

 Can be stored for a long time without maintenance (+100 days at 0o), relative other liquid 

oxidizers. 

Before the hydrogen peroxide is injected in the combustion chamber it is fed through a catalyst device 

consisting of silver plated disks which disintegrate the substance in a hot gas made of oxygen and water 

fumes. This gas acts like a “monopropellant” and gives propulsion [2]. When the oxidizer mass reaches a 

certain level an exotherm reactions is initiated, wherein combustion of the fuel also starts which increases 

the chamber pressure and the propulsive force with almost 50 % [29]. The fact that the oxidizer also 

propels the rocket makes this process very effective, with an efficiency factor of 99 % of the theoretical 

value [2]. 

Hydrogen peroxide slowly disintegrates even under optimal conditions, and disintegration is accelerated 

at higher temperatures. As the hydrogen peroxide disintegrates continuously it must be well stored in 

well ventilated containers which regularly drains formed oxygen gas. If this is not done the pressure will 

rise until the container ruptures. Storage for 100 days at 0o can be done without a risk of explosion. 

Fuel 

Desirable properties when choosing fuel is that it should have a high regression rate in order to decrease 

the amount of oxidizer that needs to be taken and at the same time not be toxic and cheap. 

6 different fuels were tested but HTPB/C was considered as the best choice when it is not that expensive 

and has a relative low regression pace. 

The theoretical optimal oxidizer-/fuel-flow was 6,5. However a higher oxidizer amount decreases 

combustion chamber size, which is cheaper as the combustion chamber is one of the most expensive parts 

[2]. 

Lab arrangement 

Figure 10 shows the lab arrangement, however it should not be confused with a how a missile will look 

like, only the combustion chamber meets the size requirements whilst other parts are over dimensioned. 

For a real missile and rocket all parts must be made more compact. 

The hybrid rocket that was tested can be seen in Figure 11 and the properties according to Table 2. 
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Table 2 Hybrid rocket dimenions and combustion parameters [2] 

Parameter Value 
f Length of fuel 150 mm 

Inner fuel diameter Ø 28,0 mm 
Outer  fuel diameter Ø 87,0 mm 
Geometric swirl number 1,74 
Nozzle throat Ø 16,6 mm 
Nozzle expansion ratio 2,85 
Characteristic length on combustion chamber 0,73 
Mass flow oxidizer 0,43 kg/s 
Duration oxidation flow 6,5 s 

 
 
 
 
 

 

Figure 11 Model of hybrid rocket used in the experiments [2]. 



 

23 
 

4 Results and discussion 
The results have been collected and are based from the literature investigated and on the physical 

quantities mentioned in section 2. The quantities for each specific system have not been assessed as they 

have not all been available. Other behavior as stealth, economy, environmental friendliness, etc. has also 

been taken in to consideration. 

4.1 Result and status solid rocket engine 
Research results about the future for solid rocket engines have been collected by Totalförsvarets 

Forksningsinstitut-FOI.  

4.1.1 Results ADN-propellant 
Theoretical specific impulse for ADN/GAP-fuel was calculated with infinite burning area as an assumption, 

the results can be seen in Table 3. 

Table 3 Obtained performance results of ADN-burnings [6]. 

Amount ADN (%) Isp (s) ρ (g/cm3) ρ∙Isp (gs/cm3) 

60 238 1,56 371 

65 245 1,59 390 

70 251 1,61 404 

75 256 1,64 420 

80 260 1,67 434 

 

Obtained result from Table 3 is compared with conventional fuels in Figure 12.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 12 Specific impulse for ADN/GAP-fuel compared to other conventional solid fuels. XLDB (Cross-
Linked Double Base), CMDB (Composite Modfied Double Base), EDB (Extruded Double Base) CDB (Cast 

Double Base) [28]. 
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With a 50 % ADN amount the specific impulse is matched with the EDB and CDB values, at 60 % XLDB:s 

value is matched. At 80 % the specific impulse is 260 s which is 10-15 % higher than other conventional 

double base-fuels [1]. However a 60-70% ADN amount is the most plausible concentration to be used. 

High ADN percentage results in unwanted physical properties [7]. 

The density of ADN is 1810 kg/m3 which is similar or equal to the density of most XLDB, CMDB and 

EDB/CDB range between 1600-1850 kg/m3 ([2] p. 479). By using equation (4) and (5), from section 2.1, it 

can be concluded that volume specific impulse is higher for ADN, if one assumes the same propellant mass 

and uses the earlier mentioned densities in order to calculate the propellant volume.  

No metal additives are used in ADN which is part of the reason that the propellant is environmental 

friendly and smokeless [7].  

FOI conducts test firings with ADN-propellant, it is expected that a finished propellant will be available 

after 3-4 years. Research is also conducted in USA but because the propellant is under development it has 

been hard to get more information about their researches [7].   

4.1.2 Status ADN-propellant 
The theoretical values for ADN-propellants are very impressive in addition to its other properties. 

However some research remains to realize the calculated values, according to researchers in FOI it can 

take around 3-5 years before a stable propellant is achieved. It is therefore estimated that the price for 

the propellant will be very high initially and some development costs also remains. However the settled 

price should not overcome the prize for other solid propellants [7]. 

A big issue when it comes to missile systems is the stealth. The fact that ADN is smokeless will ensure the 

safety for the crew handling the system and therefore makes it desirable for anti-tank missile systems. 

Indications that ADN-propellant already is in use in working rockets confirms that a suitable propellant is 

achievable, which means that usage for it in the future is very real.  

Interest for green propellants today is very large, which ADN has proven to be. Research in the area will 

therefore continue with projects like GRASP [7]. 

Table 4 displays the concluded performance parameters and properties achieved by FOI. 

 

Table 4 Performance parameters and properties for ADN based on FOI:s results. 

 Isp (s) ρ ∙ Isp 
(gs/cm3) 

Stealth Envorimental 
friendliness 

Price 

ADN 238-251 371-404 Excellent Excellent Initially expensive. 
Satisfactory once settled. 
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4.2 Results and status small turbojet engines 
Research results about small turbojet engines have been collected by Hawk turbine and HSPS. Close 

relations to Hawk turbine have also resulted in a considerable amount of information, which can be noted 

in 4.2.1. 

4.2.1 Hawk turbine collected results 
Hawk turbine has two small turbojet engines commercially available for RC-planes the engine 100R and 

190R. 

Table 5 Technical data for the engines 100R and 190R by Hawk Turbine [14]. 

 100 R 190 R 

Thrust [kg] (Pounds) 0,6-11 (0,6-24,3) 0,5-19 (1,1-41,9) 

RPM  60’000-175’000 39’000-130’000 

Fuel consumption [g/min] (Ounce) 20-260 (0,7-9,2) 50-390 (1,8-13,8) 

SFC [(gram/sec)/N] 0,0382 0,0348 

Fuel Kerosene, Jet A1 or Diesel Kerosene, Jet A1 or Diesel  

Engine type Turbojet with radial turbine Turbojet with radial turbine 

Engine weight/Installed [kg] (Pounds) 1,7/2,0 (3,7/4,4) 2,8/3,1 (6,2/6,8) 

Engine diameter [mm] (in) 108 (4,3) 130 (5,1) 

 

Technical data can be seen in Table 5. These engines are one of the leading for RC-planes when it comes 

to fuel efficiency and thrust. Fuel efficiency over thrust can be seen in Figure 13, Figure 14 and Figure 15. 
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Figure 14 Fuel consumption (ml/min) over thrust (N) for 190 R engine [14]. 

Figure 15 Thrust (N) over RPM [14]. 

Figure 13 Time to consume 1 liter (0,26 galons) of fuel in 1 minute over thrust (N) [14]. 
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4.2.2 HSPS collected results 
HSPS have developed several easy turbojet engines that fits DARPA:s requirements, the engines are 

designed for air to air missile systems. Information concerning the engines TJ 30 and TJ 50 could be 

collected. Their performance can be seen in Table 6. 

Table 6 Performance of HSPS engines TJ 50 and TJ 30 [15]. 

 TJ 50 TJ 30 

Thrust [kg] (Pounds) 25,9 (57) - 

SFC [(gram/sec)/N] 0,0450 0,0433 

Fuel Kerosene, Jet A1 or Diesel Kerosene, Jet A1 or Diesel 
Engine type Turbojet with axial turbine Turbojet with axial turbine 

Engine weight [kg] (Pounds) 5,9 (13,8) - 

Engine diameter [mm] (in) 112 (4,4) 112 (4,4) 

 

TJ 50 exceeded DARPA:s requirement, it reached 0,85 Mach at an altitude of 9,1 km. A newer version of 

TJ 50 was also developed: TJ 50 M which was to increase the thrust with 9 kg. The engine reached Mach 

1,1 at an altitude of 9,1 km [15]. 

4.2.3 Status Small Turbojets 
Small turbojet engines have always been struggling to be as effective as the large engines, however it has 

been found hard to scale down components and reaching acceptable weight over thrust ratios. Lately the 

fuel efficiency have made such improvements that it is possible for usage in small missile propulsion. 

Engines like Hawk Turbines can be further optimized as calculated lifetime for RC-engines considerably 

exceeds the demands for the lifetime for missile engines. 

Small turbojets open the possibility for a brand new type of short distance missiles that will be man-

portable, accurate and much cheaper than today’s equivalence on such distances. The possibility for the 

missile to “hang” in the air together with an arbitrary control system allows very high accuracy and can 

even be an alternative for today’s artillery. 

Engines like Hawk Turbines confirms that small turbojet engines entrance in light missile systems are close. 

Arrangements in the engines lifetime needs to be done, RC-engines have a lifetime of 24 hours whilst a 

missile system lifetime is a 1-2 hours. This fact can allow cheaper materials in components such as turbine, 

compressor etc. 

As an STJ-missile will be a relatively new concept if implemented the cost for development and production 

will be high. However after the production line will be standardized the price will decrease probably to an 

acceptable level [13]. 

Comparing the performance between Hawk Turbine and HSPS it is obvious that HSPS:s engines are better. 

Parameters such as SFC, 0,038 and 0,045 (gram/sec)/N respectively proves that Hawk Turbines engines 

needs to be improved in order to be applied to missiles. However HSPS:s engines proves what can be 

accomplished when designing a STJ for use in missiles.  
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It is obvious that the American army expresses interest in this area as DARPA organizes encouraging 

projects in the area. However it was hard to find information about their work, which can be an indication 

that research is done in the area. 

As the STJ usually uses ordinary airplane fuel (Kerosene) it cannot be considered especially environmental 

friendly. On the other hand it is not as hazardous as other propulsion systems. Therefore STJ can be seen 

as average when it comes to environmental friendliness. 

Table 7 displays the concluded performance parameters and properties based on Hawk Turbines results. 

 

Table 7 Performance parameters and properties for STJ based on Hawk Turbines results. 

 Isp (s) SFC 
(gram/sec)/N 

Stealth Envorimental 
friendliness 

Price 

STJ 2930 0,0348 Satisfactory Average Average 

 

4.3 Status pulsejet 
The possibility for a pulsejet engines to be applied to other applications than small UAV systems are not 

feasible, at least not in the closest future, due to the fact that the downsides outweighs the benefits: 

 Due to the high vibration levels an application in a missile system is not feasible as cruise control 

systems demands smooth thrust which the pulsejet engine cannot deliver. 

 The high sound pressure does not allow stealth. 

 Heat conduction creates temperature problems, which makes isolation a problem during body 

integration which can lead to self-destruction if not a good cooling system is installed. 

However very high impulse and cheap production price still makes this propulsion system very interesting 

if some of the problems, vibration and heat conduction could be solved. 

Table 8 displays the concluded performance parameters and properties for PJ-engines based on data 

collected above. 

 

Table 8 Performance parameters and properties for PJ-engines based on collected data. 

 Isp (s) Stealth Envorimental 
friendliness 

Price 

PJ 1400-1500 Poor Unknown Unknown development cost. Probably low 
cost if properly developed. 

 

4.4 Result and status PDE 
Research results about PDE:s have been collected by MBDA France and General Electric (GE).  

4.4.1 Collected results MBDA France 
Many different tests were conducted with varying engine shapes. Combustion chamber diameter were 

50 mm (0,2 in) and its length were varied up to 426 mm (16,8 in). Fuel contained an ethylene and oxygen-

mixture (C2H4/O2). The maximum pulse frequency reached was 80 Hz [22]. 
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Collected Isp values can be seen in Figure 16 and were collected through single pulse tests with combustion 

chamber with nozzles with different shapes and lengths. β describes nozzle- over combustion chamber-

length. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Tests were conducted at atmospheric pressure and with air present in the tubes which could have 

increased calculated Isp as this air had to exit before the combustion products exits [22]. 

4.4.1.1 Preliminary missile design 

MBDA has also presented proposal for how a PDE-missile should look like. The design, dimensions and 

performance can be seen in Figure 17 and Table 9 respectively. 

 
 
 
 
 
 
 
 
 
 

 

 
 
 
 

  

Figure 16 Isp with nozzles with different shapes and lengths [21]. 

Figure 17 A preliminary design of a PDE missile, proposed by MBDA [21]. 
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Table 9 Dimensions and engine performance of the PDE missile proposed by MBDA [21]. 

Dimensions  Performance  

Diameter 190 mm (7,5 in) Total length 1,58 m (5,2 ft) 

Total length 2,8 m (110 in) Total mass 55 kg (121 Pounds) 

Total mass 140 kg (309 lb) Thrust 80 daN 

  Frequency bond 130/150 Hz 

 

However this is a very preliminary design and as further development has not occurred more information 

could not be collected in this area [22], [37]. 

4.4.2 Collected results General Electric 
Figure 18 illustrates how the PDC-system looked like during tests. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 Total operational time: 145 min (usually around 5 minutes/run). 

 Frequency/tube: 30 Hz. 

 Combustion in the PDC-system was conducted with Ethylene (C2H4). 

Tests were conducted to see how effective the engine was, turbine efficiency and combustion efficiency 

were examined. 

It was not expected to see any increase in turbine efficiency as it was not designed for a PDC-system. It 

was expected to keep the turbine efficiency at the same level as during normal operation, this was 

achieved and can be seen in Figure 19.  

 

 

Figure 18 A computer model of a PDC-system that were tested by General Electric [22]. 
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It could be stated that the total efficiency for the turbofan engine were at least 25 % better with the PDC-

system, even though no earlier preparations were done, this can be seen in Figure 19. Which means that 

the effectiveness of the combustion process have been improved. It also suggests that the system can be 

done even more efficient if the turbine system will be adjusted for the PDC-system. 

Problem that has to be realized for the system to be realized are [22]: 

 Develop an intake valve on the PDC-system, now a valve less system were used which allowed 

pressure waves to travel in the wrong direction. 

 Improve the fuel injection in order to inject the fuel at the right time, it is necessary to improve 

the combustion efficiency. 

 Connect the PDC-system outlet directly to the turbine rotor to prevent leakage. 

 Redesign the turbine for a PDC-system, such a turbine rotor can look very differently from today’s 

rotor. 

Continued research about PDC-systems in GE is done and future tests are already planned [22].  

4.4.3 Status PDE 
Hope for a breakthrough for PDE:s are large. Companies like AFRL states that they have already conducted 

the first PDE flight and MBDA France and GE states that their research will soon give good results, but it 

seems like the most fundamental problems still remains: 

 Design of the intake valve. 

o How should the intake valve look for a controlled combustion and at the same time not 

allowing any leakage? It is further not possible to have an intake valve that wears out as 

quickly as the pulsejets intake valve. 

 Synchronized ignition of the fuel. 

o As combustion is done with detonations it will be extremely hard to get the combustion 

process well synchronized, something that GE has experienced. 

 

Figure 19 Turbine efficiency for the PDC-system (PDC TIP) and for normal operation (Turbo Steady) [22]. 
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 Energy levels for ignition. 

o Which energy level is optimal during ignition? As high energy level as possible must be 

used but still so low that it does not damages the engine. 

Table 10 displays the concluded performance parameters and properties based on data collected above. 

 

Table 10 Performance parameters and properties for PDE based on MBDA:s results. 

 Isp (s) Stealth Envorimental 
friendliness 

Price 

PDE 500 Poor Unknown High development costs. 
Unknown production cost 

 

4.5 Results and status CDWE 
Research results about CDWE:s have been collected by MBDA France and University of Texas Arlington 

(UTA). CDWE is a very new engine concept and the information can therefore be scarce. 

4.5.1 MBDA France 
The engine that was used during the tests at MBDA can be seen in Figure 20 it is a small scaled model of 

how a future larger variant will look like. 

The engines design and dimensions can be seen in Figure 20. 

 
 
 
 
 
 
 
 
 
 
 
 

 

Fuel and oxidizer were injected with 570 injectors with a pressure of 80 bar from 20 dm3 receivers, 

however detailed descriptions of the injectors was available. Fuel used were hydrogen and oxygen in 

gaseous forms ejected in atmospheric pressure [25]. 

Two firings were conducted one for 2 s and the second for 5 s. Achieved thrust from the 2 s test can be 

seen in Figure 21, maximum achieved thrust was 54,7 N and a vacuum specific impulse, Isp, on 341,7 s [25].  

Figure 20 Small scale CDWE engine which were used in the tests Inner radius: 40 mm, outer radius: 50 
mm, length 90 mm, thickness on outer wall: 25 mm [24]. 
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4.5.2 University of Texas Arlington 
UTA have conducted tests on two types of CDWE. One engine where injection of fuel and oxidizer were 

done outside the combustion chamber and the second where they were mixed before injected. Impulse 

and thrust values could not be properly measured, which is something UTA hopes to do in the future [26]. 

4.5.3 Status CDWE 
As earlier mentioned research in CDWE:s have not been so extensive as the concept is relatively new. The 

longest conducted tests are 5-6 s. The tests have been conducted by MBDA in corporation with the Russian 

university Lavrentyev Institute of Hydrodynamics, Novosibirsk. 

Tests could not be conducted longer due to: 

 The quick temperature development created after each detonation, each detonation cycle 

increases the gas temperature with 15-20 % [27]. 

 Complexity during combustion. 

CDWE is too early in the research stage to be able to determine if it is suitable for any kind of propulsion 

as the combustion tests can only be prolong for very short time intervals.  

Table 11 displays the concluded performance parameters and properties based on MBDA:s results. 

 

Table 11 Performance parameters and properties for CDWE based on MBDA:s results. 

 Thrust (N) Isp (s) Stealth Envorimental 
friendliness 

Price 

CDWE 54,7 342 Unknown Unknown High development costs. 
Unknown production cost. 

Figure 21 Total measured thrust [24]. 
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4.6 Results and status hybrid rocket engines 
Research results about HRE:s have been collected about three different types of engines. Close relations 

to Nammo AS have also resulted in a considerable amount of information, which can be noted in 4.6.3.3. 

4.6.1 Hypergolic HRE 
Efforts for finding suitable oxidizer and fuel combinations was actively conducted during 60s and 70s in 

several countries including Sweden by “Volvo Flygmotor”. Information about these projects are still 

classified, however the Indian Institute of Science have a lot of available information in the subject [29], 

[30]. 

4.6.1.1 Fuel 

Researches have been conducted on several different polymeric fuels with metal additives and hydrazines 

(liquid). The solid hypergolic fuels were not so common [30]. The performance parameters for different 

hybrid propellants can be seen in Table 12. 

Table 12 Performance parameters for different hybrid propellants, table found in [29]. 

Propellant 𝑰𝒔𝒑 𝝆𝒑 𝑰𝒔𝒑𝝆𝒑 Optimal O/F 

RFNA-Rubber 260 1,20 312 4,0 
RFNA-R005 250 1,20 300 3,8 
LOX-80% Rubber+ 
20% Al 

292 1,16 340 1,9 

LOX-SBR 292 1,09 318 2,2 
LOX-20% Al+80% 
SBR 

291 1,14 332 1,8 

     
Abbrevations: Al: Aluminium 

CTPB: Carboxy terminated polybutadiene  
LH2: Liquid hydrogen 
LOX: Liquid oxygen 
N2O4: Nitrogen tetrodxide 

PBAN: Polybutyl acrylo nitrile 
RFNA: Red fuming nitric acid 
SBR: Styrene butadiene  
UDMH: Unsymmetrical dimethyl hydrazine 

 

4.6.1.2 Oxidizer 

Current oxidizers where research are being done can be seen in Table 13. 

Table 13 Current oxidizers where research are being done [23], [28] 

Substance Comment 

Nitric acid (HNO3) Toxic, oxidizing. 
Nitrous oxide (N2O4) - 
Hydrogen peroxide (H2O2) - 
WFNA Very corrosive, inhibited WFNA (IWFNA) 

decreases the corrosive properties in the 
substance, however performance decreases. 

RFNA Very dangerous substance [33]. 

 

It has been found very hard to find any suitable oxidizers and fuels to be able to produce a safe propulsion 

system, therefore most research programs in the area has been closed and there is not much activity in 

the area today [28]. 
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4.6.2 HRE with an ignition device 
Research results about HRE:s with an ignition device have been collected by Sierra Nevada Corporation 

and WARR.  

4.6.2.1 Sierra Nevada Corporation 

The only hybrid rocket in operation for future commercial use is produced by Sierra Nevada Corporation 

(SNC), who today develops and produces HRE:s. 

They have specialized on nitrous oxide (N2O) and can be seen as world leading in the area. It is SNC:s 

N2O/HTPB HRE that propel the Spaceship two-rocket which is on a good way to be the first commercial 

space vehicle for space tourism. It had its maiden flight in subsonic speeds spring 2013 [34].  

The oxidizer nitrous oxide is generally a very easy to handle and not toxic substance, it has good long time 

storage properties, good density, high evaporation pressure and good performance capabilities. However 

the downsides with nitric acid are that it is disintegrated violently and it will burn uncontrollably if slightly 

contaminated. 

It can burn with fuels at nearly any temperature the only requirement is that an ignition device should be 

used, it is therefore very important to keep ignition device and heat sources separated from the gas. To 

keep tanks and pipes clean from fuel are very important due to the fact that even the smallest amount of 

fuel can make nitrous oxide very explosive [35]. 

As long as the interest for space tourism remains and that Virgin Galactic will invest resources, the 

research at SNC will continue. New test flights are planned and as long as nothing goes wrong then space 

tourism will be available in a couple of years.  

4.6.2.2 WARR 

WARR is a German student organization from Technische Universität München (TUM) who develops and 

builds missile propelled by HRE:s, one of their most successful missiles is WARR-EX-2. Their work has been 

highlighted by the European company EADS Austrium who also finance some of their research.  

The name of the engine that was used is “Hyper-1” and uses nitrous oxide (N2O) as oxidizer with HTPB as 

fuel. A test on “Hyper-1” was done 2012, the collected test results can be seen in Table 14. The achieved 

thrust for the missile was 1100-1200 N [36]. Their results can be seen in Table 14. 

Continued research is done at WARR, at least one more engine will be developed soon [36], [39]. 

Table 14 Technical data and engine properties for WARR-EX-2 [36] 

Technical 
data  

WARR-EX-2  Engine 
properties 

Hyper-1  

Length 2800 
mm 

Max. 
velocity  

350 
m/s 

Fuel HTPB Mass fuel 1,34 kg 

Diameter 120 mm Highest 
alt. 

5 km Oxidizer N2O Massa oxidizer 4,70 kg 

Start weight 20,0 kg Start load 5 g Total 
impulse 

10’000 
Ns 

Nozzle material Grafite 

Structure 
mass 

11,6 kg Flight 
time 

190 s Nominal 
burning time 

10 s Cooling 
method 

Ablative 
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4.6.3 HRE with ignition by an exotherm reaction 
The theoretical results are based on the following assumptions and the calculations can be seen in Figure 

22, Figure 23 and Figure 24: 

 Nozzle expansion ratio: 9 and 30. 

 Combustion chamber pressure: 3,0 MPa. 

 Oxidizer/Fuel: 0,5-15. 

 

  

  

 

 
 

 

Figure 23 Calculated c* over different O/F-ratios 
for different doped Terathane fuels [32]. 

Figure 24 Calculated specific impulse (Isp) and c* over different O/F-ratios with hydrogen peroxide 87,5 % 
and HTPB/C with a chamber pressure on 3,5 MPa, nozzle expansion ratio 6,9 and ambient air pressure 

on 1 atm [31]. 

 

Figure 22 Calculated c*over different O/F-ratios 
(O:Oxidizer, F: Fuel) for different fuels [32]. 



 

37 
 

Only testresults on the S/N-05 (Terathane 2900) fuel could be collected from Nammo, Figure 26 and Figure 

25 shows collected results. Notable is that the measured thrust between 0,5-0,8 s are during the so called 

“monopropellant phase”, i.e. when only the oxidizer is producing thrust it is also time for fuel to be heated 

for combustion [32]. 

  

 
 

  

 
 
As the oxidizing mass flow was constant the fuel surface gradually increased which led to a decreased 
oxidizer mass flux value.  
 
Research is continued at Nammo in Norway, as long as goals are met, which they have done. Hope lies 
in that tests will be conducted on large rockets soon [25]. 
 

4.6.4 Status HRE 
Integration of the combustion process differs between the hybrid rocket types but common for all hybrid 

rockets are that the oxidizer that is being used requires handling that is not possible for light man portable 

missile systems.  

For hybrid rockets to be used in future small missile system the following problems needs to be resolved: 

Figure 25 Thrust and combustion chamber pressure for S/N-05 (Terathane 2900) fuel [32]. 

Figure 26 Mass flux for hydrogen peroxide with time and fuel ignition time for different fuels [32]. 
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 Volume distribution. 

o The distribution of oxidizer together with surrounding systems has to be much more 

compact for applications in smaller missile systems, today’s technology takes to much 

space. 

 Maintenance and management. 

o The majority of oxidizers requires constant or periodical maintenance in order to prevent 

accidents as explosions or fires.  

o All oxidizers requires special treatment in a form of special materials, special pressure 

conditions etc. in order to work normally. This is very costly and can have great 

consequences if error occurs. 

 The hypergolic oxidizers are generally not suitable and reacts easily on 

disturbances. 

 Hydrogen peroxide can be stored for 100 days without maintenance, however 

that is not enough for a portable missile system. It easily reacts on disturbances 

which accelerates the disintegration. 

 Nitrous oxide is one of the most stable oxidizers but can become very malicious 

if any problems occur in the pumping system. 

o The hypergolic fuels are often very toxic and corrosive which complicates storage. Other 

more suitable substances must be found in order for hypergolic rockets to be realized. 

Properties for above mentioned hybrid rockets are enough to draw a conclusion that these system won’t 

be able to be applied in smaller man portable missile systems, but can however be realized in bigger 

rockets for space crafts or for stationary ballistic missile systems, which have been confirmed by WARR. 

Table 15 displays the concluded performance parameters and properties based on Nammo:s results. 

Nammo:s results have been chosen to be displayed in Table 15 since their researches are closest to 

realization. 

 

Table 15 Performance parameters and properties for CDWE based on MBDA:s results. 

 Thrust (N) Isp (s) Stealth Envorimental 
friendliness 

Price 

HRE 1000 2490 Average Average Average 
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5 Conclusion 
Six different propulsion systems have been elaborated and presented above according to the 
methodology, analyzed and described, in section 1.4. 
 
The main aim of the report is to investigate some alternatives to SRE:s for the propulsion subsystem for a 
man-portable anti-tank system. The majority of the investigated propulsion systems can be excluded after 
some research as they are usually early in the development and require a considerable amount of time in 
order to reach a working system, i.e. pulsejet engines, PDE, CDWE and HREs, see the discussion in section 
3.3-3.6. 
  
The most interesting alternatives appear to be those relating to ADN-propellant and small turbojet 
technology. 
 
High specific impulse, high volume specific impulse, good stealth capability, environmental friendliness 
and price are the parameters that make ADN one of the most promising propellants for future solid rocket 
engines, see Table 16.  The increased specific impulse and volume specific impulse make it superior to 
todays’ solid propellants and therefore possible to create a more compact yet more powerful missile 
system. It is likely that ADN will, as soon as in 5 years, replace todays’ solid rocket engine propellants for 
man-portable anti-tank systems, see discussion in section 4.1.2.  
 
The potential of small turbojets being used in future missile propulsion systems is high. Trends indicate 
that the SFC is improving and is today at an acceptable performance level in order for the engine to be 
implemented in missile systems, Table 16. The fact that the lifetime of the investigated system exceeds 
the lifetime of a missile system, 24 h and 2 h respectively, indicates that STJ is able to be implemented in 
a missile system. The possibility for thrust control makes it possible, to make a missile loiter before striking 
which not only increases the accuracy but also keeps the missile harder to detect. The estimated unit-
price is hard to estimate. However, it is likely that the accuracy will outweigh the price. This makes STJ 
interesting for the implementation in missile systems, such as man-portable anti-tank systems.  
 
PJ- and PDE-systems are not sufficiently developed to be implemented in a working system and will need 
further research to reach that goal. Consequently it is unlikely for the systems to be implemented in any 
kind of missile system in the near future. 
 
The combustion tests for CDWE:s can only be conducted for short time intervals. The engine is early in 
the research stage and thus it is not possible to determine its suitability as a propulsion system.  
 
General research with HRE is done in the hope to get an engine for space crafts. However results are also 
being collected for development of small and large missile systems parallel to this kind of research. 
Properties as high specific impulse and thrust control make it an interesting system. Nonetheless the 
oxidizers used are all either toxic or explosive and the fact that the knowledge and technology with solid 
rocket engines are well developed, it will take time before the engine makes a breakthrough in the small 
missile industry. However implementations in larger rockets such as space rockets and ICB-systems are 
probable as these kinds of systems make constant control of the oxidizer possible. 
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Table 16 shows the collected performance parameters and properties for all propulsion systems assessed 

in the report. 

 

Table 16 Performance parameters and properties for all propulsion systems assessed 

 Isp (s) ρ∙Isp 
(gs/cm3) 

SFC 
(g/s)/N) 

Stealth Envorimental 
friendliness 

Price 

ADN 238-
251 

371-404 n/a Excellent Excellent Initially expensive. 
Satisfactory once settled. 

STJ 2930 n/a 0,0348 Good Average Average. 

PJ 1400-
1500 

n/a n/a Poor Unknown Unknown development cost. 
Probably low cost if properly 
developed. 

PDE 500 n/a n/a Poor Unknown High development costs. 
Unknown production cost. 

CDWE 342 n/a n/a Unknown Unknown High development costs. 
Unknown production cost. 

HRE 2490 n/a n/a Average Average Average. 
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