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Executive Summary 

 

EXECUTIVE SUMMARY 

The ‘supergun’ launch method has long been coveted as an economic alternative to conventional 

rocket launches. The method utilises a large powerful gun to deliver a satellite payload into orbits 

around the Earth. The idea was first proposed in Isaac Newton’s ‘A Treatise of the System of the 

World’ in 1728 and with the first significant experiments conducted by Gerald Bull in the High 

Altitude Research Project (HARP) in 1966. The HARP project achieved a record non-rocket launch 

reaching an altitude of 180 km with a 180 kg projectile at a speed of 3,600 m s-1. 

Project HALO (Hydrogen Assisted Launch to Orbit) is a $27 million USD proposal for delivering 

small CubeSat payloads to Low Earth Orbit, using modern hydrogen light gas gun technology, 

assisted by an innovative hybrid rocket; rejuvenating the supergun launch strategy for the 21st 

century and beyond. The philosophy of Project HALO is ‘a supergun for the small masses’, echoing 

our commitment to providing a regular, reliable and reactive service in their pursuit to advance 

scientific research and development from space. The current prevailing launch method for small 

satellites, such as CubeSats, is facilitated by attaching the satellites as a secondary payload to a 

large multi-stage rocket costing $100000 USD per 1U CubeSat. These large multi-stage rocket 

launches are irregular, complex and not tailored to the small satellite market. Project HALO will 

offer a flexible launch schedule for delivering payloads to a range of Low Earth Orbits at a rate of 

$120000 USD per 1U CubeSat. 

The Owen Stanley Mountain Range in Papua New Guinea has been selected to host the Project 

HALO supergun due to optimal launch conditions. This location provides reduced drag due to its 

high altitude, added initial speed due to the near equatorial prime location, and immediate proximity 

to the Pacific Ocean mitigating dangerous fallout in the case of mission abort. The HALO gun uses 

hydrogen due to its low molecular weight, leading to a lower pressure drop behind the projectile, 

offering the highest muzzle velocity of any practical gun architecture. To achieve this muzzle 

velocity a two-stage hydrogen light gas gun configuration is used. The gun barrel was designed to 

be a maximum of 300 m long due to feasibility of construction and transportation of the barrel to 

the launch site. Limiting the length of the barrel increases the acceleration forces experienced by 

the projectile and payload; this significant trade-off defined the project. 

After the selection of a 300 m long gun barrel, the design initiative of the group was to produce a 

feasible supergun in tandem with a projectile that can survive the harsh launch conditions, and can 

be visualised in simulations to achieve the desired orbit. An iterative design process was used to 

concurrently develop the rocket and projectile by use of simulation and CAD respectively. The 

trajectory simulation accounted for many factors yielding realistic data providing the group with a 

design base, from which the projectile, rocket and gun could be scaled from initial approximations. 
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With each iteration of the design process, the gun design was impacted due to increasing projectile 

mass.  

The final wet mass of the projectile of 3424 kg represents a workable and realistic design for 

launching at 6 km s-1 and surviving an average acceleration of 6126 g while maintaining the lowest 

possible mass and containing the required fuel to achieve orbit. The projectile is mainly comprised 

of ceramic matrix composites and carbon-carbon composites, as these materials exhibit necessary 

characteristics such as high compressive strength, low density and low thermal conductivity. The 

profile of the projectile has also been designed to reduce aerodynamic drag in order to reduce the 

fuel required to reach orbit.  

To reduce projectile mass further, the avionics of the CubeSat satellite payload is utilised in part to 

perform the role of projectile avionics.  This leads to a mass saving of approximately 5 kg in 

avionics, which results in further significant savings in rocket propellant and total projectile mass. 

The rocket engine has been designed to give the remaining delta-v required to reach orbit using 

hybrid propellant technology; the engine uses solid paraffin fuel with liquid oxygen as the oxidiser. 

The proposed design uses LOX boil-off as a weight saving mechanism to self-pressurise the oxygen 

tank compared with conventional methods which require an additional gas tank, valves, pumps and 

insulated piping. Further design parameters have been adjusted to give the most efficient and 

feasible design within the size constraints of the gun barrel. 

The need to increase the projectile mass to cope with the high g launch has led to an impractical 

light gas gun design. To achieve the required muzzle velocity a multi-injection architecture has 

been used. The maximum realistic projectile mass determined with this design has been calculated 

as approximately 2000 kg. This projectile mass leads to a maximum total gun length of 500 m, a 

maximum pump tube length of 150 m and a maximum pressure of 290 MPa. However, for the 

projectile to survive the g-force experienced from launch and the extreme conditions experienced 

from hypersonic flow a realistic, high-strength design gives a subsequent mass of 3424 kg. The gun 

design constraints therefore result in a required total gun length of 1100 m with a maximum internal 

pressure of 370 MPa which is both structurally and environmentally impractical. 

For the project to progress, a lower g and a lower muzzle velocity should be targeted through the 

use of hydrogen gun or alternative technologies. 
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𝐺  Gravitational constant 

𝐺𝑜𝑥,𝑎𝑣  Average oxidiser mass flux 
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𝑝𝑓  Final chamber pressure 
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�̇�𝑏  Burn regression rate  
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𝑇  Temperature 

𝑇1  Combustion temperature 

𝑇2  Nozzle exit temperature 
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𝑈  Internal energy 

𝑈𝑚  Projectile muzzle velocity 

𝑈𝑆  Projectile velocity 
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𝑣2  Nozzle exit velocity 

𝑉𝑏  Barrel Volume 

𝑉𝑐  Chamber volume 

𝑉𝑔  Volume occupied by gas 
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𝑉𝑡  Gas specific volume at nozzle throat 

𝑉1  Gas specific volume in the combustion chamber 

𝑉2  Gas specific volume in the nozzle exit 

𝑥𝑆  Projectile displacement 

𝑥  Recoil displacement 
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�̈�  Recoil acceleration 
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ABBREVIATIONS AND ACRONYMS  

1U  10 x 10 x 10 cm CubeSat 

2U  20 x 10 x 10 cm CubeSat 

3D  Three dimensional 

3U  30 x 10 x 10 cm CubeSat 

ABS  Acrylonitrile butadiene styrene 

ACS  Attitude Control System 

AISI  American Iron and Steel Institute 

BGA  Ball Grid Array 

CAD  Computer Aided Design 

CFD  Computational Fluid Dynamics 

CMC  Ceramic Matrix Composites 

CPU  Central Processing Unit 

DC  Direct Current 

EIRP  Equivalent Isotropic Radiated Power  

EMC  Electromagnetic Compatibility 

EMI  Electromagnetic Interference 

EPS  Electrical Power System 

FEA  Finite Element Analysis 

FPGA  Field Programmable Gate Array 

GEO  Geostationary Orbit 

GNSS  Global Navigation Satellite System 

GOX  Gaseous Oxygen 

HALO  Hydrogen Assisted Launch to Orbit 

HNS  Hexanitrostilbene 

HPA  High Power Amplifier 

ICBM  Inter-Continental Ballistic Missile 

IFR  Inertial frame of reference 

IMU  Inertial Measurement Unit 

K.E  Kinetic Energy 

LEO  Low Earth Orbit 

LNA  Low Noise Amplifier 

LOX  Liquid Oxygen 

LVDS   Low Voltage Differential Signalling 

LVTTL Low Voltage Transistor-Transistor Logic 

MEMS  Micro-Electro-Mechanical System 

MEO  Medium Earth Orbit 

MLI  Multi-Layer Insulation 

MSISE-00 Mass Spectrometer and Incoherent Scatter E 2001atmospheric model 

O/F  Oxygen to Fuel Ratio 

OBC  On Board Computer 

P-PODs Poly-Picosatellite Orbital Deployer 

PCB  Printed Circuit Board 

PDM  Power Distribution Module 

PID  Proportional Integral Differential 

PWM  Pulse Width Modulation 

RCS  Reaction Control System 

RDX  Research Department Formula X 

RF  Radio Frequency 

SC  Stress compensated 

SMPS  Switch Mode Power Supply 

TCS  Thermal Control System 

TPS  Thermal Protection System 
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TT&C  Telemetry, Tracking and Command 

USAMC United States Army Materiel Command 

UTC  Coordinated Universal Time 
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Units 

 

UNITS 

atm  Atmospheric pressure 

g  Acceleration due to Earth’s gravity (9.81 m s-2) 

J  Joule 

K  Kelvin 

kg  kilograms 

km  kilometers 

m  meters 

mbar  millibar 

ms  milliseconds 

Pa  Pascal 

s  seconds 

dB  Decibel 

USD  United States Dollars 
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1 INTRODUCTION 

Ever since the first satellite launch in 1957, rockets have been used to launch satellite payloads into 

orbits around the Earth for purposes such as communications, navigation, and earth observation 

including weather and research (NASA, 2007). In 1966 the High Altitude Research Project (HARP), 

led by ballistics engineer Gerard Bull, used a very large naval gun to achieve a record non-rocket 

launch of a 180 kg projectile at 3,600 m s-1 to space, reaching an altitude of 180 km (Astronautix, 

2014). The HARP project was intended for research into the ballistics of re-entry vehicles; however 

it is known that Gerard Bull had envisioned the use of the system to launch satellites into space at 

a lower cost than conventional rocket launches (Astronautix, 2014). 

Technology has advanced significantly since 1966, leading to satellites that are smaller and lighter, 

and navigation systems for launch projectiles that can be made using solid state electronics capable 

of withstanding high acceleration forces. It is thought that the ‘supergun’ non-rocket launch method 

can be used in combination with an orbital insertion rocket booster and modern technologies to 

provide a lower cost and more efficient small satellite launch method compared to conventional 

rocket launches. 

1.1 SCOPE OF THE SUPERGUN PROJECT 

The aim of this project is to take a fresh look at the non-rocket launch method pioneered by Gerard 

Bull using a ‘supergun’, investigating key issues such as costs, feasibility and hazard analysis. The 

fundamental requirements are outlined below; 

 To design a launch system for the insertion of useful payloads into Low Earth Orbit, 

using a combination of ballistics and rocket propulsion. 

 To design a more economical and environmentally sustainable launch system than 

conventional rocket systems. 

 The project must consider the construction, regular use, decommission and mission abort 

scenario of the launch system and payload to prevent any avoidable damage to the 

environment or living creatures as a result of the project. 

1.2 INTERPRETATION OF DESIGN BRIEF 

The design brief for the project was interpreted as follows; 

 The mass of the useful payload must be greater than 1 kg. 

 The projectile must be capable of communicating with ground control.  

 The payload must be capable of achieving stable attitude in orbit. 

 The projectile should ensure the safe transit of the useful payload to the desired orbit and 

have safety features in place for mission abort, should the projectile fail in transit. 
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 The launch system must be capable of launching repeatedly to ensure economic viability. 

 The launch system, projectile and all associated systems must comply with all relevant 

safety and environmental regulations including: UK Outer Space Act 1986, Explosives 

Handling & Storage Regulations, and Launch Regulations. 

1.3 PROJECT MARKET 

The current satellite market is estimated at approximately $190 billion USD (Emerick, 2014), (The 

Tauri Group, 2013), (Northern Sky Research, 2012). It is estimated that 34-45 % of the market is 

held by Low-Earth Orbit satellites (The Tauri Group, 2013), (Emerick, 2014). At the 34 % estimate 

this equates to a market share of approximately $65 billion USD. Last year satellite launches with 

payloads ranging from 1 kg to 50 kg, was just below 100 satellites (SpaceWorks, 2014), this figure 

is 45 % of the total satellites launched in 2013 (SpaceWorks, 2013). The number of 1 kg to 50 kg 

satellites launched in the future is predicted to increase steadily each year, totalling 2000-2750 units 

between 2014-2020 (SpaceWorks, 2014). Evidence suggests that the nanosatellite (1 kg to 10 kg 

range) will be a key shareholder in this predicted number with the increase of nanosatellite launch 

attempts between 2012-2013 being 330 %, compared to a slight decrease in the number of 

microsatellite launch attempts (SpaceWorks, 2014). 

Currently the most common method for small satellite launch is as a piggyback payload. This is 

where a multi-stage rocket is used to launch a main payload, and any extra capacity on-board the 

rocket projectile is utilised by small satellites. The launch costs associated with this method are 

estimated at $22,000 to $29,000 USD per kg (Ley, 2009). 

Another launch method under development for delivering small satellites to Low-Earth Orbit or 

Sun Synchronous Orbit is Super Strypi. Super Strypi is a three stage rocket which utilises legacy 

rocket designs and has an expected payload capability of 250 kg to Sun Synchronous Orbit at 400 

km (Gunter, 2014). The expected (recurring) cost per mission is $5 million USD, giving an 

approximate launch cost of $20,000 USD per kg (Schindwolf, 1998). 

The largest source of expenditure in multistage rocket launches is in the first stage rocket which is 

typically destroyed by aerodynamic and impact forces after use. There are several programs which 

look to alleviate these costs by introducing re-usable first stage rockets or combined ducted rockets 

with a second stage chemical rocket. The SpaceX program is an example of re-usable first stage 

rockets using controlled re-entry (SpaceX, 2014). The Skylon project is another proposal for a re-

usable design, incorporating air-breathing rocket engines into a space plane, which is intended to 

reduce costs to approximately $1,100 USD per kg (Reactionengines, 2012). 

The development of gun-based launchers is another option for reducing expenditure by replacing 

the first stage rocket. Quicklaunch Inc., founded in 2010 by John Hunter, is the most significant and 



Supergun - Project HALO 

3 

Introduction 

 

feasible contribution towards the idea of a gun based launcher of satellites, leveraging experience 

from the Super High Altitude Research Program (SHARP). The project proposes a water based 

hydrogen gun of 1.1 km length, designed to produce 6 km s-1 initial projectile velocity with a second 

stage rocket booster to reach orbital velocity. The predicted launch cost for this project is $1,100 

USD per kg (Quicklaunch, 2012). 
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2 DESIGN SPECIFICATION 

The final design specification proposed to fulfil the project is given below: 

 Gun 

o Architecture – two stage Hydrogen light gas gun 

o Number of Hydrogen injection stages – 3  

o Total Mass of Hydrogen – 15393 kg 

o Initial Hydrogen Pressure – 290 MPa 

o Peak Barrel Pressure – 322 MPa 

o Angle of launch from vertical – 63° 

o Altitude of launch from sea level – 2200 m 

o Muzzle Velocity – 6000 m s-1 

o Barrel Length – 300 m 

o Barrel Diameter – 0.8 m 

o Barrel Thickness – Ranging from 0.5 m at the base to 0.25 m at the muzzle 

o Barrel Materials – 18Ni2400 maraging steel 

o Recoil System – Hydropneumatic 

o Recoil System Recuperator Gas – Nitrogen 

o Hydraulic Fluid – Mineral Oil 

o Number of recoil mass-spring-damper systems – 4 

 

 Projectile 

o Payload mass up to 12U of cubesats – 15.96 kg 

o Projectile dry mass excluding payload – 1458 kg 

o Projectile wet mass  including payload – 3424 kg 

o Diameter – 0.6 m 

o Diameter with fins – 0.8 m 

o Projectile length – 11.55 m 

o Carbon-carbon composite nose cone with pyrolytic carbon ablative thermal shield 

and titanium tip 

o Carbon/silicon carbide ceramic matrix composite fuselage structure 

o Carbon-carbon composite tail  

o Stabilisation of projectile – 4 Fins (no spin) 

 Engine 

o Single stage hybrid propellant rocket engine 

o Solid paraffin wax fuel – 557 kg 
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o Liquid oxygen (LOX) oxidiser – 1393 kg 

o Oxidiser to fuel (O/F) ratio – 2.5 

o Boost start altitude – 72.3 km 

o Minimum mass flow rate – 2.0185 kg s-1 

o LOX tank pressure – 0.1 MPa 

o LOX tank volume – 1.07 m3 

o LOX temperature – 54.36 K 

o Combustion chamber pressure – 20 MPa 

o Fuel Volume – 0.57 m3 

o Combustion chamber temperature - 4656 K 

o Specific Impulse at boost start altitude – 364 s  

o Characteristic exhaust velocity (c*) – 1782 m s-1 

o Burn time – 966 s 

 Sabot 

o Cup and rider design 

o Main structure material: Polyamide reinforced with 30% glass fibre  

o Shock absorbing layer: silicone rubber 

o Sabot mass of 172 kg 

 Avionics – utilises payload avionics to form projectile avionics for mass reduction 

Additional Points: 

 Orbit type – Circular and sun-synchronous orbits 

 Orbit altitude – 500 to 800 km 

 Launch Location: Papua New Guinea 

 Initial project cost - ~$27 million US dollar 

 Individual launch revenue - $120000 per 1U CubeSat, total $1.44 million US dollar 
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3 LOCATION AND ENVIRONMENT 

3.1 CONSIDERATIONS 

In order to determine a suitable launch site for this project it is necessary to consider a number of 

variables, such as direction of firing, elevation and infrastructure. It was also necessary to consider 

what type of payload would be launched and the type of orbit required (polar, sun synchronous etc). 

An easterly launch direction has been chosen in order to take advantage of the earth’s West to East 

spin to provide greater angular speed to the projectile as it is launched. In order to take greatest 

advantage of this affect, a location close to the equator would be considered favourable as the 

surface of the earth is spinning faster at the equator than at the poles. Due to the risk of fallout 

during launch and the risk of mission failure leading to the projectile returning to earth, the site 

should be located on an eastern coast, in order to allow for easterly firing without the risk of injury 

or damage to property.  

Locating the launch site above sea level would be beneficial as air density decreases with altitude, 

as shown in Table 1, and therefore the drag experienced by the projectile would be reduced. 

Locating the launch site at altitude will present many challenges including transporting building 

materials, construction and possible adverse weather conditions. A minimum altitude of 2000m has 

been chosen to be a suitable compromise.  

Table 1. International Standard Atmosphere Data (Mayhew, 1994) 

Altitude (m) ρ/ρ0 ρ 

0 1 1.2250 

500 0.9529 1.1673 

1000 0.9075 1.1117 

1500 0.8638 1.0582 

2000 0.8217 1.0066 

2500 0.7812 0.9570 

3000 0.7423 0.9093 

 

In order to minimise the risk to human life in the event of mission fall out the launch site must be 

located a safe distance from populated areas. 

The launch site will need to have a sufficient area to house the relevant ground works including the 

firing mechanism, recoil system, control centre, fuel storage and staff facilities. It must also be 

suitably accessible to support all necessary groundwork, including the construction of roads and 

tunnels. 

The possibility of burying the gun in the ground has been considered. This will be beneficial to 

support the gun structure, protect it from distortion due to heat and provide containment in the event 
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of a catastrophic failure. However construction will be more difficult and it could have a negative 

impact on the surrounding rock. In order for the gun to be buried the soil and rock structure at the 

launch site must be stable enough to support construction without collapsing. 

The firing of the gun will cause a significant amount of recoil and so the launch site geology must 

be suitable to support a recoil system without causing significant damage to the surrounding area. 

The surface geology at the launch site must be capable of supporting major building work and be 

able to withstand the forces associated with recoil from the gun. 

The location must not be subject to weather conditions severe enough to greatly limit the frequency 

of firing. 

 Requirements 

 Eastern coastal site 

 Within 20° latitude from the equator 

 Minimum altitude of 2000m above sea level 

 Minimum of 10 miles from highly populated areas, with no highly populated areas 

located to the east 

 Must be accessible 

 Suitable geology and access to support building work 

 Must not be subject to severe weather conditions which could severely limit the frequency 

of firing. 

 Locations Considered  

In order to find suitable launch sites the following process was used to assess the suitability of a 

number of options: 

 

 List countries with an eastern cost to a large body of water that are within 20° latitude of 

the equator 

 Find maximum altitude of each country to filter those without high points above 2000m 

 Check if there are high points near the coast, if not the site is deemed unsuitable 

 Check the locations proximity to populated areas 

 

The locations considered, highest altitude in that location and its latitude are shown in Table 2. 

Table 2. Locations considered and their suitability for launch site. 

Location Maximum Altitude Y/N? Comments 
Hawaii 4,205m – Mauna Kea No High population density 

Tanzania 5,895m – Mount Kilimanjaro No High altitude regions are far from coast 

Kenya 5,199m – Mount Kenya No High altitude regions are far from coast 

Fiji 1,324m – Mount Tomanivi No Maximum altitude too low 

Philippines 2,954m – Mount Apo No High population density 

Papua New Guinea 4,509m – Mount Wilhelm Yes Low population density 

Seychelles 905m – Morne Seychellois No Maximum altitude too low 

Somalia 2,460m – Mount Shimbiris No High altitude regions are far from coast 

Madagascar 2,876m – Maromokotro No High altitude regions are far from coast 

New Caledonia 1,628m – Mount Panié No Maximum altitude too low 

Tahiti 2,241m – Mount Orohena No Large population density due east 

Marquises Island 1,230m – Mount Oave No Maximum altitude too low 
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 Location Chosen 

The chosen launch site is in the south eastern area of the Momase region, Papua New Guinea at the 

northern tip of the Owen Stanley mountain range.  This location has been chosen due to its high 

altitude, proximity to the coast and low population density. 

Table 3: Launch site data 
 

 

 

 

Figure 1; Map showing launch location (Google, 2015) 

 Construction of the Gun 

In order to support the gun barrel and pump tubes, the gun system will be built inside the mountain 

with access and maintenance tunnels leading to essential parts of the gun. This method has been 

chosen to provide maximum barrel support without the need for extra materials, to protect the barrel 

from deformation caused by temperature variations and to contain the barrel in the event of material 

failure. The gun barrel and pump tubes will be built in sections, which will be transported to the 

site on a railway from the port of Lae (shown in Figure 1). Access roads will also be constructed to 

allow for delivery of hydrogen and projectiles to site.

Latitude -7° 28' 34.5432"  

Longitude 147° 2' 27.6066"  

Altitude 2200m 
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3.2 OTHER LAUNCH CONSIDERATIONS 

A study on the launch conditions for the chosen launch location was conducted using the MSISE-

00. It was found that the atmospheric density oscillates with a 12 hour cycle, the desired launch 

times were therefore found to be approximately 0000 hrs and 1200 hrs UTC. Figure 2 shows the 

change in density against altitude for different times of day UTC. Although the change in density 

is very small the reduction in aerodynamic drag is significant. 

 
Figure 2: Density variation with time against altitude for Papua New Guinea (September). 

Another important condition to consider was the atmospheric temperature, which changes 

significantly with the time of year. Figure 3 shows the different temperature profiles for months at 

quarterly intervals, it is desirable for drag reduction and nozzle efficiency to operate at lower 

temperatures and so August - October is the optimum launch period from this graph. 

 

Figure 3: Temperature profiles for different times in the year in Papua New Guinea. 

For the remainder of this document the atmospheric conditions for all calculations have been taken 

using the MSISE-00 model for launch at a latitude and longitude of -5.8° & 145° at 0000hrs in 

September.
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4 GUN AND RECOIL DESIGN 

4.1 GUN THERMO-FLUIDS 

 Introduction 

The requirements of the gun system have been determined as follows by computer simulation, as 

detailed in Trajectory Simulation. 

1. To reach a muzzle velocity of 6 km s-1 

2. To launch a projectile with a mass of 2000 kg 

3. To subject the projectile to a maximum peak g-force of 7000 g and maximum average g-

force of 6000 g to minimise damage to the structure and payload.  

A light gas gun has been chosen as the gun type for this application due to its ability to reach higher 

muzzle velocities than conventional powder guns. In any type of gun the velocity of the projectile 

cannot exceed that of the propellant gases. Light gas guns are able to reach higher velocities than 

traditional gas guns as the lower molecular density gives the gas a higher velocity at a given 

temperature, enabling the projectile to be propelled to higher velocities.  

Light gas guns use a reservoir of compressed gas, such as hydrogen or helium, to propel a projectile. 

When the pressure in the gas chamber reaches a prescribed value, a diaphragm separating the gas 

chamber and the gun barrel ruptures. This causes the gas to expand rapidly into the lower pressure 

region, and imparting a force, equal to the pressure multiplied by the base area, on the projectile. 

This type of gun has been suggested for use to launch satellites into space previously by projects 

such as Quicklaunch and the Super High Altitude Research Project.  

The limiting factors for the velocity of the projectile are the speed of sound in the gas and the 

specific heat ratio of the gas. Assuming a single-stage light gas gun, the maximum velocity of the 

projectile is given by equation ( 4-1 ) , where 𝑣𝑙𝑖𝑚 is the limiting muzzle velocity, 𝑎0 is the speed 

of sound in the gas and 𝛾 is the specific heat ratio of the gas (Bernier, 2005). 

𝑣𝑙𝑖𝑚 =
2𝑎0
𝛾 − 1

 

( 4-1 ) 

The maximum velocities for hydrogen and helium at a temperature of 300 K are given in Table 4. 

It can be seen that hydrogen can give sufficient muzzle velocities for the required application. 

Table 4: Maximum projectile velocity 

Gas γ a0 (m/s) vmax (m/s) 

Hydrogen 1.406 1260 6200 

Helium 1.66 970 2930 
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Two stage light gas guns use a piston propelled by combustion products to compress the light gas 

as shown in Figure 4. The kintetic energy of the piston is transferred to internal energy in the gas 

as it is compressed. This energy is then stored in the gas and transferred into the kinetic energy of 

the projectile as the gas expands. The pressure required for launch can also be achieved by heating 

the gas at a constant volume.  

 

Figure 4: Schematic of light gas gun (Bernier, 2005) 

 Gun Sections 

 Barrel - The section of the gun along with the projectile is accelerated 

 Pump Tube or Chamber - The section of the gun containing the piston and the light gas 

 Combustion or powder Chamber - The section of the gun where propellant gases to 

accelerate the piston are created 

 Burst Disk - A diaphragm that separates the barrel from the pump tube, designed to rupture 

once the pressure has reached the desirable value, allowing the projectile to start moving 

 Design Method 

 Assumptions 

For the purpose of the analysis of the gun performance the hydrogen gas is assumed to be a perfect 

gas and all processes are adiabatic. It is also assumed that the walls of the gun are insulated so there 

is no heat loss and there is no friction between the projectile and the barrel.  

To design a light gas gun that will meet the launch requirements the energy required by the system 

has been analysed to provide initial values for the pressure and barrel length required. The pressure 

distribution in the barrel was then analysed to obtain acceleration and velocity values for the 

projectile, these were then used to determine the size of the gun sections. 
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 Basic Calculations  

The total energy required to be stored in the gas is given by the sum of the kinetic energy required 

to accelerate the projectile and the kinetic energy required to accelerate the gas as shown in ( 4-2 ).  

𝐸𝑡𝑜𝑡𝑎𝑙 = 𝐸𝑝𝑟𝑜𝑒𝑐𝑡𝑖𝑙𝑒 + 𝐸𝑔𝑎𝑠 

( 4-2 ) 

The kinetic energy required by the projectile to reach the required muzzle velocity is found using 

( 4-3 ). For a projectile mass of 2000 kg and a muzzle velocity of 6 km s-1 the energy required is 36 

GJ. 

𝐾. 𝐸 =  ½ 𝑀𝑠𝑈𝑚
2 

( 4-3 ) 

Assuming a pump tube of length 100 m with a diameter of 0.8 m at 1 atm of pressure, the mass of 

the gas is given by equation ( 4-4 ), where vg is the volume and ρg is the density. Taking the value 

of density for hydrogen to be 0.0819 kg m-3 at a temperature of 300 K (Mayhew, 1994), the gas 

mass is 4.12 kg. 

 𝑚𝑔  =  𝑣𝑔 𝜌𝑔 

( 4-4 ) 

The kinetic energy of the gas can be represented by a percentage of the gas being accelerated to the 

muzzle velocity (Rynearson & Rand, 1972). Assuming initially that 50 % of the gas is accelerated 

to muzzle velocity the kinetic energy of the gas is 37.08 MJ. Therefore the total energy needed in 

the system is 36.04 GJ. 

The energy stored in the gas in the chamber can be defined by ( 4-6 ), where pc is the chamber 

pressure, Vc is the volume of the chamber and γ is the ratio of specific heats of the gas. Assuming 

isentropic expansion shown in ( 4-5 ), the energy stored in the gas after expanding the length of the 

gun is shown in ( 4-7 ), where pb is the pressure at the barrel exit and Vb is the volume of the barrel. 

 𝑝𝑉𝛾  =  𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 

( 4-5 ) 

𝐸𝑐 = 
𝑝𝑐𝑉𝑐
1 − 𝛾

 

( 4-6 ) 

𝐸𝑏 = 
𝑝𝑏𝑉𝑏
𝛾 − 1

= 
𝑝𝑐𝑉𝑐
𝛾 − 1

(1 +
𝑉𝑏
𝑉𝑐
)
1−𝛾
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( 4-7 ) 

The force required to propel the projectile can be defined as shown in ( 4-8 ) where F is the force, 

MS is the mass of the projectile, US is the projectile velocity, xS is the position of the projectile, p is 

the pressure at the base of the projectile and Ab is the cross sectional area of the barrel. The pressure 

at a point along the barrel can be expressed in terms of the projectile velocity, as shown in ( 4-9 ). 

If it is assumed that the energy difference in the gas as it expands is converted into projectile kinetic 

energy then ( 4-9 ) can be substituted into ( 4-8 ) and rearranged to give the required initial pressure 

as a function of barrel length for a gun with a constant cross sectional area, as shown in ( 4-10 ), 

where LAB is the length of the barrel and Um is the muzzle velocity. The initial chamber volume 

required to reach the desired muzzle velocity is given by equation ( 4-11 ) (M.P.I Manders, 1993). 

𝐹 = 𝑀𝑆𝑈𝑆
𝑑𝑈𝑆
𝑑𝑥𝑆

= 𝑝(𝑈𝑆)𝐴𝑏 

( 4-8 ) 

𝑝(𝑈) =  𝑝𝑐 (1 −
(𝛾 − 1)𝑈

2𝑎0
)

2𝛾
𝛾−1

 

( 4-9 ) 

𝑝𝑐 = 
𝑀𝑠𝑎0

2

𝐿𝐴𝐵𝐴

2

𝛾 + 1

(

 
 

2
𝛾 − 1 −

𝛾 + 1
𝛾 − 1(1 −

(𝛾 − 1)𝑈𝑚
2𝑎0

)

(1 −
(𝛾 − 1)
2𝑎0

)

𝛾+1
𝛾−1

+ 1

)

 
 

 

( 4-10 ) 

𝑉𝑐 (1 − (1 +
𝐿𝐴𝐵𝐴𝑏
𝑉𝑐

)
1−𝛾

) =  
(𝛾 − 1)𝑀𝑆𝑈𝑆

2

2𝑝𝑐
 

( 4-11 ) 

 

The initial pressures required for a range of barrel lengths are shown in Figure 5. The initial chamber 

volume required has also been calculated as well as the length of the chamber before the gas is 

compressed, assuming adiabatic compression from a pressure of 1atmn and a chamber diameter 

equal to that of the barrel. Results are shown in Table 5. These calculations have been done 

assuming an initial temperature of 1500 K, giving a speed of sound of 2949 m s-1. 
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Figure 5. Initial Pressure against Barrel Length 

Table 5. Initial pressure and chamber volume required for a range of barrel lengths 

Barrel 

Length (m) 

Chamber 

Pressure 

(MPa) 

Chamber 

Volume (m3) 

Chamber 

Length 

(m) 

Chamber Length 

before compression 

(m) 

100 5908 3.74 7.44 18,247 

200 2954 7.48 14.88 22,290 

300 1969 11.22 22.32 25,059 

400 1477 14.96 29.76 27,230 

500 1182 18.70 37.20 29,042 

600 985 22.44 44.64 30,612 

700 844 26.18 52.08 32,005 

800 739 29.92 59.52 33,263 

900 656 33.66 66.96 34,414 

1000 591 37.40 74.40 35,477 

 

From these results it is clear to see that for a conventional gun configuration the initial pressures 

and chamber volumes required are too high for practical design. These values also do not consider 

the energy needed to accelerate the gas to muzzle velocities or inefficiencies in the gun and so a 

non-idealised gas would require even higher pressures and larger chamber volumes. It is therefore 

necessary to consider other gun configurations in order to reduce the pressure needed to reach 

muzzle velocity.  

1. Increase the barrel cross sectional area to increase the force for a given pressure 

2. Increase the barrel length 

3. Increase the area of the chamber 

4. Use multiple compression sections 
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 Methods for obtaining pressure required 

There are two main methods of obtaining the pressure in the pump tube needed for launch. This 

first is to use a piston with a mass much greater than that of the projectile, propelled by conventional 

gun propellants towards the hydrogen, thus compressing it. The other method is to heat the gas at 

constant volume.  

1. Piston propelled by standard gun powder reaction 

Assuming that 75 % of the kinetic energy of the piston is transferred to the gas, the kinetic 

energy of the piston will need to be 48.50 GJ. Assuming a piston velocity of 1000 m s-1, 

the piston mass required to provide sufficient energy to the gas will be 96101 kg.  

2. Heating the gas to increase temperature to achieve required pressure 

Heating a gas at a constant volume is an isochoric process. The energy transferred to the 

system during heating can be derived from the first law of thermodynamics, as shown in 

equation ( 4-12 ), where Ug is the internal energy, Q is the heat transfer, Cv is the specific 

heat capacity of the gas at constant volume, ΔT is the change in gas temperature, Vg is the 

volume the gas occupies, n is the number of moles of gas, �̃� is the universal gas constant 

and pf and pi are the final and initial pressures respectively.  

𝑑𝑈𝑔 = 𝑑𝑄 − 𝑑𝑊 = 𝑑𝑄 − 𝑝𝑑𝑉𝑔 = 𝑑𝑄 − 0 

( 4-12 ) 

∆𝑈 = 𝑄 = 𝐶𝑣𝑛∆𝑇 

( 4-13 ) 

𝑄 = 
𝐶𝑣

�̃�
𝑉𝑔(𝑝𝑓 − 𝑝𝑖) 

( 4-14 ) 

 Equating and rearranging equations ( 4-13 ) and ( 4-14 ) gives 

∆𝑇 =  
𝑉𝑔(𝑝𝑓 − 𝑝𝑖)

�̃�𝑛
  

( 4-15 ) 

If the parameters for a 300 m barrel are analysed the required volume is 11.22 m3 and the 

required final pressure is 1969 MPa. Assuming an initial pressure of 1 atm, the number of 

moles of gas, n, from the ideal gas law is 456. The temperature rise to obtain the necessary 

pressure, given by equation ( 4-15 ) is 5829755 K. Clearly this value is far too high, 

therefore heating the gas has been deemed unsuitable for the pressures required from the 
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initial analysis. Also if the gas is heated in order to increase the pressure; the heating 

elements, pressure chamber and gas will be subjected to high temperatures for much longer 

periods of time than if the gas was compressed quickly by a piston. 

Multi injection system 

It is possible to achieve a higher projectile muzzle velocity without increasing the initial pressure 

by increasing the average pressure exerted on the base of the projectile as it travels the length of the 

barrel. This can be achieved by injecting pressurised gas part way up the barrel. 

 Final Design 

To determine the final sizing and performance of the gun the pressure distribution along the barrel 

was analysed to obtain the necessary parameters to reach a muzzle velocity of 6000 m s-1. The barrel 

diameter has been fixed as 0.8 m, the launch angle is 63° from the vertical and the projectile mass 

is 2000 kg. For projectile structural reasons the g-force experienced by the projectile has been 

limited to a peak value of 10,000 g. For practical reasons and to ensure the g-force is below the 

limit, the initial pressure in the pump tube has been limited to 360 MPa, this is to reduce the need 

for significant reinforcements to the pump tube and to limit the length required before compression.  

Barrel length  

Longer gun barrels give a lower initial pressure and a reduced g-force at the beginning of the launch 

cycle while shorter barrels offer easier manufacturing, transport to site and assembly. A 300 m 

meter barrel has been chosen for this design as a suitable trade-off between low pressures and ease 

of manufacture.  

Given a fixed barrel length and an upper limit for the initial pressure, the main variable that will 

determine the muzzle velocity is the volume of the pump tube at the start of the projectile motion. 

Taking the above limits into consideration and analysing the adiabatic pressure distribution to 

obtain the projectile velocity relative to the position in the barrel, it was found that to reach the 

desired muzzle velocity the required pump tube volume at the beginning of the launch cycle is 201 

m3.  

It is assumed that the pump tube has a cross sectional area 8 times that of the barrel and the gas is 

compressed adiabatically by the piston, with an initial pressure of 1atm. It is also assumed that 50 % 

of the gas is accelerated to muzzle velocity. From this the pump tube length before compression 

can be determined to be 1,796 m. This length is considered to be unfeasible for this project as it is 

nearly 6 times the length of the barrel. The initial pump tube volume can be reduced by using a 

compressed gas at the start of the piston compression cycle; however a higher initial pressure means 

there is more gas in the pump tube and so more energy is required to accelerate the gas to muzzle 
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velocity. If the initial pressure in the pump tube is 2 MPa at a temperature of 300 K, the initial pump 

tube length will need to be 215 m. This configuration is shown in Figure 6. 

 

 

Figure 6. Dimensions of the gun system 

For the above design the initial pressure and peak g force are reasonably high, these can both be 

reduced by adding secondary pump tubes at some length along the barrel to increase the average 

base pressure of the projectile, as discussed in a report into the feasibility of launching small 

satellites using a gun (Gilreath, et al., 1998). To analyse the performance of the gun for this 

configuration the base pressure of the projectile was calculated, assuming an adiabatic process, to 

obtain values for the velocity of the projectile as it travelled the length of the gun. The mass of the 

piston required to compress the hydrogen was calculated by analysing the work needed to compress 

the gas using equations ( 4-6 ) and ( 4-7 ). It was assumed that the velocity of the piston would be 

1000 m s-1 and that 75 % of the piston kinetic energy is transferred to the gas. The piston will be 

propelled by the combustion of smokeless gunpowder such as nitrocellulose in the powder chamber. 

A pair of secondary pump tubes will be added at 120 m along the length of the barrel. Both pump 

tubes will be identical in size and pressure requirements and will be compressed by a piston in the 

same way as the primary pump tube. A schematic diagram of the final gun design is shown in Figure 

7. 

Primary pump tube 

The primary pump tube will be positioned at the base of the barrel and will provide an initial 

pressure of 290 MPa. The pump tube will have a diameter equal to 8 times that of the barrel; it will 

have a total length of 200m, 20m of which will be the powder chamber. The hydrogen will be 

loaded into the pump tube at a pressure of 2 MPa and will be compressed by a piston with a mass 

of 37977 kg. 

In order to prevent the projectile moving before the gas has reached the required pressure, the 

pressure chamber will be separated from the barrel by a rupture disk which will rupture once the 

pressure has reached 290 MPa. 
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Secondary pump tube 

The pair of secondary pump tubes will be located 120m from the breech of the barrel. They will 

have a diameter of 4 times that of the barrel and a total length of 150 m, 37 m of which will be the 

powder chamber. The hydrogen will be loaded into the pump tube at a pressure of 2 MPa and will 

be compressed to 70 MPa by a piston with a mass of 18854 kg. 

 

Figure 7. Dimensions of the final gun design 

 Gun Operation 

Launch cycle 

Figure 8 shows the pressure experienced by the base of the projectile as it travels the length of the 

barrel; the jump in the profile is caused by the addition of hydrogen at 120 m along the barrel. 

Figure 9 shows the velocity of the projectile as a function of time. The total time taken for the 

projectile to travel the length of the barrel is 96 ms. The peak g-force experienced by the projectile 

is 8258 g and the average is 6126 g.  
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Figure 8. Projectile base pressure against distance travelled along the barrel 

 

Figure 9. Velocity of the projectile against time 

Loading sequence for the gun: 

1. Load projectile 

2. Load Burst  Disk 

3. Load Piston 

4. Load Fuel 

5. Evacuate pump tube 

6. Evacuate Barrel 

7. Load Hydrogen 

The projectile and sabot will be loaded via a system of rails leading from a ‘loading room’ located 

at the base of the gun through the base of the primary pump tube. The burst disk, piston and piston 

propellant will then be loaded and the pump tube will be sealed by a hatch. The same system will 

be used to load the pistons and the gun powder for the two secondary pump tubes. The projectile 

will be held in place by retractable ledges around the base of the barrel to prevent it resting on the 

burst disk. 
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A vacuum pump will be used to evacuate the barrel to a maximum pressure of 0.5 mbar. It will also 

be used to evacuate the pump tubes before adding the hydrogen. A thin membrane will cover the 

muzzle of the gun which will be pierced by the projectile as it leaves the barrel.  

The hydrogen loading system will comprise of a one way valve leading into the pump tube and a 

compressor capable of supplying the primary pump tube with 8903 kg of hydrogen at a pressure of 

2 MPa and the secondary pump tubes with 3245 kg of hydrogen at 2 MPa. The total hydrogen 

required is 15393 kg. 

In conclusion, the above design process has been done using the assumption that the gas is an ideal 

gas, however due to the high pressures associated with the operation of the gun, to obtain a more 

realistic gun design; a real gas equitation of state, such as the Van der Waals equation should be 

used. Since the design of the gas gun system was completed, the projectile mass increased to a more 

realistic mass of 3424 kg in order to survive the conditions of launch (see Projectile). The above 

design will be unable to produce the muzzle velocity required without substantially increasing the 

size of the pump tube and increasing the barrel length. For the above gun configuration and barrel 

length a minimum total gun length of 1100 m, a minimum secondary pump tube length of 1200 m 

and a minimum pressure of 370 MPa would be required to launch a projectile with a mass of 3424 

kg. In order to produce a workable gun design the projectile mass will need to be reduced. 
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4.2 GUN BARREL  

Stress analysis was undertaken in order to ensure that the barrel does not fail during firing. The 

barrel’s final shape did not have a simple thickness profile and as a result, it was complex to 

accurately model the barrel with stress theory and hand calculations, therefore, finite element 

analysis (FEA) was required. 

 Design Considerations 

The stresses in the barrel arising from axial and pressure loading were initially theoretically 

determined by hand calculations under simple conditions. These conditions were for a constant and 

a linearly varying thickness of a single material. Representative models were created with FEA and 

compared with the theoretical findings. An agreement between the theoretical findings and 

computer models was sought after. This was done to build confidence in a finite element model for 

more complicated barrel thickness profiles. 

It is important to highlight that both the barrel structure and recoil system have been designed to 

accommodate a 2000 kg projectile as opposed to the final 3424 kg projectile. However, it is a case 

of scaling up both the barrel structure and recoil system to accommodate the forces which arise 

during the launch of the 3424 kg projectile. Such stresses from this would require even stronger 

materials; thicker components; and more evenly dispersed injections of pressure along the barrel 

length, further adding to the complexity of the design. 

 Axial Loading 

Axial loading arises from the barrel’s mass and the varying force experienced by the barrel while 

firing a projectile. The situation is represented in Figure 10. 

 

Figure 10: Diagram of forces acting upon the gun. 
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The varying cross-sectional area, A(L’); the distributed load, q (or q(L’) as it is a function of L’); 

and the total barrel weight, Q; are found with equations ( 4-16 ), ( 4-17 ), and ( 4-18 ) respectively; 

where g is acceleration due to gravity; ρb, is the average density; ri, is the inner radius; ro, is the 

outer radius; t0, is the thickness at the base; tm is the thickness at the muzzle; LAB, is the length of 

the barrel; L’ is the independent variable length along the barrel. 

𝐀(𝐋′) =  𝛑 [(𝐭𝟎 +
𝐭𝐦 − 𝐭𝟎
𝐋𝐀𝐁

𝐋′ + 𝐫𝐢)
𝟐

− 𝐫𝐢
𝟐] 

( 4-16 ) 

𝑞 = 𝑔𝜌𝑏𝐴(𝐿
′) = 𝑔𝜌𝜋 [(𝑡0 +

𝑡𝑚 − 𝑡0
𝐿𝐴𝐵

𝐿′ + 𝑟𝑖)
2

− 𝑟𝑖
2] 

( 4-17 ) 

𝑄 =  𝑔𝜌𝜋𝐿𝐴𝐵 [𝑡0
2 + 𝑡0(𝑡𝑚 − 𝑡0) + 2𝑟𝑖𝑡0 +

(𝑡𝑚 − 𝑡0)
2

3
+ 𝑟𝑖(𝑡𝑚 − 𝑡0)] 

( 4-18 ) 

Then the reaction force on point A, FR,A can be determined by equation ( 4-19 ); where FGUN, is the 

force exerted on the barrel during firing; and ψ, is the angle of the barrel relative to the vertical. 

𝐹𝑅,𝐴 =
𝐹𝐺𝑈𝑁 (cos𝜓 +

sin𝜓2

cos𝜓 ) + 𝑄

(cos𝜓 +
sin𝜓2

cos𝜓 )
 

( 4-19 ) 

Subsequently, the normal force, FN(L’), at any point along the barrel’s length is given by equation 

( 4-20 ). 

𝐹𝑁(𝐿
′) =  ∫(𝑞(𝐿′) cos𝜓)𝑑𝐿′

𝐿′

0

− 𝐹𝑅,𝐴 

( 4-20 ) 

Finally, the normal stress, σN(L’), can be obtained with equation ( 4-21 ). 

𝜎𝑁(𝐿
′) =  

𝐹𝑁(𝐿
′)

𝐴(𝐿′)
 

( 4-21 ) 
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 Pressure 

Considerable pressures arise within the barrel when the projectile is launched. Thus the barrel was 

modelled as a thick walled pressure vessel which adhered to Lamés equations. The boundary 

conditions for this were calculated with equations ( 4-22 ) and ( 4-23 ); where σr, is the radial stress; 

σϴ, is the hoop stress; pO, is internal pressure at that point along the barrel’s length; r, ri & ro are 

independent radius, inner radius and outer radius respectively; and A & B are constants to be found 

through consideration of the boundary conditions. 

𝜎𝑟 = 𝐴 − 
𝐵

𝑟2
 

( 4-22 ) 

𝜎𝜃 = 𝐴 + 
𝐵

𝑟2
 

( 4-23 ) 

𝝈𝒓 = 𝟎 𝒘𝒉𝒆𝒏 𝒓 =  𝒓𝒐 ;  𝝈𝒓 = −𝒑𝑰 𝒘𝒉𝒆𝒏 𝒓 =  𝒓𝒊  

Once A and B have been found the maximum radial and hoop stress values can be found. These 

can then be compared with an FEA model to be used for the barrel design. 

 Fatigue 

During its lifetime, the gun will be susceptible to fatigue due to cyclic loading, where one cycle is 

a single firing of the gun. Assuming that there are no major flaws or notches in the guns materials 

and that it will be fired a maximum of 1000 times a S-N curve can be used to predict how the 

material yield strengths will decrease. For the gun’s bulk body, 18Ni2400 maraging steel has been 

chosen due to its ultra-high yield strength of 2400 MPa. 

The S/N curve for 18Ni2400 maraging steel is shown in Figure 11 below. 

 
Figure 11: Stress amplitude versus Cycles to failure for 18Ni2400 maraging steel (Nickel 

Development Institute , 1976). 
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The above diagram doesn’t give information about the ultimate tensile stress after 1000 cycles, so 

extrapolation is required. Assuming that the material has no notches and that the trend is linear 

below 106 cycles then the ultimate tensile stress is 1500 MPa at 1000 cycles. Furthermore, the yield 

strength and the ultimate tensile strength are very similar as shown in Figure 12, so it can be 

assumed that the yield strength at 1000 cycles is also 1500 MPa.  

 

Figure 12: Tensile stress-strain curves of maraging steels (Nickel Development Institute, 

1976). 

5.2.1.4 Testing theory with FEA 

Two barrel geometries were considered, one which was linear along its length and another that was 

tapered towards the end. The linear geometry had a constant thickness of 0.35 m, whereas the 

varying thickness geometry had thickness from 0.35 m at the base, to 0.06 m at the muzzle. The 

barrel length was 300 m. The solution setups for both geometries are shown in Figure 13 and Figure 

14, note that the pressure value is 0 Pa due to the data input being in the form of a table, the final 

value of which is the barrel exit where the pressure is inputted as zero at a length of 300 m. From 

Table 6 it can be seen that theory and the FEA results agree with one another for pure axial and 

pure pressure loading. Thus there is confidence in the values for a combined approach. 
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Figure 13: Static Structural loading and support for constant thickness 

 

   

Figure 14: Static Structural loading and support for varying thickness. 
 

Table 6: Theoretical results compared to FEA 

Thickness 
Profile [m] 

0.35 0.35 to 0.06 

Axial 

Normal stress at base in 
theory [MPa] 

-34.19 -24.90 

Normal stress at base in 
FEA [MPa] 

-34.3 -24.80 

Pressure 

Maximum equivalent  
stress in theory [MPa] 

1226.00 1233.00 

Maximum equivalent  
stress in FEA [MPa] 

1220.00 1228.00 

Combined 
Maximum equivalent  

stress in FEA [MPa] 
797.00 870.00 
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Figure 15: FEA results for pressure only. 

 

Figure 16: FEA results for axial stress. 

In Figure 16 the maximum normal stress is -46.6 MPa. This value of stress was found along the 

inner radius at the base of the barrel and disagreed with the theoretical stress analysis. It was 

believed to be a result of comparatively coarse meshing at the base and was deemed to be a 

simulation error. 

From the above data it is shown that the FEA model agrees with the theory closely for axial and 

pressure loads and thus the stresses should be correct for cases where both axial and pressure loads 

are applied. 

It can also be inferred that for most practical cases the stresses that arise from pressure loading 

dominate those caused by axial loading. Therefore the pressure must be reduced, the barrel 

thickness increased, and a material possessing high yield strength must be implemented for the 

barrel not to fail.  
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 Proposed Final Design  

The final design was created with the aid of FEA software, the barrel lengths remains at 300 m, the 

gun angle is 63°, and the barrel material is 18Ni2400 maraging steel. 

 FEA analysis 

Three geometries were considered for the final barrel design; these were a constant thickness, a 

linearly varying thickness, and a non-linear varying thickness barrel.   

 The constant thickness barrel possessed a thickness of 0.5 m. 

 The linearly varying thickness barrel possessed a thickness range between 0.5 m and 0.25 

m. 

 The non-linear varying thickness possessed a base thickness of 0.5 m and an end thickness 

of 0.25 m, at 120m along the barrel the thickness was 0.35 m. At 120 m the pressure hits a 

peak of 322 MPa. 

The setups for the barrel geometries were the same as in the previous theory section, the only 

differences between each being the barrel geometry and the weight. Thus, the setup for the constant 

thickness barrel is shown below in Figure 17. The ‘firingForce’ load in Figure 17  is equal to zero 

because it has a value of 0 at 1 second into the simulation, this is despite the force being dynamic. 

Profiles for the force applied to the projectile and pressure distribution along the barrel are shown 

in Figure 18 and Figure 8, from section 4.1, respectively. 

 

Figure 17: Static Structural setup for 18Ni2400 alloy with constant thickness of 0.5 m. 
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Figure 18: Firing force on projectile [N] against time [s]. 

With reference to Figure 8, at 120m along the barrel there is another input of pressure to provide an 

extra boost to the projectile as it accelerates out of the gun. In the model this has been approximated 

to a step input of 140 MPa. 

The non-linearly varying geometry was chosen based on the material mass savings and 

improvement of factor of safety over the linearly varying geometry; the constant thickness profile 

was far too heavy for the higher safety factor it provided and inertia for recoil it provided. The 

results from FEA are displayed in Table 7. Additionally, Figure 19 highlights where the maximum 

stresses in the barrel will occur while firing the projectile. 

Table 7: Data for 18Ni2400 alloy FEA trials. 

Thickness Profile [m] 0.5 
0.5 to 0.25  

linear 
0.5 to 0.25  
non-linear 

Peak Von-Mises  
Stress [MPa] 

386 450 442 

Minimum factor of 
safety at 1000 cycles [-] 

3.89 3.34 3.39 

Mass of barrel [106 kg] 4.962 3.404 3.029 
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Figure 19: Von-Mises (Equivalent) stresses in barrel. 

 Gun Barrel Support Structure 

As the gun is being built into the mountain there is no need for a supporting truss structure. The gun 

will be supported at its base and along its length with supports on rollers for stability. 
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4.3 RECOIL  

Upon firing the projectile, the changing momentum of the projectile in the barrel pushes the gun 

backwards. Therefore, a recoil system is required to return the gun to its firing (in-battery) position, 

while lessening the recoil force transferred to the ground. This section of the report outlines recoil 

systems and provides a method of recoil system analysis which has been used to design the 

components with the aid of a numerical methods model and FEA. 

 System Overview/Design Considerations 

The two primary types of recoil mechanism are hydrospring and hydropneumatic, both use 

hydraulics for their buffer and recoil braking. The primary difference between the two is with their 

recuperators, such that the hydrospring type employs a mechanical spring whereas the 

hydropneumatic type uses compressed gas. 

The hydropneumatic type was decided upon for reasons such as smooth action, durability due to 

low moving part quantity, long recoil distance, low maintenance, and high indication of imminent 

failure. 

There are two main types of hydropneumatic system, dependent and independent. The former 

connects the recoil and counterrecoil systems through direct hydraulic passages whereas the latter 

separates these by excluding direct hydraulic passages. 

The independent option was favoured over the dependent option in accordance with standard design 

of large guns. The independent type is shown in Figure 20. 

 

Figure 20: Schematic of an independent recoil system (US Army, 1981) 

The primary components of the system are: 

 the recoil cylinder: this impedes the recoil and counterrecoil strokes; and limits the length 

of recoil. There is a slight gap between inner radius of the cylinder body and the radius of 
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the piston head, this allows for viscous damping. Upon firing the gun, the recoil cylinder 

piston moves rearward with the gun; 

 the counterrecoil cylinder: like the recoil cylinder piston, the counterrecoil piston moves 

rearward with the gun and forces oil into the recuperator during the recoil process. During 

counterrecoil the air offers smooth resistance that increases as the gun returns to the in-

battery position; 

 the recuperator: during recoil, the oil that is forced into the recuperator by the counterrecoil 

cylinder moves the gas tight floating piston to compress the nitrogen gas behind it. During 

counterrecoil, the heavily compressed nitrogen pushes the floating piston and the oil behind 

it to the in-battery position. While the gun is not being fired the pressurised nitrogen in the 

recuperator helps to hold the gun at the in-battery position.  

 the barrel brace: at all times the gun is attached to the barrel brace, effectively linking the 

gun and the rest of the recoil system. The piston rods from the counterrecoil and recoil 

cylinders are also attached to this. 

 the recoil plate: this is attached to the ground and the recoil system cylinders, thus 

completing the path from the recoiling gun to the ground. 

Fatigue had to be considered for the recoil system as it too would be vulnerable to intermittent 

cyclic loading. Normalised AISI 4340 steel with yield strength of 862 MPa and ultimate tensile 

strength of 1282 MPa (McGrawHill Education, 2015) has been chosen. 

Figure 21 shows S/N curves for a standard AISI 4340 steel for various temperatures. It is important 

to note that due to lack of completeness of data for normalised AISI4340 steel an alloy of the same 

type but with lower ultimate tensile strength has been analysed instead. 

 

Figure 21: S/N curves for AISI4340 steel with tensile strength of 1090 MPa (ASM International , 

1990) 
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During recoil, the recoil system’s temperature should not exceed 315 ⁰C, however to ensure 

survivability the 315 ⁰C values have been used. The curve was extrapolated to 1000 cycles to give 

an effective tensile strength of 620 MPa, 57% of the unfatigued tensile strength. Assuming that this 

data can be applied to the normalised alloy and that the decrease in yield strength is proportion to 

the decrease in tensile strength; then the effective yield strength of the normalised AISI4340 alloy 

after 1000 cycles is 490 MPa. 

The recoil system can be modelled as a collection of parallel spring and mass damper systems. Here, 

the recoil cylinders act as viscous dampers and the recuperator and counterrecoil subsystems act as 

gaseous springs. These cylinders are connected to a recoil plate which acts as an energy sink for the 

system. This concept is shown in Figure 22 below. 

 

Figure 22: Mass-spring damper principle of recoil system. 

As the system is constrained to a single degree of freedom, the resultant force balance equation is 

shown in ( 4-24 ); where S, is the number of parallel mass-spring damper systems; F(t), is the firing 

force, including acceleration of hydrogen gas out of the barrel, as a function of time; 𝑥, �̇�, 𝑎𝑛𝑑 �̈� are 

the recoil displacement, velocity and acceleration respectively, orientation such that displacement 

is negative during recoil; c, is the viscous damping coefficient; 𝜓, is the gun angle relative to the 

vertical; pR, is the pressure of the nitrogen gas in the recuperator; and AC, is the cross-sectional area 

of the counterrecoil piston, this is because the spring force is transferred through this piston to the 

barrel brace. Here, k is not included because the ‘spring’ force is the product of AC and pR. 

𝐹𝑒𝑥𝑡  = 𝑚𝑅 ∗ �̈� = 𝑆[𝑝𝑅 ∗ 𝐴𝐶 − 𝑐 ∗ �̇�] − 𝑚𝑅 ∗ 𝑔 ∗ cos𝜓 − 𝐹(𝑡) 

( 4-24 ) 

It is important to note that as the gun moves backwards, where �̇� is negative, the damping force 

pushes upwards in the positive x direction to brace against the recoiling motion; hence there is a 

−𝑐 ∙ �̇� term. 
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The damping coefficient is dependent on the entire recoil cylinder’s geometry and dynamic 

viscosity of the hydraulic fluid. A schematic is displayed in Figure 23 to highlight the important 

dimensions required for determining the damping coefficient. 

 

Figure 23: Schematic of dashpot damping in recoil cylinder (Tribology-abc, 2015). 

The equation for calculating the viscous damping coefficient, c, is given in ( 4-25 ); where μ, is the 

dynamic viscosity of the hydraulic fluid; L, is the piston head length; Ro, is the outer radius of the 

recoil cylinder’s interior (also referred to as the inner radius of the cylinder itself); and ho, is the gap 

between the piston head and the recoil cylinder’s wall.   

                                                                          C= 
6π * μ * L * Ro

3

ho
3  

( 4-25 ) 

Additionally, it is possible to determine the required nitrogen mass, mN, per recuperator in order to 

hold the gun at the in-battery position when no firing has occurred. In this position, 𝑥, �̇�, �̈�, F(t), and 

FDAMPER all equal zero.  

𝒎𝑹�̈� = 𝟎 =  𝑺 ∗ 𝑭𝑺𝑷𝑹𝑰𝑵𝑮 −𝒎𝑹 ∗ 𝒈 ∗ 𝐜𝐨𝐬𝜽  ∴  𝒑𝑹 = 
𝒎𝑹 ∗ 𝒈 ∗ 𝐜𝐨𝐬𝜽

𝑺 ∗ 𝑨𝑪
 

Additionally, 

𝑝𝑅 = 
𝑛𝑁 ∗ �̃� ∗ 𝑇𝑅

𝑉𝑅
  ;   𝑉𝑅 = 𝐴𝑅 ∗ (𝐿𝑁𝑖 + 𝑥) =  𝐴𝑅 ∗ 𝐿𝑁𝑖 𝑓𝑜𝑟 𝑥 = 0  ; 𝑎𝑛𝑑 𝑛𝑁 = 

𝑚𝑁
�̃�𝑁

 

Finally, 

𝑚𝑁 = 
𝑚𝑅 ∗ 𝑔 ∗ 𝑉𝑅 ∗ cos 𝜃 ∗ �̃�𝑁

𝑆 ∗ 𝐴𝐶 ∗ �̃� ∗ 𝑇𝑅
 

( 4-26 ) 
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Where nN, is the number of moles of nitrogen per recuperator; 𝑅,̃ is the universal gas constant; TR 

is the nitrogen temperature in K; VR is the volume of the nitrogen in each recuperator; �̃�𝑁 is the 

molar mass of nitrogen. 

Assuming adiabatic conditions, as the nitrogen is compressed the change in pressure follows 

equation ( 4-27 ); where 𝛾, is the adiabatic index, approximated to 1.4 for nitrogen gas and an in-

battery temperature of 300 K. 

                                                          𝑝𝑅1 ∗ 𝑉𝑅1
𝛾 = 𝑝𝑅2 ∗ 𝑉𝑅2

𝛾 = 𝐶𝑜𝑛𝑠𝑡𝑎𝑛𝑡    

( 4-27 ) 

Moreover, 

𝑝𝑅1 ∗ 𝑉𝑅1
𝑇𝑅1

=
𝑝𝑅2 ∗ 𝑉𝑅2
𝑇𝑅2

= 𝑛𝑁 ∗ �̃� 

( 4-28 ) 

In reality, environmental temperature fluctuations due to day and night, and seasons will expand 

and compress the gas. This results in the gun moving out of the firing position even if it hasn’t fired. 

To counter this, the in-battery nitrogen temperature must be kept at 300 K by means of sufficient 

insulation, additionally the recoil cylinders will dampen any out of battery motion which occurs. 

Therefore, using a MATLAB model, if the initial conditions are known then the state of the recoil 

system can be determined, as the volume of the recuperator’s nitrogen changes at each time step. 

From here, it was an iterative process to design the components such that they will survive the 

stresses of recoil, provide sufficient hindrance to recoil, and bring the gun back to its in-battery 

position. 

However, in order for the recoil system to be successful it must be able to withstand the stresses 

invoked during recoil and counterrecoil.   There are eight key stresses to be considered, these are: 

1. maximum tensile counterrecoil cylinder piston rod normal stress, “Key stress 1”. 

2. maximum tensile recoil cylinder piston rod normal stress, “Key stress 2”. 

3. maximum compressive recoil cylinder piston rod normal stress, “Key stress 3”. 

4. equivalent stress in the recuperator caused by pressurised nitrogen, “Key stress 4”. 

5. equivalent stress in the counterrecoil cylinder from the pressurised hydraulic fluid, “Key 

stress 5”. 

6. equivalent stress in the recoil cylinder caused by pressurised hydraulic fluid, “Key stress 

6”. 

7. equivalent stress in the counterrecoil to recuperator bridge from the pressurised hydraulic 

fluid, “Key stress 7”. 
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8. equivalent stress in the barrel brace caused by pull of the piston rods, “Key stress 8”. 

There is no compressive stress for the counterrecoil cylinder piston rod because the compressed 

nitrogen always keeps the rod in tension.  The first 7 stresses were modelled in MATLAB via a 

stress checking script that was run after the main simulation. However, the 8th stress was modelled 

with FEA due to the barrel brace geometry being relatively complex such that simple circular plate 

analysis would yield inaccurate results. 

For each of these a minimum factor of safety of 2 was desired. The material yield strength used was 

490 MPa, this corresponds to the yield strength of the recoil system material, normalised AISI4340 

steel, after 1000 cycles of loading. 

 Proposed Final Design 

After a process of iterative design, the desired recoil response was obtained and the components 

were sized accordingly in CAD. Figure 24, below, shows the proposed recoil system design, with 

the gun, in two configurations; the in-battery position and point of maximum recoil at 1 m. 

 

Figure 24: Gun in the in-battery position (left) and the point of maximum recoil (right). 

Table 8 provides some fundamental recoil system properties from the design process. From this it 

can be seen that the temperatures encountered will not encourage creep to occur every time the 

recoil system operates. During the recoil system’s operation it will elastically expand and compress 

slightly making the pistons less effective, to combat this some form of bearing or flexible membrane 

could coat the pistons to keep them sealed. In the case of the recoil cylinder piston the gap between 

the cylinder body and piston would need to be kept constant. Moreover, Figure 25 shows that the 

gun recoils to a distance of 1 m and then goes slightly past the in-battery position, by 2.3 cm, before 

returning to the in-battery position. 
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Table 8: Recoil system properties 

Parameter Value 

Gun Angle [degrees] 63 

Number of systems [-] 4 

Mass of recoiling parts [106 kg] 4 

Nitrogen mass per recuperator [kg] 101.223 

Initial nitrogen temperature [K] 300 

Peak nitrogen temperature [K] 336 

Initial nitrogen pressure [MPa] 46.5 

Peak nitrogen pressure [MPa] 70 

Oil Density [kg/m3] 850 

Oil Type [-] Mineral Oil 

Viscous Damping Coefficient [MNs/m] 2.08 

 

 

Figure 25: Recoil displacement [m] versus time [s]. 

Table 9 shows each key stress encountered in the final design components and their respective 

factors of safety. 
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Table 9: Main stresses within recoil system components. 

Stress Parameter Value [MPa] Factor of Safety 

Key Stress 1 214.3 2.29 

Key Stress 2 233.3 2.10 

Key Stress 3 -52.8 9.28 

Key Stress 4 237.7 2.06 

Key Stress 5 237.7 2.06 

Key Stress 6 241.1 2.03 

Key Stress 7 193.5 2.53 

Key Stress 8 227.7 2.15 

 

Figure 26: Barrel brace equivalent stress modelling with FEA. 

Another consideration was the possibility of each recoil cylinder piston rod buckling during 

compression. The required buckling force is dependent upon the boundary conditions, geometry 

and material properties of the specimen under compression. Equation ( 4-29 ) below gives the 

expression for the force, FBUCKLING, required to buckle a recoil cylinder piston rod during 

compression; where E is the Young’s modulus; I, is the area moment of inertia; K, is the column 

factor, this is 0.5 for a column that is fixed at both ends; and L, is the piston rod length. 

𝑭𝑩𝑼𝑪𝑲𝑳𝑰𝑵𝑮 = 
𝝅𝟐 ∙ 𝑬 ∙ 𝑰

(𝑲 ∙ 𝑳)𝟐
 

          

( 4-29 ) 

Thus, the buckling force is 8.8 MN. The maximum compressive force felt by each piston rod was 

1.3 MN, thus the rod shouldn’t buckle. It can also be noted that the value of L in reality would be 

smaller if it is assumed that one fixed end resides by the base of the recoil cylinder body, thus the 

estimate of 8.8 MN is on the safe side. 
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The primary components of the recoil system are shown in Figure 27, Figure 28, and Figure 29. 

 

Figure 27: 3D cutaway of a counterrecoil subassembly; comprised of a recuperator (left 

cylinder) and counterrecoil cylinder (right cylinder). 

In Figure 27, the counterrecoil cylinder contains a piston rod of length 7 m and radius 0.1 m, and a 

piston head length of 0.1 m. The recuperator has a floating piston length of 0.15 m. Both cylinders 

have a body length of 5 m, an inner radius of 0.175 m and an outer radius of 0.25 m. The base and 

end thicknesses are equal to the wall thickness of 0.075 m. Both the floating piston and counterrecoil 

piston have radii of 0.175 mm so that they are sealed. The bridge between the cylinders is 0.15 m 

by 0.15 m with 0.05 m wall thickness. 

 

Figure 28: 3D cutaway of a recoil cylinder subassembly. 

In Figure 28, the recoil cylinder contains a piston rod of length 7m, radius 0.09 m, piston head 

length of 0.5 m, and piston head radius of 0.273 m. The cylinder has a body length of 5 m, an inner 

radius of 0.275 m, and outer radius of 0.39 m. This creates a clearance of 2 mm between the cylinder 
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wall and piston head in order to provide sufficient viscous damping. The base and end thicknesses 

are equal to the wall thickness of 0.115 m. 

 
Figure 29: Recoil plate (left) and barrel brace (right). 

In Figure 29, the recoil plate has an inner radius of 0.95 m, which is just larger than the outer radius 

of the barrel, an outer radius of 3.5 m, and a thickness of 0.6 m. The barrel brace has a radius of 2.7 

m and thickness of 0.45 m. Both parts have alternating holes of radii 0.09 m and 0.1 m to 

accommodate the recoil and counterrecoil cylinder piston rods, however the recoil plate’s holes 

should be slightly larger to allow for unrestricted movement of the piston rods. 

In conclusion, the components for the recoil system have been sized to resist the predicted reaction 

forces of the gun firing. Furthermore, the components have been designed to withstand the stresses 

incurred from the aforementioned firing. Therefore, there is confidence that the recoil system will 

behave as predicted without component failure. 

 Foundation Design 

In order to prevent the gun from permanently moving relative to the surrounding earth, a strong 

foundation is required.  The maximum unit load, q0, that a rough shallow foundation can support is 

provided by the Buisman-Terzaghi equation (Winterkorn & Fang, 1990) which is given below; 

where csoil, is the soil cohesion; qf, is the overburden stress; 𝜒, is the bulk unit weight in lb/ft3; B, is 

the width of the foundation; 𝑁𝑐 , 𝑁𝑞 and 𝑁𝜒 are bearing capacity factors which are functions of φs, 

shearing resistance angle; 𝜉𝑐 , 𝜉𝑞, and 𝜉𝜒 are shape factors. 

𝑞0 = 𝑐𝑠𝑜𝑖𝑙 ∙ 𝑁𝑐 ∙ 𝜉𝑐 + 𝑞𝑓 ∙ 𝑁𝑞 ∙ 𝜉𝑞 + 
1

2
∙ 𝜒 ∙ 𝐵 ∙ 𝑁𝜒 ∙ 𝜉𝜒 

          

( 4-30 ) 
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Additionally, equation ( 4-31 ) is used to calculate qf; where DW, is the water table depth; DF, is the 

foundation depth, and 𝜒′, is the submerged unit weight . 

𝑞𝑓 = 
𝐷𝑊 ∙ 𝜒 + (𝐷𝐹 −𝐷𝑊) ∙ 𝜒

′ 

2000
 

          

( 4-31 ) 

The minimum pressure that the foundation needs to resist, which is simply the maximum reaction 

force divided by area of contact with the earth, is equal to 11.8 MPa. Then, by applying a factor of 

safety of 3 this value becomes 35.4 MPa or 370 tons/ft2. 

It is assumed that the foundation is comprised of medium dense sand so that csoil = 0 ton/ft2, 𝜒 = 118 

lbs/ft3 and 𝜒′ = 56 lbs/ft3; that the foundation is an annular strip so that the shape factors 𝜉𝑐 , 𝜉𝑞, and 

𝜉𝜒 each equal 1; DW is 10 ft; DF is 15 ft; B is 2.3 ft, just below the difference between the recoil 

plate’s and barrel brace’s outer radii, and φs is 50⁰, which is a best case scenario. 

Therefore qf = 0.73 ton/ft2, 𝑁𝑐  = 266.89, 𝑁𝑞 = 319.07 and 𝑁𝜒 = 762.89.  

∴  𝑞0 = 336.4
𝑡𝑜𝑛𝑠

𝑓𝑡2
=  32.2 𝑀𝑃𝑎 

This value is lower than the desired value of 35.4 MPa but the foundation should still function as 

intended. In order to improve the foundation’s effectiveness the area of contact between the recoil 

plate and the earth could be increased; and DW and B could be further increased. In order to achieve 

foundation depths higher than the recoil plate thickness, the recoil plate would no longer remain a 

disc but a disc with protrusions of length DW from the ground contact region. 
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4.4 FINANCIAL ANALYSIS 

 Gun Barrel 

The mass of the gun is approximately 4000 tonnes, barrel and rest inclusive. Assuming that there 

are 10% losses with cutting and shaping the raw materials then 4400 tonnes of 18Ni2400 maraging 

steel will be required. The price of this steel is difficult to predict because it is well suited for 

building uranium enrichment centrifuges, thus the availability of such a material is closely 

monitored by global authorities (US NRC, 2015). However, the cost can be estimated as 1200$/long 

ton (Alibaba, 2015b). Therefore the raw material cost of the entire gun body will be $5.2 million.  

Then by factoring in manufacturing and labour as an additional 30% gives $6.7 million as the final 

cost for the entire gun body. 

 Recoil System 

The mass of the recoil system is 285 tonnes, assuming that there are 10% losses with cutting and 

shaping the material then 315 tonnes of AISI 4340 steel will be required. The price of this alloy can 

be approximated to 1000$/long ton (Alibaba, 2015a). Thus the raw material cost of the recoil system 

materials is $310600. Then, assuming that manufacturing and labour costs account for an extra 30% 

of the raw material cost the total recoil system cost comes to $401500. 
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 Hydrogen Acquisition Cost Breakdown - Sophie 

The hydrogen needed per launch is 15393 kg as found in 4.1.4. In order to save money in 

transportation costs and to reduce the carbon footprint of the project hydrogen will be extracted 

from locally sourced water using electrolysis on-site, as a by-product of this the required oxygen 

may also be obtained in this way. A sustainability and financial analysis of this has been performed 

to ensure feasibility. 

Electrolysis requires purified water to prevent galvanic corrosion of the equipment and so water 

will be bought from local desalination services, the local price is $2.04 USD per m3 of water which 

is equivalent to 1000 kg. (IBNET, 2013). The chemical equation for the electrolysis of water is 

shown (4 - 15), ( 4 - 16 ) can be used to find the mass percentage of hydrogen of the products as 

20%. Therefore to produce 1 kg of hydrogen 5 kg of water is needed and so one launch requires 

electrolysis of 76965 kg of water is needed. 

2 𝐻2𝑂 
𝑦𝑖𝑒𝑙𝑑𝑠
→    2 𝐻2 + 𝑂2      

( 4 - 15 ) 

𝑀𝐹𝐻2 = 
2 �̃�𝐻2

2 �̃�𝐻2+ �̃�02
      

( 4 - 16 ) 

The energy costs associated with electrolysis works out at $2.5 - $3.5 USD per kg of hydrogen at a 

rate of $0.05 USD per kWh (Dincer, 2012), as the infrastructure in Papua New Guinea is less 

developed than the US a local rate of $0.31 has been used (EE Pacific, 2015) yielding a new max 

value of $21.7 USD electricity cost per kg of hydrogen. 

Table 10: Cost breakdown for hydrogen production 

Cost 

Breakdown 

Price per kg 

(USD) 

Price per launch 

(USD) 

Water 0.00204 31.40 

Electricity 21.7 334028.1 

Total - 334059.5 
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5 PROJECTILE AND ROCKET DESIGN 

5.1 PROJECTILE 

The role of the projectile is to deliver the useful payload to orbit. The requirements for achieving 

this are: 

 to deliver the useful payload to a pre-determined orbit in a stable orientation 

 to protect the useful payload from the extreme temperatures generated during hypersonic 

flight 

 to have a drag coefficient as low as reasonably possible in order to reduce fuel mass 

 to safely withstand the pressures and temperatures at launch 

The flight of the projectile can be divided into four phases with distinct characteristics. Firstly, 

within the barrel during the launch from the gun; secondly, flight within the lower atmosphere; 

thirdly, hybrid rocket ignition in the upper atmosphere, and finally, from the upper atmosphere to 

delivering the useful payload into orbit. Each of these phases introduces significant challenges for 

the design of the projectile, and the design considerations and solutions are detailed in the following 

section. 

 Design Considerations 

In order to ensure the survivability of the projectile and useful payload, as well as to reduce the fuel 

mass required to reach low earth orbit, the outer geometry and material selection of the projectile 

is key. During the phase of flight in the lower atmosphere, the aerodynamic and thermal effects 

experienced by the projectile, present a significant challenge. From the launch simulation conducted, 

it has been calculated that this phase of the flight will last approximately 30 seconds, before the 

lack of air results in negligible drag and thermal effects. Upon leaving the muzzle of the gun at 

6000m/s, the projectile enters a hypersonic flight regime of Mach 17.5. This presents issues such 

as high drag forces, shock waves, extremely high temperatures and dissociation of the air around 

the projectile. 

 Drag 

The drag force experienced by the projectile is comprised of three primary factors: pressure drag, 

wave drag, and base drag. In order to reduce the coefficient of drag to as low as reasonably possible 

it is necessary to reduce the effect of each of these factors. Reducing the drag of the projectile will 

reduce the mass of fuel required to reach orbit. 

To reduce the pressure drag experienced by the projectile, the key factor to alter is how smooth the 

air can flow around the body preventing the creation of vortices. Therefore a body that minimises 
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disruption to the air, through the use of a slender and gradual increase in diameter along the nose 

as well as smooth reattachment of the flow at the tail, will have a lower pressure drag coefficient.  

Oblique shockwaves attached to the nose and leading edges of the projectile will cause compression 

and expansion of the air flow resulting in the formation of wave drag. Similar to the phenomenon 

experienced by a ship’s hull in water, wave drag is a significant contributor to the overall drag. The 

effect of the wave drag can be calculated from the deflection angle of the flow and the pressure 

drop across the change. Therefore by minimising the angle through which the flow must turn and 

thus reducing the pressure change of the flow, wave drag can be reduced to a minimum. This is 

achieved through optimising the entire projectile surface geometry.  

Theoretical minimum wave drag designs are shown in Figure 30. Busemann’s biplane is a 

theoretical shape which produces no wave drag as there is no change in flow angle on the upper and 

lower surfaces, and the change in pressure caused by the changes in angle of the internal surfaces 

are equivalent. Although this geometry represents the desired solution, the significant engineering 

challenges of having a hollow core structure prevent this from being used as the geometry of the 

projectile. Packaging of the useful payload and hybrid rocket, as well as structural integrity at 

launch must be considered along with aerodynamic efficiency. The Sears-Haack body shown in 

Figure 30 is the theoretical minimum wave drag design for a projectile with a solid core (Stivers & 

Spencer, 1967). Therefore the projectile for Project HALO will be broadly based on this design. 

 

Figure 30: Busemann Bullet cross-sectional geometry, top; Sears-Haack Body, bottom. 

 

Skin friction drag is caused by the interaction of the projectile surface with the viscous sub layer. 

During hypersonic flight, skin friction is a major component of the overall drag on a body and in 

the case of the hypersonic aircraft such as waveriders, it contributes as much as half the total drag 

of the aircraft (Anderson, 2006). Therefore it can be seen that minimising skin friction drag can 

significantly reduce the total drag, and furthermore, reducing skin friction drag will also reduce 
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aerodynamic heating of the projectile surface. This can be reduced by minimising the surface area 

as well as decreasing the coefficient of skin friction. 

 Thermal 

Hypersonic flow presents significant challenges with regards to the thermal survivability of the 

projectile. Upon exiting the muzzle of the gun, the nose of the projectile will experience significant 

convective and radiative heating. The typical temperature experienced by a range of re-entry space 

vehicles are shown in Figure 31. At these temperatures dissociation of O2 and N2 will occur resulting 

in a boundary layer of electrically charged plasma rather than air. Furthermore, like a re-entry 

vehicle, the projectile will experience a thermal shock as the temperature at the structure’s surface 

instantaneously increases by thousands of degrees. Materials capable of withstanding such a 

thermal shock will be required as part of the thermal protection system (TPS). 

The projectile of Project HALO will be subjected to a similar temperature range during the phase 

of flight in the lower atmosphere, however an exact figure is unknown as there are significant 

uncertainties associated with the CFD model in the hypersonic regime, and no relevant experimental 

data exists for launching from sea level at Mach 17.6, so a CFD model cannot be validated. CFD 

results show that the free stream temperature is 18,900 K and the projectile surface temperature 

ranges from 17,000 K to 19,000 K. Put into context, this would represent 3 times the temperature 

of the surface of the sun. These values are far greater than would be reasonable to expect. A 

reasonable estimation would be 7000 K, which is the approximate re-entry temperature experienced 

by an Inter-Continental Ballistic Missile (ICBM), due to its comparable velocity, geometry and 

style of re-entry.  

 

Figure 31: Temperature behind a normal shock wave during re-entry at an altitude of 52 

km (Anderson, 2006). 
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 Structural 

During the gun launch stage and within the lower atmosphere, the projectile will be subjected to 

extreme structural loads due to high acceleration and aerodynamic forces, respectively. In order to 

ensure survivability of the projectile and the useful payload throughout these hostile stages of the 

launch, it is imperative for the structure of the projectile to be designed to perform at the predicted 

loads. 

Firing the projectile from the gun will result in the acceleration from stationary to 6000 m/s in less 

than a second. This results in an average of 6126 g and a peak of 8258 g. In addition to these axial 

compressive loads throughout the projectile due to acceleration, the projectile will also be subjected 

to axial compressive loads caused by the build-up of gas behind the sabot, forcing the projectile up 

the barrel. 

During the lower atmosphere phase of the flight, the projectile will experience high axial and radial 

compressive loads due to aerodynamic drag. These forces will act on surfaces deflecting the flow, 

and therefore will be most apparent on the nose cone of the projectile. 

Due to the high compressive loads, failure criteria of compressive failure as well as buckling failure 

must be taken into account, and the projectile design must reflect this. Furthermore, although 

survivability of the projectile and useful payload is of paramount importance, the structure cannot 

be over engineered as a lightweight structure is required to ensure the least amount of fuel will be 

required, therefore material selection is also an important part of the projectile design.  

 Stability 

A key element combining the structural and aerodynamic design of the projectile is stability in the 

lower atmosphere. A stable projectile is necessary to ensure a predictable trajectory after launch 

ensuring the correct altitude and orbit will be reached. An unstable projectile would result in 

tumbling and thus would not reach orbit. 

Options for stability control are typically separated into two categories, active and passive. Active 

control systems like movable ailerons, elevators and rudder, alter the lift and drag experienced on 

different flight control surfaces causing rolling, pitching and yawing moments, respectively. Active 

flight controls are used on aircraft flying at subsonic up to hypersonic velocities, however for a 

projectile at high-hypersonic velocities, flight control surfaces present an unnecessary severe 

complexity.  

Passive stability is achieved through the placement of the aerodynamic centre of the projectile with 

respect to the centre of mass, known as the static margin. A positive static margin is achieved by 

ensuring that the centre of pressure is far behind the centre of mass and produces inherent 
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aerodynamic stability such as that of a conventional dart or arrow. Moving the aerodynamic 

pressure is achieved through the use of fins or a sting, where increased surface area at the rear is 

used to increase skin friction drag and therefore moving the centre of pressure rearwards. 

Gyroscopic stability is also a form of passive stability, however, it is achieved through the angular 

momentum of the projectile. If the projectile is spinning upon leaving the muzzle, the projectile will 

want to maintain the same orientation, however, any perturbations will cause the projectile to 

gyroscopically process, resulting in increased drag and possible tumbling. Although typically 

present during the flight of bullets and artillery shells, gyroscopic precession is not significant due 

to their comparatively lower flight time and velocity. 

 Proposed Final Design 

The following section details the proposed projectile design based on the considerations detailed 

above. A CAD image showing a schematic of the internal layout of the projectile is shown in Figure 

32. The projectile has a length of 11.55 m, fuselage diameter of 0.6 m and a total mass of 3424 kg 

including fuel and a useful payload of up to 12 1U (10 x10 x 10 cm) CubeSats. The centre of mass 

is 6.216 m from the nose. 

Using CFD analysis, the coefficient of drag of the total projectile was found to be 0.182. Ensuring 

a low coefficient of drag has reduced the mass of fuel required to achieve orbit. 

 

Figure 32: Cross-sectional view of proposed projectile design (not to scale) 
 

 Nose Cone Design 

The design of the hypersonic nose cone significantly effects the drag coefficient, temperature 

experienced and the stability of the projectile. Furthermore, material selection is crucial to ensuring 

payload survivability, therefore the thermal protection system used is of primary importance. 

Supersonic and hypersonic nose cone research has primarily focused on the development of military 

equipment such as artillery shells and missiles which are faced with comparable engineering 

challenges compared with the projectile of Project HALO. The geometry of the nose cone will 

contribute to all three drag factors discussed earlier as well as its thermal performance. 

A selection of the non-dimensional nose cone designs considered, are shown in Figure 33. The 

optimum nose cone geometry for minimum pressure drag at high Mach numbers is the von Karman 
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ogive (Ashley & Landahl, 1965). Previously it was thought that having a sharp pointed nose, such 

as that of a cone, was the optimum low drag shape for high Mach number flight due to minimising 

the surface area of the nose cone, however this has been disproved through numerical and 

experimental research. 

The Sears-Haack nose profile represents the theoretical shape to achieve a minimum wave drag 

profile. It can be seen from Figure 33 that the von Karman ogive is similar in shape to the Sears-

Haack nose profile, in that it has a smooth change in shape without any sharp corners, therefore, 

this results in a minimal contribution of wave drag created by the nose. 

 

Figure 33: Non-dimensional nose cone geometries (side view) 

 

CFD analysis of potential nose cone designs have confirmed that the blunted nose of the von 

Karman ogive, results in overall lower pressures and temperatures along the nose cone, compared 

to that of a sharp pointed or rounded cone. Static temperature profiles for comparison can be seen 

in Figure 34. Although the absolute values of pressure and temperature produced by CFD are 

unreliable at hypersonic speeds, comparison between the magnitudes of the results can be made 

allowing solutions to be ordered.  
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Figure 34: Static temperature (k) at the nose cone. Von Karman ogive, left; blunted cone, 

right. 

 

The final contributor to the total drag of the nose cone is skin friction drag. Methods to reduce 

hypersonic skin friction drag centre around the concept of the injection and combustion of hydrogen 

gas into the viscous boundary layer. This reduces the density of the boundary layer and therefore 

the Reynolds stress at the surface of the projectile, which directly reduces the skin friction drag. It 

has been found that during experimentation at Mach 5, the skin friction drag of a flat plate can be 

reduced by up to 80% (Suraweera, Mee, & Stalker, 2005). Furthermore, the injection of gases 

results in transpiration cooling of the nose cone surface, reducing the surface temperature (Liu, 

Jiang, & Shao-Shan Jin, 2010). This concept has been previously evaluated for use in hypersonic 

nose cones and aerodynamic leading edges, where the results showed the concept produced 

favourable cooling characteristics (Modlin, 1991). Incorporating this solution onto the surface of 

the projectile would represent a significant reduction in drag as well as thermal conductivity.  

The method used to mitigate thermal effects and therefore protect the components within the nose 

cone, will be a multi-layer thermal protection system comprised of hydrogen film cooling, ablative 

shielding, high temperature rated structural materials, and insulation.  

The outermost thermal shield will be an ablative layer to reduce the temperature that the main nose 

cone structure experiences. Ablative thermal protection systems work in 4 main ways: 

1. ablation of the material, lifting the hot shock layer gases away from the nose cone’s surface, 

2. absorption of heat into the material expelled during ablation, 

3. the formation of an insulating char layer, and 

4. ejection of carbon into the shock layer, creating an opaque region preventing thermal 

radiation (Venkatapathy, et al., 2010) 
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A suitable ablative shield for this application is phenolic carbon due to its thermal protection 

characteristics. Typically, to construct an ablative shield using phenolic carbon, it is impregnated 

into a readily available graphite based reinforcement, such as Grafoam. Experimental testing has 

shown that this material has good insulating properties at temperatures below 2000 K (thermal 

conductivity of 3 W/m K) and appreciable ablative behaviour above 3000 K. In experimental testing, 

a specimen of 30 mm thickness, with one side exposed to a 4000 K thermal source, had a back face 

temperature of 400 K after a 20 minute exposure (Pulci, et al., 2010).  

The main structure of the nose cone will be constructed of carbon-carbon composite material due 

to its structural performance at high temperatures, as well as low thermal conductivity and high 

strength to weight ratio, compared to typical structural metals and composites.  Additional 

insulation blankets will be placed on the inside face of the nose cone to protect the useful payload 

from the surface temperature of the back face of the carbon-carbon composite. 

Finally a small titanium tip will be used to protect the fragile ablative shield of the nose cone during 

piercing of the membrane at the muzzle, maintaining the vacuum in the barrel. Titanium is a suitable 

material due to its high material hardness. Upon leaving the muzzle of the gun, the tip will melt in 

the hypersonic flow and therefore will not affect the main projectile. 

The useful payload will be housed in the nose of the projectile, as can be seen in Figure 35. The 

nose cone has the capacity to transport four Poly-PicoSatellite Orbital Deployers (P-POD) into orbit. 

Using a P-POD Mk III allows Project HALO to cater for a range of customers using 1U to 3U 

CubeSat sizes. The P-PODs will be fixed to a structure housing the communications and positioning 

systems. 

As part of the mission abort protocol, as discussed later in this report, a parachute system will be 

housed within the nose cone assembly in order to slow the decent of the projectile when an orbit 

cannot be reached. This system will activate in the lower atmosphere, after the projectile reaches 

its apogee due to the gun launch. 
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Figure 35: Detailed view of nose cone and internal components. 
 

 Fuselage Design 

The main purpose of the fuselage is to act as the load bearing structure of the projectile, during the 

gun launch, low atmosphere and hybrid rocket ignition phases of the launch. The fuselage is the 

component to which the hybrid rocket components, as well as the nose cone assembly, are attached. 

A detailed view of the fuselage can be seen in Figure 36. This shows the liquid oxygen (LOX) 

pressure vessel in blue and the solid rocket fuel in the combustion chamber in orange.  

 

Figure 36: Detailed view of fuselage and internal components (not to scale) 
 

Following on from the thermal and structural design considerations discussed in section 5.1.1.2, 

ensuring the survivability of the projectile and useful payload required the use of revolutionary 

materials and design. The fuselage structure is formed from ceramic matrix composite (CMC) 

C/SiC, famed for its high strength to weight ratio and performance at elevated temperatures; of 

which, both are properties required by the fuselage. To prevent buckling of the structure, there are 

no voids in the main CMC structure or between the fuel tanks. Finite element analysis of the 

optimised CMC structure while subjected to full gun launch phase conditions is shown in Figure 

37. C/SiC has a compressive strength of 300 MPa, when subjected to high strain rates (Suo, et al., 

2013). Therefore this results in a safety factor of 1.07.  
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Figure 37: Finite element analysis of the fuselage structure under 7000 g launch conditions, 

showing the compressive stress (Pa) in the structure. 
 

As well as forming the main load bearing structure, the CMC also forms the vessel containing the 

liquid oxygen for the hybrid rocket. A regulator valve is situated between the LOX pressure vessel 

and the combustion chamber to control the flow of LOX.  

The combustion chamber is required to operate at a temperature of 4656 K and 20 MPa of internal 

pressure. Therefore, the combustion chamber and nozzle assembly will be constructed from carbon-

carbon composite. Carbon-carbon composites are suitable material, due to their high tensile strength 

to weight ratio, as well as good performance at temperatures over 2000 K. 

Li-900 insulating silica tiles will act as a barrier between the CMC structure and the hypersonic 

shock layer. Li-900 tiles are a very low density and provide insulation up to 1500 K. 

In order to prevent the creation of additional wave drag the fuselage has a straight profile. Therefore 

the only contribution to the drag of the total drag of the projectile comes from skin friction drag. As 

with the nose cone, incorporating hydrogen film cooling along the surface of the fuselage would 

reduce this component of drag as well as reducing the surface temperature. 

 Tail Design 

The tail of the projectile represents a significant aerodynamic component. Its geometry affects the 

drag, surface temperature and stability of the projectile. An optimised tail is required to reduce the 

drag coefficient of the projectile, however the tail must also produce enough drag to maintain a 

positive static margin for stability; this will be achieved using fins. The optimum geometry to 

minimise pressure and wave drag is the Sears-Hack body, as seen in Figure 30, and therefore this 

geometry has been used for the tail of the projectile. A comparison between the Sears-Haack 

geometry and a conventional bullet’s boat tail design can be seen in Figure 38. It can be seen that 

the optimal Sear-Haack body has a cleaner wake, therefore resulting in lower drag and thermal 

effects. Furthermore it can be seen that the temperature at the tail for the Sears-Haack tail are both 

significantly lower and predictable compared to the turbulent  nature of the flow experienced by the 

boat tail. This will therefore benefit the thermal design of the tail. 
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Figure 38: Comparison of static temperature (K) around the tail of a Sears-Haack 

geometry, left; and a boat tail, right. 
 

The structure of the aerodynamic fins is shown in Figure 39. The shape, size and number of fins 

was designed from CFD analysis by calculating the centre of pressure of the projectile during 

hypersonic flight. Through comparison of this to the centre of mass of the whole projectile, 

calculated in CAD, the static margin of the projectile can be found, and therefore inherent stability 

has been achieved. A comparison between the contribution to skin friction drag from the nose cone 

and the fins is shown in Figure 40. Following from this analysis the final fin design for the projectile 

is four fins equally spaced radially around the tail of the projectile, each of length 0.842 m, with a 

surface area of 0.364 m2 which results in a static margin of +2.724 m. CFD analysis of the tail with 

fins can be seen in Figure 41, showing how the tail fins contribute very little to the wake of the 

projectile. 

 

Figure 39: Detailed view of the tail external geometry 
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Figure 40: Graph showing the contribution to skin friction drag along the length of the 

projectile 

 

 

Figure 41: Static temperature (K) around the fins of the projectile showing a minimal 

contribution to the wake. 

 

As well as ensuring a low wake behind the projectile, the tail also acts as a housing for protecting 

the fragile nozzle of the hybrid rocket. The nozzle sits on a universal joint to enable gimballed thrust 

and therefore trajectory control during ignition of the hybrid rocket. To ensure efficient expansion 

of the rocket gases in the nozzle, the requirement for the length of the nozzle was set as 0.555 m 

and diameter 0.431 m. To limit the mass of the projectile and maintain efficient packaging, an 

extending nozzle has been designed, as shown in Figure 42. Using an extending nozzle which is 

compact during the gun launch and lower atmosphere phase, but can extend to form an efficient 

expansion ratio nozzle for the hybrid rocket in upper atmosphere, results in a more compact 

projectile, reducing not only mass but also skin friction drag.  

In order to deploy the extendable nozzle, the tail of the projectile will separate upon leaving the 

lower atmosphere. As the tail will be jettisoned early on in the launch (< +30s), it will not achieve 
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orbital velocity and therefore it will return to Earth intact. To reduce the cost of launch as well as 

the sustainability of the projectile, the tail section will be recovered where possible. To facilitate 

the recovery of the tail section, a parachute will be used to arrest the fall of the tail, improving the 

likelihood of survival upon impact on land or water. The tail section would then be recovered and 

assessed to determine whether the part can be reused or whether it must be recycled. In order to aid 

the recovery of the component, its trajectory will be predicted for every launch, to enable relevant 

recovery services to quickly locate and recover the tail.  

 

 

Figure 42: Nozzle is compact during gun launch and lower atmosphere phase, and extended 

when in use in the upper atmosphere (not to scale) 

Like the nose of the projectile, the main structure of the tail will be constructed of carbon-carbon 

composites. As with the nose cone, carbon-carbon composite’s ability to operate at elevated 

temperatures, as well as their high strength to weight ratio, are expressly relevant at the tail of the 

projectile. Due to the fins location in the hypersonic boundary layer, it is necessary for these 

components to be designed to withstand the extreme temperatures and pressures experienced there. 

For this reason a suitable material is carbon/silicon carbide, ceramic matric composite. 

 Projectile and Payload Separation 

Separation of elements of the projectile is necessary during the launch to orbit, both to uncover 

required equipment, such as the nozzle, as well as to jettison unneeded equipment after use to 

maintain efficiency, such as the hybrid rocket system. The performance of the separation system is 

therefore integral to a successful launch. Separation systems are typically divided into two groups: 

ones that separate continuous structures, and ones which separate two linked structures. Of these, 

most release systems employ the use of explosives to cut through continuous structures and to break 

mechanical fixings. Therefore two design decisions necessary to consider are shock loading of the 

structure after detonation, and damage from fragmentation. Furthermore due to the high 

temperatures experienced at the surface of the projectile, a suitable explosive which is stable at high 
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temperatures will be required, unlike conventional RDX. The explosive that will be used is 

Hexanitrostilbene (HNS) as it is an explosive that is stable at high temperatures, as well as under 

shock loading and it is commonly used in separation systems of space vehicles (Mitchell, 1970). 

Upon leaving the lower atmosphere, approximately 30 s after leaving the muzzle of the gun, the tail 

is no longer required to reduce aerodynamic drag, and will be jettisoned to reveal the hybrid rocket 

nozzle. As the carbon-carbon tail will be adhesively bonded to the main fuselage, the continuous 

structure will be required to be split. A linear shaped charge or mild detonating fuse are suitable 

options. As the high acceleration of launch has already been factored into the design of the fuselage, 

shock loading is not of concern for the structure, as the loads produced by a linear shape charge or 

fuse would not be comparable. The charge would be placed around the inside surface of the join 

between the fuselage and the tail, therefore when detonated, any fragmentation will not enter the 

remainder of the projectile. Furthermore, the charge will provide a separation impulse, forcing the 

two objects apart, therefore an additional system is not required to create such an impulse. 

After the hybrid rocket has completed firing, the nose cone is to be jettisoned in preparation for the 

release of the useful payload from the hybrid rocket. The first stage of this process is to split the 

nose cone into its two halves allowing them to rotate away from the centre of the projectile before 

a second stage where the nose cones fixings to the projectile are broken. This process is required to 

ensure that the nose cone separates from the fuselage without contact. To split the nose cone, a 

linear shape charge as mentioned above will be used. The detonation will also impart the impulse 

required to cause a rotation about a hinge connecting each half of the nose cone to the fuselage, as 

can be seen in Figure 43. After rotation of the nose cone sections, explosive bolts in the hinges will 

be used to separate the nose cone sections from the fuselage. 

 

Figure 43: Two stage nose cone separation process 
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Upon clear separation of the nose cone sections, the hybrid rocket system will then be separated 

from the useful payload and avionics. An inter-stage part joins the two sections together and can be 

seen in Figure 44. A small explosive charge in the struts joining the two sections will detonate 

breaking the struts. A mechanical spring will then be used to separate the two components.  

 

Figure 44: Inter-stage component, highlighted, joining useful payload to the fuselage 

Once the correct orbit has be reached, the payload of CubeSats will be released from the P-PODs 

they have been stored in. Firstly each spring-loaded P-POD hatch will open before a spring at the 

base of the P-POD pushes the CubeSats out and into low earth orbit. 

 

Figure 45: Cross-sectional view of the CubeSats stored within four P-PODs 

 Re-Entry and Destruction 

In order not to add to the growing amount of space debris in Low Earth Orbit, all of the main 

components of the projectile will burn-up upon re-entry into the atmosphere apart from the tail 

which descends in a controlled manner. Each separated component has a large surface area and 

therefore through contact with the upper atmosphere, the components will slow and eventually re-

enter into the Earth’s atmosphere. Upon re-entry into the atmosphere, the components will be 
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subjected to aerodynamic forces and temperatures resulting in out-of-design loading and 

temperatures, therefore the components will be destroyed. 

  

 Mission Abort 

A mission abort procedure is required in case of equipment failure during the launch of the payload.   

The mission abort protocol will vary depending on the stage of the launch and the severity of 

equipment failure. The mission abort procedure will first and foremost be used to ensure the safety 

of the public, environment and payload, in that order. Therefore the protocol for dealing with 

failures will respect this. 

Before inserting the projectile and payload into the barrel of the gun, all major components must be 

tested and certified for launch to ensure flight readiness.  If any component is not certified for launch 

this must be changed and the new components and interfacing components must be tested and re-

certified. 

When the projectile and payload is loaded into the barrel of the gun, further checks should be 

conducted to ensure that the correct quantity, pressures and temperatures in each vessel are stable. 

Once all the pre-launch checks have been conducted and verified, a ‘go’ for launch can be issued.  

If any variables are outside of tolerance from the nominal values assigned, the launch must be 

stopped and a plan must be drawn up to rectify any issues and pre-launch checks must be restarted. 

Upon launch of the projectile from the gun, an initial trajectory assessment must be made to confirm 

the projectile is within tolerance of the correct course.  If the projectile is not on the required 

trajectory to reach the desired orbit, actions must be taken to either place the payload in an undesired 

orbit, return the payload to earth employing the use of a parachute, or detonation of the projectile 

mid-flight to protect life or environment. An undesired orbit will be one that is not at the correct 

altitude, inclination or stability. This protocol will be followed if an orbit can be reached. If an orbit 

is deemed not to be attainable, then the projectile will be allowed to reach its apogee due to the gun 

launch and a parachute system will be deployed in the lower atmosphere to slow the descent of the 

projectile, to aid the survivability of the projectile structure and payload. Although recovery of the 

projectile and payload cannot be guaranteed, this protocol is a more favourable resolution than 

detonation. 

If the predicted trajectory of the projectile shows that the trajectory is unrecoverable, and that it will 

impact in a populated area, the projectile will be detonated as early as reasonably possible, to 

promote breaking up of the components in order to reduce the possibility of serious harm to the 

public or environment. A HNS explosive will be used to initiate the destruction of the projectile, 

which will subsequently be broken up further by aerodynamic forces. HNS is a suitable explosive 
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as it is resistant to detonation due to high temperature and shock loading, reducing the possibility 

of an unintended detonation. 

If the projectile is on the correct initial trajectory, checks must be conducted before ignition of the 

hybrid rocket. These checks will include verifying: LOX pressure and flow rate, paraffin wax 

surface temperature, ignition system charge and nozzle extension.  If any of these parameters are 

not confirmed, an assessment must be made to decide whether the hybrid rocket ignition should go 

ahead, delayed or cancelled. If ignition is delayed the payload will be delivered to an undesired 

orbit, and if the ignition of the rocket is cancelled the projectile will return to earth with the aid of 

a parachute. 

During the firing of the hybrid rocket, LOX pressure and combustion chamber pressure must be 

continuously monitored.  If the LOX pressure rises above the nominal limit, a pressure release valve 

will be used to vent the excess gaseous oxygen to outside the projectile. If the pressure of the LOX 

is lower than the nominal desired value, the valve between the LOX and combustion chamber will 

be closed to allow the pressure in the LOX to increase. The hybrid rocket can then be re-ignited. 

The hybrid rocket will aim to direct the payload to the desired orbit however if this is not possible 

due to equipment failure during firing, the payload will be delivered to an undesired orbit. Due to 

the velocity increase provided by the hybrid rocket, it will not be possible to return the payload 

back to Earth due to the energy of re-entry. 

 Finance 

In order for the projectile to survive the high g-forces at launch, and the extreme thermal conditions 

experienced during hypersonic flight, as well as ensuring a low dry mass to reduce the propellant 

required; the projectile has had to be designed using high performance materials which are not mass 

market. For this reason accurate costing of the projectile is unachievable. Furthermore due to the 

infancy of the majority of the structural materials used, it is forecasted that the price of these will 

significantly decrease as technology matures. 

Currently the cost of manufacturing of ceramic matrix composites is expensive and varies greatly 

depending on the composition of the matrix required. This ranges from some hundreds to some 

thousands of USD per kg. A C/SiC ceramic matrix composite can cost upwards of $400 per kg (Lee, 

1992), therefore the fuselage of the projectile would currently cost a minimum of $410000. 

Carbon-carbon composites are a similarly high performance and not a mass market material 

resulting in it currently being a high cost material. Carbon-carbon composite sheets can be 

purchased for $3000 per kg (Goodfellow.com, 2015), therefore production of all carbon-carbon 

composite materials would sum to $711000. However, as the carbon-carbon tail will be jettisoned 

early on in the launch (< +30s), it will not achieve orbital velocity and therefore it will return to 
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Earth. Therefore if this part is recovered this will reduce the cost of launch as well as the 

sustainability of the projectile, by up to $300000. 

Components made of these two materials represent the majority of the cost of the projectile, 

resulting in a current total dry mass cost of $1,100,000. For Project HALO to be a financially viable 

CubeSat launching service, this recurring mass must be reduced. Maturity of the technology used 

to produce and manufacture these materials represents the primary way in which future savings can 

be made.
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5.2 ROCKET ENGINE DESIGN 

The rocket was designed to the following specifications; 

 Must produce sufficient thrust to reach required trajectory, calculated in Simulation 

Results as 7.15 MN with a rate of 7.4 kN s-1. 

 Propellant combination is hybrid as decided at inception stage. 

 Must fit within the constraints of gun barrel, maximum diameter 0.48 m. 

 Operating altitude above 72.3 km. 

 Design Considerations 

 Propellant Choice 

A number of rocket propellants were considered for this project. Some of the key aspects in the 

decision were the specific impulse of propellant combinations, density impulse, availability and 

storage of propellants and waste products produced. 

Table 11: Comparison of hybrid propellant combinations (Chiaverini, 2007). 

Fuel Oxidiser O/F Isp 

Carbon Air 11.3 184 

Carbon N2O 6.3 236 

Cellulose GOX 1 247 

HTPB RFNA 4.3 247 

PE N2O 8 247 

HTPB N2O 7.1 247 

Paraffin N20 8 248 

Carbon LOX 1.9 249 

HTPB/Al(40%) N2O 3.5 252 

HTPB N2O4 3.5 258 

PMM LOX 1.5 259 

Paraffin N2O4 4 259 

HTPB/Al(40%) N2O4 1.7 261 

HTPB/Al(40%) LOX 1.1 274 

PE LOX 2.5 279 

HTPB LOX 1.9 280 

Paraffin LOX 2.5 281 

HTPB/Al(60%) FLOX 2.5 312 

HTPB FLOX 3.3 314 

Li/LiH/HTPB FLOX 2.8 326 

 

Table 11 shows a comparison of propellant combinations and typical values for specific impulse, it 

can be seen that the highest specific impulses are found with FLOX – a combination of liquid 

oxygen and fluorine as the oxidising agents. Fluorine is a highly toxic chemical and therefore 
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requires extra care when handling and is very corrosive so requires specialist storage facilities. To 

reduce the maintenance costs associated with the handling of fluorine it was disregarded for this 

project. The next highest specific impulse is given by the LOX/Paraffin combination. Paraffin is a 

very readily available fuel. It is commonly produced as a by-product of petroleum distillation and 

shale oil retortion, processes extensively performed worldwide, it may also be synthetically 

produced by hydrogenation of carbon monoxide when the use of fossil fuels is less prevalent 

(Asinger, 1968). 

Paraffin wax is inert at room temperature and does not detonate at high impact making it ideal for 

withstanding the peak g-forces exerted from the gun. If assuming complete combustion of the fuel, 

this propellant combination will only produce carbon dioxide and water. Incomplete combustion 

would produce soot and carbon monoxide, which are green waste products compared to other 

fuel/oxidiser combinations which may produce harmful acids, nitrates or complex solid products 

requiring additional nozzle mechanisms to remove them. Paraffin and LOX are also both relatively 

cheap propellant choices and very readily available. 

 Design Method 

 Engine Thermodynamics 

Paraffin wax is a mix of short to long chain alkanes, for ease of calculations a medium length alkane, 

Pentacosane, C25H52, was used to represent the paraffin wax mixture. 

The stoichiometric equation for combustion of Pentacosane is shown in ( 5-1 ). 

𝐶25𝐻52 + 38 𝑂2  
𝑦𝑖𝑒𝑙𝑑𝑠
→     25 𝐶𝑂2 + 26 𝐻2𝑂     

( 5-1 ) 

From this the ratio of specific heats of the products can be calculated using the method of mixtures, 

the mass fraction of CO2 is given by ( 5-2 ) which in turn can be used to find the mass fraction of 

H2O. The pressure coefficient of the mixture is then given by ( 5-3 ). The specific gas constant for 

the mix is given from ( 5-4 ) and from relationships ( 5-5 ) & ( 5-6 ) the ratio of specific heats of 

the mixture is calculated at 1.18. 

𝑀𝐹𝐶𝑂2 = 
25 �̃�𝐶𝑂2

25 �̃�𝐶𝑂2+ 26 �̃�𝐻20
      

( 5-2 ) 

    𝐶𝑝,𝑚𝑖𝑥 = 𝐶𝑝𝐶𝑂2𝑀𝐹𝐶𝑂2 + 𝐶𝑝𝐻2𝑂𝑀𝐹𝐻2𝑂     

( 5-3 ) 
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𝑅𝑚𝑖𝑥 = �̃� (
𝑀𝐹𝐶𝑂2
�̃�𝐶𝑂2

+
𝑀𝐹𝐻2𝑂

�̃�𝐻2𝑂
 )      

( 5-4 ) 

𝑪𝒗,𝒎𝒊𝒙 = 𝑪𝒑,𝒎𝒊𝒙 − 𝑹𝒎𝒊𝒙       

( 5-5 ) 

𝛾 =  
𝐶𝑝

𝐶𝑣
        

( 5-6 ) 

 

 

Figure 46: Combustor and Nozzle Flow Diagram. (Sutton, 2001) 
 

Figure 46 shows a schematic of the propellant gas flow through the combustion chamber and nozzle. 

The subscripts 1, t, 2 and 3 represent the combustion chamber, throat, nozzle exit and atmosphere 

respectively. This notation will be used for the duration of this section. Using ideal gas relations for 

constant stagnation temperature and pressure throughout the flow the throat volume ratio is 

calculated using ( 5-7 ), where V1 is found from ( 5-8 ), with an estimated combustion temperature 

of 9000 K and pressure of 30 MPa, these values were chosen in order to give a reasonable fuel mass 

value. 

𝑉𝑡

𝑉1
= [

(𝛾+1)

2
]

1

(𝛾−1)
      

( 5-7 ) 

𝑉1 =
𝑅𝑚𝑖𝑥 𝑇1

𝑝1
       

( 5-8 ) 
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The throat cross sectional area then is found from ( 5-9 ), where the critical throat velocity is the 

minimum velocity required for supersonic nozzle flow and is given by ( 5-10 ). 

𝐴𝑡 = 
𝑚 ̇ 𝑝𝑟𝑜𝑝 𝑉𝑡

𝑣𝑡𝑐𝑟𝑖𝑡
       

( 5-9 ) 

𝑣𝑡𝑐𝑟𝑖𝑡 = √
2 𝛾

𝛾+1
 𝑅𝑚𝑖𝑥 𝑇1       

( 5-10 ) 

For the maximum gas flow across the throat the pressure relationship becomes ( 5-11 ), where M is 

1 at the throat. The throat pressure can then be used to find the throat temperature from ( 5-12 ), and 

this may then be used to find the stagnation temperature and pressure from a combination of ( 5-13 ) 

and ( 5-12 ) again respectively. 

𝑝𝑡

𝑝1
= [1 + 

1

2
 (𝛾 − 1) 𝑀2]

𝛾 𝛾−1⁄
      

( 5-11 ) 

𝑇1

𝑇2
= (

𝑃1

𝑃2
)

𝛾− 1

𝛾
 =  (

𝑉2

𝑉1
)
𝛾−1

      

( 5-12 ) 

𝑇0

𝑇
= 1 + 

1

2
 (𝛾 − 1) 𝑀2       

( 5-13 ) 

The engine is designed to perform with operating conditions at 72.3 km altitude. At this altitude 

atmospheric pressure is almost zero so the nozzle is optimised for near vacuum operating conditions. 

For highest thermodynamic efficiency the nozzle should be as close to fully expanded as possible. 

Figure 47 shows the relationship between the pressure ratio, atmospheric pressure over nozzle exit 

pressure, and maximum thrust from the nozzle. The maximum thrust is achieved at a pressure ratio 

of 1, which corresponds to a fully expanded nozzle. 
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Figure 47: Effect of nozzle pressure ratio on maximum thrust. (Braeunig, 1998) 

The maximum internal diameter for the projectile was determined to be 0.48 m. The limiting factor 

in the design of the nozzle is therefore the exit diameter.  The combustion chamber pressure of 30 

MPa is an initial estimate chosen to give a small throat area from ( 5-8 ) and ( 5-9 ), and therefore 

a higher expansion ratio for the same nozzle exit diameter. The expansion ratio used is 1000, this 

yields an exit diameter of 0.439 m which can then be used to give Mach number at the nozzle exit 

from ( 5-14 ) as 6.29. 
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( 5-14 ) 

From the exit Mach number, the exit pressure and temperature can be calculated by finding the 

stagnation temperature from ( 5-13 ), where the Mach number is 1 at the throat. This relationship 

may then be used to find exit temperature, assuming an adiabatic nozzle.  Adiabatic flow properties 

can then be used to give the corresponding pressure from ( 5-12 ), and the propellant exit velocity 

may then be calculated from ( 5-15 ) as 3.6 km s-1, this value includes a nozzle efficiency of 98%. 

𝑣2 = 𝜂𝑁  √
2 𝛾

𝛾−1
 𝑅𝑚𝑖𝑥 𝑇1  [1 − (

𝑝2

𝑝1
)

𝛾−1

𝛾
]     

( 5-15 ) 
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Equation ( 5-16 ) can be used to find the ideal propellant consumption and the same relationship 

holds for total thrust and total propellant mass required. To achieve the required trajectory a total 

thrust of 7.15 MN is needed as calculated from Trajectory Simulation with a thrust per second of 

7.4 kN. This yields a mass flow rate of 2.0185 kg s-1 and a total propellant mass of 1950 kg. 

�̇�𝑝𝑟𝑜𝑝 = 𝐹𝑅𝑂𝐶𝐾𝐸𝑇 𝑣2⁄        

( 5-16 ) 

The individual propellant masses can be found using the optimum O/F ratio of 2.5 as found in Table 

11. This can then be used to give the volume required from propellant densities as LOX; 1393 kg, 

1.067 m3 and Paraffin; 557 kg, and 0.570 m3. 

 Oxidiser Tank 

To minimise the LOX tank volume, conditions for maximum density were chosen giving a 

minimum practical pressure of 0.1 MPa. The boiling temperature for oxygen at this pressure is 

54.36 K and the density at these conditions is 1306 kg m-3 (Jacobsen, 1997). The tank will require 

thermal insulation to reduce boil off of the LOX. 

The oxidiser tank will also require a pressure feed system to the combustion chamber which can be 

achieved through conventional methods using an extra gas pressure tank or turbopump feed system. 

Alternatively the oxidiser boil off and pressurisation problems can be combined to create a self-

contained pressure system within the LOX tank. To control engine throttle a pressure vent tube can 

be installed in the tank and the engine will be designed to give a maximum thrust based on the LOX 

boil-off rate. The tank has been designed to be thicker at the back end, as required for launch, 

discussed in Fuselage Design, this means that there will be less insulation at the front so boil-off 

can be expected in this area. Figure 48 shows a schematic of the proposed LOX tank pressure system. 

As the liquid oxygen boils it expands and the pressure of the gas increases, the exerted pressure on 

the liquid then feeds the combustion chamber and thrust can be reduced if necessary using the 

pressure vent valve. 
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Figure 48: Schematic of proposed self-pressurising LOX tank. 

 Combustion & Ignition 

For nozzle expansion to vacuum, ( 5-16 ), when rearranged for thrust, becomes ( 5-17 ), when 

including the term for the pressure difference at the nozzle exit with a nozzle which is not fully 

expanded. 

𝐹𝑅𝑂𝐶𝐾𝐸𝑇 = �̇�𝑝𝑟𝑜𝑝𝑣2 + (𝑝2 − 𝑝3)𝐴2      

( 5-17 ) 

Figure 49 shows the relationship between combustion chamber temperature and the mass of 

propellant required using the new thrust values. The graph shows that for the same propellant mass 

the combustion chamber temperature can be reduced to more reasonable value, calculated as 4656 

K for 1950 kg of fuel. This lower temperature reduces the thermal strain on the combustion chamber 

outer casing and also decreases the time taken for engine start. 
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Figure 49: Fuel mass required for change in combustion chamber. 
 

This new combustion chamber temperature in turn reduces the nozzle exit diameter for the same 

expansion ratio from equations ( 5-8 ), ( 5-9 ) & ( 5-11 ). Figure 50 shows the change in nozzle 

diameter with combustion chamber pressure. By reducing the combustion chamber pressure by 10 

MPa the nozzle diameter for a constant expansion ratio of 1000 increases by a negligible amount, 

this lower combustion chamber pressure reduces the engine start time and also relieves the structure 

of some axial stresses. 

 

Figure 50: Change in nozzle diameter with combustion chamber pressure. 
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In order to achieve the required mass flow rate of the propellant mixture the combustion chamber 

and fuel grain must be designed to give a sufficient regression rate. Regression rates in hybrid 

engines are very difficult to predict as they include very complicated thermo-fluid relationships. 

For even burn throughout the combustion chamber, various turbulence creating mechanisms and 

multiple oxidiser injection points are usually combined in more complex designs. For the scope of 

this project the chamber has been assumed to exhibit even mixing and fuel vaporisation throughout. 

A commonly used fuel burn rate model is the power-law correlation shown in ( 5-18 ) & ( 5-19 ). 

The parameters A* & B* and their corresponding power relations, n* and m* are obtained from 

empirical data, for comparative purposes values for paraffin with 3% carbon addition have been 

used and can be found in Table 12.  

�̇�𝑏 = 𝐴
∗ 𝐺𝑜𝑥,𝑎𝑣

𝑛∗        

( 5-18 ) 

�̇�𝑏 = 𝐵
∗ 𝐺𝑜𝑥,𝑎𝑣

𝑚∗        

( 5-19 ) 

Table 12: Empirical values for power-law correlation constants for 3% carbon paraffin 

(Chiaverini, 2007). 

Parameter Value 

A* 1.436 × 10 – 3    [kg s-1] 

n* 0.739 

B* 0.1463 × 10 –3   [m s-1] 

m* 0.634 

 

The oxidiser valve radius is related to Gox,av by relation ( 5-20 ). Using the values from Table 12 

and a reasonable value of Gox,av between 100-300 kg m-2 s-1 (Chiaverini, 2007), the operating valve 

radius was calculated at 0.001 m, using an oxidiser mass flow rate calculated from the O/F ratio 

and total propellant mass flow rate required. 

𝐺𝑜𝑥,𝑎𝑣 =
 �̇�𝑜𝑥

2 𝜋 𝑟𝑣𝑎𝑙𝑣𝑒
       

( 5-20 ) 

These values were calculated for comparative purposes only and deemed as reasonable for the 

engine design confirming the engine feasibility. 

The ignition system needs to withstand high g-forces and so a non-explosive ignition system 

concept has been selected for this project. The ignition will consist of wire mesh layers inside the 

fuel grain which can be heated to the fuel flash point which is 519.15 K. The fuel oxygen mix will 

then be ignited using a spark plug, a second spark plug will be required for redundancy. The wire 
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mesh will be expelled as additional propellant mass and the layers allow for re-ignition of the engine. 

The mesh will also double up as a support structure for the fuel grain as it experiences high-g at 

launch. 

 Nozzle Design 

The nozzle was designed in terms of expansion ratio, nozzle diameter and length. The nozzle 

follows a bell nozzle profile with a divergence half angle of 15°. The length was found as 0.555 m 

from optimisation curves for a bell nozzle with a diameter of 0.431 m, assuming no thermodynamic 

losses from friction (Tuttle, 1983). To reduce the overall projectile length and mass, the nozzle will 

need an expansion mechanism. A schematic and further detailed design of this mechanism can be 

found in Tail Design. 

The nozzle inlet temperature is 4656 K with an exit temperature of 465 K, the nozzle has been made 

from Carbon-Carbon Composite which can withstand temperatures of 2000-3000 K and therefore 

the nozzle will have ablative thermal properties. 

 Finance 

Oxygen is produced as a by-product of hydrogen extraction from electrolysis of water and therefore 

an economical way to attain the oxygen required as a propellant would be to harvest it from this 

process. The amount of oxygen produced per launch is 61572 kg. This is sufficient for 44 launches, 

almost the total proposed launches per year. Storage of these quantities would be impractical and 

costly and therefore it has been proposed the waste product is donated to the local community. 

For costing the rocket the price for raw oxygen has been obtained as a mass percentage of the cost 

of hydrogen production of 2.5%. The value obtained from this is $8351 USD. 

The current market for paraffin wax sits at $1230-$1425 USD per tonne of fully refined slab wax. 

This equates to (ICIS Pricing, 2014) a mere $0.875 USD per launch. The total cost for rocket engine 

propellants is therefore approximately $8352 USD per launch. 

Table 13 shows a cost breakdown of the rocket engine components and propellants. The price for 

oxygen taken as a percentage of the hydrogen cost as it is a by-product of the hydrogen extraction 

process. 

Table 13: Cost breakdown of rocket engine and propellants. 

Cost breakdown Price (USD) 

Oxygen (gas) 8351 

Paraffin Wax 0.875 

Total 8352 
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5.3 SABOT 

A sabot is required during the gun launch phase, to protect the projectile within the gun and to 

ensure a stable exit from the muzzle. Typically used when firing armour piercing, artillery rounds, 

sabots are well established in the field of ballistics. 

 Design Considerations 

The primary requirements of the sabot are to: 

 position and structurally support the projectile while in the barrel and during the gun launch 

phase, 

 obturation of the sabot to maintain maximum pressure behind the projectile, 

 minimize balloting of the projectile, 

 cleanly separate from the projectile upon exiting the muzzle, 

 limit wear of the gun barrel. 

The types of sabots used with artillery are broadly divided into two types: cup and ring. Examples 

of these can be seen in Figure 51. The primary difference between the two designs are that the cup 

sabot loads the entire projectile in compression at launch, whereas the ring sabot only loads the nose 

section in compression and the tail section in tension. For limiting the maximum stress within the 

projectile, caused by the sabot, the ring sabot is best. However due to the delicate components in 

the rear section of the projectile, such as the nozzle and combustion chamber, it is unwise to leave 

these sections unsupported during the high acceleration at launch. By using a cup sabot, the pressure 

created by the gun can be distributed away from the tail section and into the fuselage main structure. 

 Proposed Final Design 

The type of sabot to be used in Project HALO will be a ‘cup and rider’ design as seen in Figure 52. 

The purpose of the cup is to deform at launch sealing the gun barrel in order to maintain pressure 

behind the projectile. Secondly it protects the rear of the projectile by directing the compressive 

loads into the fuselage main structure. The role of the rider sabot, placed around the nose cone, is 

to support the nose of the projectile to reduce balloting. 
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Figure 51: Cup sabot, top; ring sabot, bottom (USMAC, 1972). 

 

Figure 52: Cup and rider sabot design (not to scale) 

 Structural Geometry 

The structure of the sabot is comprised of 8 individual segments; four make the cup sabot and four 

make the rider sabot. The internal surface of each sabot section are matched to that of the 

corresponding surface of the projectile, and the outer surface is to be of a close tolerance to the 

barrel bore. 

The design of the cup sabot section can be seen in Figure 53. The cup sabot will incorporate a 

reservoir of hydraulic fluid that will provide a buoyancy and pressure distribution effect upon the 

rear of the projectile. At launch, as the sabot deforms, the hydraulic fluid evenly distributes across 

the tail of the projectile, reducing the maximum compressive stress. Furthermore, as the fluid is 

allowed to fill both the inside and outside surface of the rocket nozzle, this provides a neutrally 

buoyant effect, effectively increasing the robustness of a normally fragile rocket nozzle (USMAC, 

1972). The cup sabot will also feature a shock absorbing section with the aim of reducing the initial 

instantaneous acceleration created by the gun. To aid obturation of the rear of the sabot, the rear 

face is concave in order to promote deformation of the edges.  

The structure of the rider sabot is shown in Figure 54. As it is only required to support and guide 

the nose cone, it is of a simple and lightweight design. 

The front surface of both the cup and rider sabot sections are angled to force the sabot away from 

the projectile upon exiting the barrel.  
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Figure 53: Cup sabot section showing the internal structure 

 

Figure 54: Rider sabot section 

 Material Selection 

The cup sabot sections are to be constructed of a multi layered material system, consisting of 

structural thermoplastic and an elastomer layer. A comparison between density, compressive 

strength and impact resistance is shown in Table 14. From the values shown it can be seen that 

polyamide with 30% glass fibre reinforcement provides the best compressive strength and impact 

resistance. Furthermore polyamide has a good chemical resistance to oils, such as hydraulic fluid.  

The shock absorbing layer will be a thermoplastic elastomer such as silicone rubber. Elastomers are 

widely used to dampen vibrations in industrial applications. The mass of each cup sabot section is 

28 kg. 

A solid lubricant will be used in the surface between the sabot sections and the gun barrel, reducing 

frictional forces within the barrel. The result of this will reduce the gun launch force required, sabot 

surface temperatures and wear to the inside of the barrel. A suitable solid lubricant would be 

Molybdenum Disulphide (MoS2) due to its good performance characteristics at high temperatures 

as well as in a vacuum. 

Table 14: Selection of thermoplastic structural data 

Material 
Density 
(g/c**2) 

Compressive 
Yield 

(MPa) 

Compressive Modulus 
(GPa) 

Izod 
Impact 
(J/c**2) 

Polyamide +30% Glass Fibre 1.4 220 12 1.5 

ABS +30% Glass Fibre 1.27 120 8 0.5 

Polystyrene 1.05 70 2.5 0.02 

Polyethylene HDPE 0.95 20 0.7 6.6 
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The rider sabot sections will also be moulded from Polyamide reinforced with 30% glass fibre, with 

a MoS2 barrel surface coating to reduce the coefficient of friction and reduce wear. The mass of 

each rider sabot section is 15 kg. 

 Sabot Separation 

Upon exiting the barrel, all the sabot sections must separate from the projectile without disturbing 

its flight or trajectory. The sabot sections will separate from the projectile through aerodynamic 

forces acting on the angled front surfaces as seen in Figure 53 and Figure 54. This will in effect 

force air flow in-between the sabot and the projectile, forcing the lighter sabot away from the 

heavier projectile. 

All the sabot sections are constructed from thermoplastic materials, therefore upon exiting the barrel, 

the sections will immediately start to melt and combust in the hypersonic flow due to the extreme 

high temperatures, as discussed earlier. The inflight destruction of the sabot sections will therefore 

mean that trajectory prediction and recovery of the sections are not required. 
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6 TRAJECTORY SIMULATION 

This section describes the MATLAB program for the trajectory simulation. The main purpose of 

the simulation program is to calculate the amount of fuel needed to get into orbit and forces affecting 

the projectile. On the other hand, it is used to estimate the in orbital time of the payload. The 

simulation program is also capable of displaying a 3D Earth plot with trajectory for visualization. 

6.1 MATLAB SIMULATION PROGRAM STRUCTURE AND PARAMETER 

The program calculates the projectile trajectory in 3D space with the given test parameters, which 

were obtained from the gun design, projectile design and thruster design.  

 Program Structure 

The program is based on the 3D matrix system that defines the position, orientation, velocity and 

forces acting on the projectile. The trajectory of the projectile is calculated in each time step, and 

program variables, such as drag, mass and velocity are recalculated at every time step to obtain the 

most accurate result. The time step is set to be 100 ms as the result of the program converges. 

 Coordinate System 

The MATLAB simulation is based on a 3D Cartesian coordinating system. Three frames of 

reference are created based on the inertial frame of reference (IFR), including the earth rotation 

frame, the position frame and the orientation frame. These frames of reference are calculated based 

on the IFR and they are updated in each time step in the simulation. Relationships between these 

frames are shown in Figure 55. 

 

Figure 55: MATLAB simulation coordinate system. 

 Forces acting on the Projectile 

In order to model the projectile trajectory, forces acting on the projectile have been identified. In 

our simulation, there are three main forces acting on the projectile, aerodynamic drag, gravitational 

force, and thruster force. The ultimate goal is to put the projectile in a LEO orbit of 500 – 800 km 

IFR 
Earth rotation 

frame 

Rotate by angular velocity 

Position frame 

Rotate by projectile latitude and longitude location 

Orientation frame 
Rotate by orientation angle 
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with a minimum orbital speed of 7000 km/s. The free body diagram of the projectile is shown in 

Figure 56 and the net force of the project can be calculated by equation ( 6-1 ). 

 

Figure 56: Free body diagram of the projectile. 

𝐹𝑇𝑜𝑡𝑎𝑙⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ⃗(𝑁) = 𝐹𝑡ℎ𝑟𝑢𝑠𝑡𝑒𝑟⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ⃗ − 𝐹𝐷𝑟𝑎𝑔⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ⃗ − 𝐹𝐺𝑟𝑎𝑣𝑖𝑡𝑎𝑡𝑖𝑜𝑛⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ⃗ 

( 6-1 ) 

The acceleration of the projectile can be calculated by Newton’s second law. 

𝐴𝑐𝑐𝑒𝑙𝑒𝑟𝑎𝑡𝑖𝑜𝑛 ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ⃗ (𝑚𝑠−2) =
𝐹𝑇𝑜𝑡𝑎𝑙⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ⃗

𝑚
 

( 6-2 ) 

Whereby: 

 𝑚 𝑖𝑠 𝑡ℎ𝑒 𝑚𝑎𝑠𝑠 𝑜𝑓 𝑡ℎ𝑒 𝑝𝑟𝑜𝑗𝑒𝑐𝑡𝑖𝑙𝑒 𝑎𝑡 𝑎 𝑔𝑖𝑣𝑒𝑛 𝑡𝑖𝑚𝑒 𝑖𝑛 𝑘𝑔 

 Thruster Force 

A thruster produces additional energy to the projectile in order to achieve an orbital speed. The 

thruster force varies from fuel type, specific impulse, mass flow rate and thruster design. 

 Aerodynamic Drag 

Aerodynamic drag is defined as the resistive forces that the projectile encounters when it is moving 

in the atmosphere (Mast & Halberstadt, 2007). The magnitude of drag increases with temperature, 

atmospheric pressure, humidity, speed and altitude. The equation of drag force is shown below. 

𝐹𝐷𝑟𝑎𝑔⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ⃗(𝑁) =
1

2
𝜌𝑎𝑣 

2𝐶𝐷𝐴 

( 6-3 ) 

𝐹𝐺𝑟𝑎𝑣𝑖𝑡𝑎𝑡𝑖𝑜𝑛 

𝐹𝑇ℎ𝑟𝑢𝑠𝑡𝑒𝑟 

𝐹𝐷𝑟𝑎𝑔 
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Whereby: 

 𝜌𝑎  𝑖𝑠 𝑡ℎ𝑒 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 𝑜𝑓 𝑎𝑖𝑟  𝑘𝑔/𝑚
3  

 𝑣 𝑖𝑠 𝑡ℎ𝑒 𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦 𝑜𝑓 𝑡ℎ𝑒 𝑝𝑟𝑜𝑗𝑒𝑐𝑡𝑖𝑙𝑒 𝑖𝑛 𝑚𝑠−2 

 𝐶𝐷 𝑖𝑠 𝑡ℎ𝑒 𝑑𝑟𝑎𝑔 𝑐𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡 

 𝐴 𝑖𝑠 𝑡ℎ𝑒 𝑓𝑟𝑜𝑛𝑡𝑎𝑙 𝑐𝑟𝑜𝑠𝑠 𝑠𝑒𝑐𝑡𝑖𝑜𝑛𝑎𝑙 𝑎𝑟𝑒𝑎 𝑜𝑓 𝑡ℎ𝑒 𝑝𝑟𝑜𝑗𝑒𝑐𝑡𝑖𝑙𝑒 𝑖𝑛 𝑚2 

Hence, by having a smaller cross-sectional area with a small drag coefficient, the drag incurred can 

be reduced and this indicates that a smaller thrust is needed to maintain the same acceleration. 

 Gravitational Force 

The gravitational force acting on the projectile is another resistive force acting on it. It pulls the 

projectile back to the centre of the Earth with reference to Newton's law of universal gravitation 

(Serway & Jewett, 2009). The law of universal gravitation is given by the following equation. 

𝑭𝑮𝒓𝒂𝒗𝒊𝒕𝒂𝒕𝒊𝒐𝒏⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  (𝑵) = 𝑮
𝒎𝟏𝒎𝟐

𝒓𝟐
 

( 6-4 ) 

 

Similar to the equation above, the gravitational acceleration can be defined as follows. 

𝐴𝑐𝑐𝐺𝑟𝑎𝑣𝑖𝑡𝑎𝑡𝑖𝑜𝑛⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  (𝑚𝑠−2) = 𝐺
𝑚1
𝑟2

 

( 6-5 ) 

Whereby: 

 𝐺 𝑖𝑠 𝑡ℎ𝑒 𝑔𝑟𝑎𝑣𝑖𝑡𝑎𝑡𝑖𝑜𝑛𝑎𝑙 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡, 𝑤ℎ𝑖𝑐ℎ 𝑖𝑠 6.673 × 10−11 𝑁(𝑚 𝑘𝑔⁄ )2 

 𝑚1 𝑎𝑛𝑑 𝑚2 𝑎𝑟𝑒 𝑡ℎ𝑒 𝑚𝑎𝑠𝑠 𝑜𝑓 𝑡ℎ𝑒 𝐸𝑎𝑟𝑡ℎ 𝑎𝑛𝑑 𝑡ℎ𝑒 𝑝𝑟𝑜𝑗𝑒𝑐𝑡𝑖𝑙𝑒 𝑟𝑒𝑠𝑝𝑒𝑐𝑡𝑖𝑣𝑒𝑙𝑦 𝑖𝑛 𝑘𝑔 

 𝑟 𝑖𝑠 𝑡ℎ𝑒 𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒 𝑏𝑒𝑡𝑤𝑒𝑒𝑛 𝑡ℎ𝑒 𝐸𝑎𝑟𝑡ℎ′𝑠 𝑐𝑒𝑛𝑡𝑟𝑒 𝑎𝑛𝑑 𝑡ℎ𝑒 𝑝𝑟𝑜𝑗𝑒𝑐𝑡𝑖𝑙𝑒 𝑖𝑛 𝑚 

The gravitational force increases with projectile mass and decreases with attitude. Fuel burn rate 

has been taken into account in order to get an accurate result. Furthermore, after the booster has 

been used, it will be dropped out of the projectile. It is expected that the gravitation force acting on 

the projectile will be reduced. 

 Displacement and Altitude calculation 

The displacement vector is measured as the displacement from the IFR centre with IFR coordinate 

representation. The location of the displacement vector is initialized at the launch site. By using the 
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acceleration vector, the displacement vector of the projectile can be calculated in each time step. It 

is given by the following equation. 

𝑑𝑖𝑠𝑐𝑢𝑟𝑟𝑒𝑛𝑡 ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ⃗ = 𝑑𝑖𝑠𝑝𝑟𝑒𝑣⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  +
𝑣𝑒𝑙𝑐𝑢𝑟𝑟𝑒𝑛𝑡⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  + 𝑣𝑒𝑙𝑝𝑟𝑒𝑣⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  

2
× 𝑡𝑠𝑡𝑒𝑝  

( 6-6 ) 

Whereby: 

 𝑑𝑖𝑠𝑐𝑢𝑟𝑟𝑒𝑛𝑡 ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ⃗ 𝑖𝑠 𝑡ℎ𝑒 𝑐𝑢𝑟𝑟𝑒𝑛𝑡 𝑑𝑖𝑠𝑝𝑙𝑎𝑐𝑒𝑚𝑒𝑛𝑡 𝑜𝑓 𝑡ℎ𝑒 𝑝𝑟𝑜𝑗𝑒𝑐𝑡𝑖𝑙𝑒 

 𝑑𝑖𝑠𝑝𝑟𝑒𝑣⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗   𝑖𝑠 𝑡ℎ𝑒 𝑝𝑟𝑒𝑣𝑖𝑜𝑢𝑠 𝑡𝑖𝑚𝑒 𝑠𝑡𝑒𝑝 𝑑𝑖𝑠𝑝𝑙𝑎𝑐𝑒𝑚𝑒𝑛𝑡 𝑜𝑓 𝑡ℎ𝑒 𝑝𝑟𝑜𝑗𝑒𝑐𝑡𝑖𝑙𝑒 

 𝑣𝑒𝑙𝑐𝑢𝑟𝑟𝑒𝑛𝑡⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗   𝑖𝑠 𝑡ℎ𝑒 𝑐𝑢𝑟𝑟𝑒𝑛𝑡 𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦 

 𝑣𝑒𝑙𝑝𝑟𝑒𝑣⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗   𝑖𝑠 𝑡ℎ𝑒 𝑝𝑟𝑒𝑣𝑖𝑜𝑢𝑠 𝑡𝑖𝑚𝑒 𝑠𝑡𝑒𝑝𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦 

 𝑡𝑠𝑡𝑒𝑝 𝑖𝑠 𝑡ℎ𝑒 𝑡𝑖𝑚𝑒 𝑠𝑡𝑒𝑝 𝑖𝑛 𝑠𝑒𝑐𝑜𝑛𝑑𝑠 

The altitude of the projectile is defined as the height of the projectile above the Earth’s surface. The 

equation for altitude is shown below.  

𝑎𝑙𝑡𝑖𝑡𝑢𝑑𝑒(𝑚) = |𝑑𝑖𝑠𝑐𝑢𝑟𝑟𝑒𝑛𝑡 ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ⃗| − 𝐸𝑎𝑟𝑡ℎ 𝑟𝑎𝑑𝑖𝑢𝑠  

( 6-7 ) 

 Pressure Model 

The atmosphere model used in this simulation is the NRLMSISE-00, which is based on MSIS-86 

and MSISE-90. It provides temperature and air density for any locations on the earth from 0 to 

1400km above the ground (Huba & Schunk, 2014). These values can be used to calculate the drag 

of the projectile in various altitudes. Figure 57 shows NRLMSISE-00 air density model against 

altitude. The air density drops exponentially from 1 to 0 and at 50km the air density is almost zero. 
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Figure 57: Air density against altitude with NRLMSISE-00 model. 

 3D Visualization 

The simulation program is capable of plotting the simulation output in order to provide a better 

visualization for customers. An example of the trajectory is shown in Figure 58. The figure below 

shows a 3D model of the Earth and the green line shows the target LEO orbit at 500 km with 0 

degrees of inclination. 

 

Figure 58: 3D visualization of the Earth. 

6.2 KEY SIMULATION PARAMETERS 

 Required Fuel Mass 

An iterative design process has taken place with the thruster design in Rocket Engine Design to 

calculate the force required from the booster and hence, calculate the fuel mass required. The result 

of the iteration shows that sending a 1474 kg projectile to LEO requires 1950 kg of fuel mass, 

providing 7.15MN of force. 
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 Launch Angle of the Gun 

The initial speed of the projectile provided by the gun is set to be 6000 km/s. This energy can be 

split over to vertical and horizontal energy in order to deliver a sufficient horizontal speed on the 

projectile for orbiting. This can be done by adjusting the launch angle 𝜃 with a simple trigonometry. 

 Determining optimal launch angle 

The ultimate goal of the gun and the booster is to send the projectile into the LEO orbit with a 

sufficient orbital speed and altitude. The launch angle determines the ratio of vertical and horizontal 

speed. A smaller launch angle means a higher vertical speed and lower horizontal speed and vice 

versa. In order to find the best launching angle, the ability of the gun with different launch angles 

has been examined by finding the maximum altitude of the projectile can reach without the use of 

the booster. The result is shown in Figure 59. 

 

Figure 59: Altitude of the projectile against time with different launch angles from vertical. 

Since our targeting LEO orbit is between 500 and 800 km, launch angles above 60 degrees have to 

be selected as smaller launch angles lead to overshooting of the target altitude. The launch angle of 

63 degrees is the best choice compared to the others because the maximum altitude it can reach is 

very close to 500 km which is our target altitude.  

A heavier projectile has to use a higher launch angle, this is because the projectile is less sensitive 

to the drag due to a higher inertia. Hence, the projectile has a lower deceleration in the lower 

atmosphere. Keeping the same launch angle with a heavier projectile will increase the maximum 

altitude that the projectile can reach and it is not desire. 

 Issues with large launch angle 

As mentioned before, the drag is affected by the air density, and the air density is the highest in low 

altitude. In order to minimise the drag, the launch angle should be as small as possible so as to 

provide a higher vertical speed to leave the high air density area as soon as possible. However, the 
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previous section concludes that launch angle at 63 degrees from the vertical is the optimum for the 

booster to operate. The effect of drag has been examined and it has been found that launching the 

projectile at 63 degrees leads to a 40% increase of drag in the first 30 seconds. Despite the fact that 

launching at 63 degrees increases the drag during the first 30 seconds, it is worth it as overshooting 

the LEO target range requires additional delta-v to push the projectile back to desire orbit. 

 Booster Start Time 

Since it is a one stage rocket, the booster was intended to start after it reached a certain attitude 

when the speed is low. In order to find out the optimal booster start time, the configuration of the 

thruster and the gun has been set to vertical so that all the forces acting on the projectile will be in 

the vertical direction. This method is used to determine the effect of delaying booster start time. 

The maximum altitude of the projectile is then plot against the booster start time with the same 

amount of fuel and burn duration. The optimal booster start time should give a maximum attitude 

in the graph. Figure 60 shows the result of the test. 

 

Figure 60: Maximum attitude the projectile can reach against booster start time. 

As shown in the graph, the earlier the booster is fired, the better the performance is. This can be 

explained as the drag at the beginning is the most significant. Firing the booster earlier can reduce 

the effect of drag and maintain the muzzle velocity of the projectile. On the other hand, the earlier 

the booster is fired, the less mass the projectile will have and hence the gravitational force acting 

on the projectile will be less. Therefore, in order to get the best efficiency, the booster should be 

started as soon as possible after leaving the gun. 

6.3 SIMULATION RESULTS 

This section shows the simulation findings of the current simulation configuration including launch 

angle, booster start time, drag, attitude, speed and orbital inclination. 
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 Simulation Parameter Summary 

Key simulation parameter of the MATLAB program is shown in Table 15. These values are 

obtained from thruster and projectile design. 

Table 15: MATLAB simulation parameters. 

Test parameter and values 

Launch location Papua New Guinea (147E, 6S) 

Launch altitude 2000 m 

Projectile dry mass 1474 kg 

Projectile fuel mass 1950 kg 

Drag coefficient, 𝑪𝑫 0.182 

Cross sectional area, A 0.2827 

Booster start time 30 seconds 

Launch angle 63° 
Orbit inclination 0° 

Desire orbit altitude 500-800 km 

Desire orbital speed 7 -8 km/s 

 

 Aerodynamic Drag  

The aerodynamic drag acting of the projectile changed significantly after launch. The drag 

experienced is about 1030kN just after launch. This high drag value can be explained by the 

equation stated in equation ( 6-6 ). As the launch speed is 6000 km s-1, the velocity is the dominant 

factor in the drag force. When the projectile gets to a higher altitude, the air density and temperature 

become much lower and hence the drag is the reduced to almost 0 N by 45 seconds after launch. 

Figure 61 shows the change in aerodynamic drag against time. 

 

Figure 61: Aerodynamic drag against time. 

Although the ideal optimal booster start time is as soon as the projectile leaves the gun, the projectile 

structure has to withstand both the thruster force and drag. This means that a stronger and thus 
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heavier supporting structure is needed to withstand 1030kN of drag force and thruster force acting 

on the opposite direction of the projectile body. Hence, the booster start time was decided to be 30 

seconds after launch as the drag force is reduced to 62.38N as the altitude is larger by this point in 

time. This makes a good balance of efficiency and structural design of the projectile. 

 Gravitational Force 

The gravitational force acting on the projectile depends on the gravitational acceleration due to the 

Earth and the projectile mass. The gravitational acceleration and gravitational force are shown in 

Figure 62 and Figure 63 respectively.  

 

Figure 62: Gravitational acceleration against time. 

 

Figure 63: Gravitational force against time. 

The gravitation acceleration, as shown in Figure 62, decreases from 9.8 ms-2 to 8 ms-2. This is 

because at higher altitudes the gravitation acceleration is lower as shown in section 6.1.3.3. The 
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gravitation acceleration remains constant at 8 ms-2 as the projectile has entered the orbit, i.e. no 

further altitude changes. 

Also, in Figure 63, the gravitational force decreases linearly when the booster is on. After the 

booster has completed burning, the booster section is dropped out of the projectile, leading to a 

significant drop of gravitational force. The gravitational force remains constant afterwards as there 

are no further changes on mass and gravitational acceleration. 

 Altitude of the Projectile 

The altitude of the projectile against time is obtained in the simulation and it is shown in Figure 64. 

 

Figure 64: Altitude of the projectile against time. 

The altitude of the projectile increases rapidly after launch with a maximum altitude of 750km. 

Then altitude of the projectile oscillates between 650km and 750km and this is due to a non-perfect 

circular orbit. The orbital shape can be improved by using cold gas thruster with a feedback control 

system. Orbital period can be calculated by the separation between peaks. In the above figure, the 

orbital period is 97 minutes which is very similar to a real LEO orbital period. 

 Speed of the Projectile 

The speed of the projectile is equal to the magnitude of the velocity vector. The instantaneous 

velocity vector is given by the equation below and the projectile speed against time is shown in 

Figure 65. 

𝒊𝒏𝒔𝒕𝒂𝒏𝒕𝒂𝒏𝒆𝒐𝒖𝒔 𝒗𝒆𝒍𝒐𝒄𝒊𝒕𝒚(𝒎𝒔−𝟏) = 𝒑𝒓𝒆𝒗𝒊𝒐𝒖𝒔 𝒗𝒆𝒍𝒐𝒄𝒊𝒕𝒚 + 𝒂𝒄𝒄𝒆𝒍𝒆𝒕𝒓𝒂𝒕𝒊𝒐𝒏 × 𝒕𝒊𝒎𝒆 

( 6-8 )  
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Figure 65: Projectile speed against time. 

As shown in the figure, the muzzle velocity was 6387 ms-1 initially. This includes the 6000 ms-1 of 

muzzle velocity with Earth’s rotational speed. The speed of the projectile significantly dropped 

during the first 30 seconds due to drag. This drop in speed varies with projectile mass, smaller 

projectile mass leads to a sharper speed drop as explained in section 6.2.2.1. 

The speed increases again at 30 seconds after launch as the thruster provides acceleration to the 

projectile. At about 1000 seconds, the projectile speed is maintained at about 7500 ms-1 with minor 

fluctuations as it has entered into orbit. The small variation of speed is due to the change in altitude. 

This can be explained by the Vis-viva equation. 

The Vis-viva equation defines the conservation of energy of an orbiting object. It defines the 

relationship between the orbital speed and the distance between the two masses (Logsdon, 1998). 

By using the Vis-viva equation, the orbital velocity of the projectile can be defined by the equation 

( 6-9 ). 

𝑣 (𝑚𝑠−1) = √𝜇(
2

𝑟
 − 
1

𝑎
) 

( 6-9 ) 

Whereby: 

 𝑣 𝑖𝑠 𝑡ℎ𝑒 𝑜𝑟𝑏𝑖𝑡𝑎𝑙 𝑠𝑝𝑒𝑒𝑑 𝑜𝑓 𝑡ℎ𝑒 𝑝𝑟𝑜𝑗𝑒𝑐𝑡𝑖𝑙𝑒 𝑖𝑛 𝑚𝑠−1 

 𝑟 𝑖𝑠 𝑡ℎ𝑒 𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒 𝑏𝑒𝑡𝑤𝑒𝑒𝑛 𝑡ℎ𝑒 𝑜𝑟𝑏𝑖𝑡𝑖𝑛𝑔 𝑏𝑜𝑑𝑖𝑒𝑠 𝑖𝑛 𝑚𝑒𝑡𝑒𝑟𝑠 

 𝜇 𝑖𝑠 𝑡ℎ𝑒 𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑 𝑔𝑟𝑎𝑣𝑖𝑡𝑎𝑡𝑖𝑜𝑛𝑎𝑙 𝑝𝑎𝑟𝑎𝑚𝑒𝑡𝑒𝑟 

 𝑎 𝑖𝑠 𝑡ℎ𝑒 𝑙𝑒𝑛𝑔𝑡ℎ 𝑜𝑓 𝑡ℎ𝑒 𝑠𝑒𝑚𝑖 − 𝑚𝑎𝑗𝑜𝑟 𝑎𝑥𝑖𝑠 
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In the above equation, 𝜇 and 𝑎 are constants, 𝑣 represents the orbital speed while 𝑟 represents the 

altitude of the projectile. Hence, the velocity of the projectile is increased when the attitude 

decreases and vice versa. 

 Projectile Trajectory 

The trajectory of the simulation is obtained and it is shown in Figure 66. As shown in the graph, the 

projectile launches in Papua New Guinea and rotates around the Earth with a small inclination. The 

small inclination is due to the latitude of Papua New Guinea and the gravitational force acting on 

the projectile. 

 

Figure 66: Trajectory of the projectile launching from Papua New Guinea. 

 Orbit Inclination 

Unlike a geostationary orbit (GEO), a LEO may have an orbital inclination to improved coverage 

since it is much closer to the Earth (Mullett, 2005). One of the most popular LEO orbits is the Sun 

Synchronous Orbit which has a 98 degree inclination from the equator, this orbit yields a constant 

sun elevation angle of a given point. The advantage of this orbit compared to 0 inclination orbit is 

that it covers all of the Earth’s surface which is best for remote sensing purpose (Tewari, 2007). 

The MATLAB simulation program launches the projectile in any location with any inclination 

angle. The trajectory of the Sun Synchronous Orbit launch trajectory from Papua New Guinea is 

shown in Figure 67. 
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Figure 67: Sun Synchronous Orbit launch trajectory. 

As the Earth is rotating, a 0 degree orbital inclination near the equator provides additional speed to 

the projectile due to the Earth’s rotation. However, launching to the Sun Synchronous Orbit requires 

additional fuel as the orbit inclination is non zero. 

 Relationship between Fuel Mass and Dry Mass 

The projectile mass determines the amount of fuel needed to send the projectile into the desired 

orbit. The amount of fuel required is proportional to the projectile mass. Ideally, the projectile dry 

mass should be kept low so that the structural design of the gun can be simpler. Figure 68 shows 

the fuel mass needed for different projectile masses obtained from the simulation. 

 

Figure 68: Fuel mass required against projectile mass. 

The result shows the fuel mass required is almost linear in the above dry mass range. 
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 Relationship between Fuel Mass and Muzzle Velocity 

The relationship between fuel mass and muzzle velocity is examined, the projectile dry mass has 

been set to be 1474 kg in this test. In the case of lower muzzle velocity, more fuel is needed to 

compensate the drop in muzzle velocity. Similarly, higher muzzle velocity results in less required 

fuel. The relationship between fuel mass required and muzzle velocity is shown in Figure 69. The 

figure shows that fuel required decreases exponentially with an increase in muzzle velocity. Having 

a high muzzle velocity is beneficial, as smaller projectile can be used. However, the muzzle velocity 

is limited by technology readiness on the gun and high-g survivability. 

 

Figure 69: Fuel required to enter LEO against muzzle velocity. 

6.4 SUPERGUN FINDINGS 

Throughout the simulation, a few limitations of the supergun have been observed.  

 Projectile Dry Mass 

The projectile dry mass has been changed a few times throughout the project to facilitate the fuel 

tank size and supporting structure. However, having a high projectile dry mass increases the fuel 

required and the costs associated with it. This leads to a high gun launch angle from vertical as 

mentioned in section 6.2.2.1. High gun launch angle leads to increase in drag as the projectile travels 

in low altitude for a longer period of time. A high projectile mass also suffers from high 

manufacturing costs and more complex gun design as more energy is required of the gun. 

 Drag Problem 

As stated in equation ( 6-3 ), the drag is proportional to the square of the projectile speed and air 

density. At low altitude, the air density and the projectile speed is the highest. This leads to a 

significant of drag force that is not experienced in a conventional launcher. This makes the 

projectile’s motion less efficient.  
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 Orbit Inclination 

As mentioned earlier, orbit inclination requires additional fuel compared to 0° orbit inclination. 

Adding more fuel into the projectile requires a larger fuel tank and perhaps a different gun design. 

In order to make a good profit on the reusable gun, the maximum projectile mass should be fixed 

throughout the gun lifetime.  

This simulation program creates the basics of projectile simulation, the simulation program can be 

improved by adding apocopate control system into the program to simulate the nozzle movement 

and its effect on the trajectory. On the other hand, the environmental factors such as wind, 

temperature and rain can be added to the program to get a more accurate trajectory. 

6.5 SUMMARY ON TRAJECTORY SIMULATION 

To conclude, the MATLAB interoperated parameters from thruster design and projectile design. 

The simulation shows that for a 1474 kg of projectile dry mass, 1950 kg of fuel is required. Launch 

angle is dramatically high due to this high mass. Also, various values has been examined in order 

to provide a better understanding on the trajectory. This simulation program provides a generic tool 

for this project. This allows users to simulate the launch from anywhere in the Earth with any orbital 

inclinations and provide a 3D visualization of the trajectory for project demonstration. 
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7 ELECTRONICS DESIGN 

In this section, difficulties with projectile avionics survivability and reliability are first investigated 

and methods to mitigate these concerns are addressed. Secondly, design considerations for the 

projectile avionics system are discussed by considering each sub-system in turn, and recommending 

hardware components to achieve each sub-system. Concluding the projectile avionics, the proposed 

final design is addressed, integrating the design into the projectile structure. The section concludes 

with ground station electronics considerations to communicate with the projectile. 

7.1 PROJECTILE AVIONICS SURVIVABILITY/RELIABILITY 

The supergun launch strategy provides a hostile environment for the electronics used in the 

projectile. In this section, the sources of concern are stated, and methods to mitigate these effects 

in the design of the projectile avionics are discussed. 

 High/Low Temperature Electronics Survivability 

It is understood that the supergun launch strategy would lead to considerable temperature 

extremities due to (P.Cox, 2014), (NASA, NASA, 2014): 

 Compression of Hydrogen 

 Barrel friction 

 Shock waves 

 Skin friction 

 Solar Radiation 

These conditions are problematic due to the operating temperatures of electronics being limited, 

typically -55°C to 125°C for military grade electronics integrated circuits and components, and 

approximately -30°C to 60°C for batteries (Xilinx, 2014), (Administration, 2014). 

To protect the electronics from malfunction and damage, it is necessary to implement a Thermal 

Control System (TCS) which can regulate the electronics systems through passive means such as 

Multi Layer Insulation (MLI) blankets and active methods such as radiators using temperature 

sensor information. The design of a TCS such as would be required for this project is well 

established, due to developments in electronics for atmospheric entry whereby temperatures of 

1650°C or greater can be observed (Aerospace, 2014).  

 High g Launch Electronics Survivability 

One key difference between a rocket launch and gun based launch is that whereas a rocket launch 

typically operates accelerations of around 4g, a gun launch can be in the order of thousands of g 

(Page, 1988) (P.Cox, 2014). This is due to the rapid acceleration in the gun launch method used to 

achieve the high velocity required to attempt orbital insertion. 
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A key design choice in regards to the gun design to reduce the peak g force loading is using a gun 

with large calibre and using a discarding sabot. Internally, within the projectile, despite g force 

loading being reduced by gun design choices, there will still be a very large g force loading.  

Loading that may impact on internal circuitry can be from a number of sources, including (L3 

Communications Interstate Electronics, 1999): 

 Setback shock from axial acceleration 

 Setforward shock at gun barrel exit 

 In barrel lateral shock due to imperfections in the barrel 

 Centrifugal force from rifling or spinning of the projectile 

 

Figure 70: Gun shock acceleration vs. time profile a) theoretical b) real (Colibrys, 2012) 

To accurately characterise the potentially damaging mechanical properties of the launch method, it 

is desirable to analyse the short duration shock pulse in time and frequency as shown in Figure 70. 

It can be seen that the real acceleration characteristic has two distinct regimes: long high magnitude 

shock as in the ideal case and high frequency shocks due to imperfections in the gun design 

(Colibrys, 2012). Such test curves are useful as they allow the projectile designer to determine 

potential mechanical resonance damage, and to design for the high axial acceleration loading.  

Failure modes of electronic circuitry can be characterised in the following categories (L3 

Communications Interstate Electronics, 1999): 

 Short and open circuit tracks 

 Detachment of parts 

 Cracks in parts or epoxy 

 Change in value for resistors, capacitors, inductors, crystal oscillators 

The electronic systems of the projectile can be ruggedised in numerous ways including (L3 

Communications Interstate Electronics, 1999): 



Supergun - Project HALO 

92 

Electronics Design 

Jack Feakins 

 Use of low height surface mount resistors, capacitors, inductors 

 Use of Stress-Compensated (SC) crystals 

 Use of Ball Grid Array (BGA) integrated circuit packages 

 Smaller, thicker and well supported PCBs with metal stiffener supports 

 Adhesive and epoxy encapsulation of components 

 Electromagnetic Compatibility (EMC) 

Electromagnetic Interference (EMI) is an unwanted disturbance that is found in electrical circuitry, 

caused by the presence of electromagnetic fields. Electromagnetic Compatability (EMC) is a term 

used to characterise design to achieve acceptable behaviour of circuitry when subjected to 

electromagnetic fields. Electromagnetic interference occurs due to numerous mechanisms as 

depicted in Figure 71. 

 

Figure 71: Electromagnetic Interference Coupling Mechanisms (The University of British 

Columbia, 2015) 

The mechanisms depicted in Figure 71 for electromagnetic interference are commonly termed 

Radiative, Inductive, Capacitive, and Conductive. Radiative coupling occurs due to electromagnetic 

wave propagation from circuitry, Radio Frequency (RF) antennas and external sources such as the 

Sun, and occurs over distances greater than the wavelength in consideration. Inductive coupling 

refers to magnetic induction whereby a varying magnetic field couples between two conductors, 

causing a change in voltage along the receiving conductor, and occurs for distances smaller than 

the wavelength in consideration. Capacitive coupling refers to electrical induction whereby a 

varying electric field exists between conductors spaced less than that of the considered wavelength 

apart, causing a change in voltage across the gap between the conductors. Conductive coupling is 

used to define in phase and anti-phase noise presented due to a conductive path such as a wire, cable, 

or PCB traces. 

Major sources of EMC issues arise from the following sources (Fortescue, 2003): 
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 Switch Mode Power Supplies (SMPS): the use of high transistor switching speeds and 

magnetic elements, with high magnitude currents and voltages lead to EM radiation at the 

fundamental switching frequency and at harmonic frequencies. 

 DC Motors / Actuators: the use of Pulse Width Modulation (PWM) to drive inductive 

elements causes a similar EMI to that created by SMPS. 

 EM wave reflections caused internally within wiring due to unmatched impedances 

between electrical interfaces. 

 Susceptibility of cables and the wiring harness to EM radiation. 

To attain a good EMC design, the effects of EMI can be mitigated by (Fortescue, 2003): 

 Choice of low switching speed operation SMPS and PWM to reduce EM emissions. 

 Provision of magnetic screening using a Mu-metal alloy, which has low magnetic 

reluctance and hence can be used to block low frequency magnetic fields. 

 Using RF design techniques as used in transmission line theory, to match transmitters and 

receivers in impedance to stop unwanted reflections and ensure that the power is 

delivered to the load completely 

 Use of Low Voltage Differential Signalling (LVDS), screened and twisted cables to 

reduce susceptibility to EMI 

  



Supergun - Project HALO 

94 

Electronics Design 

Kin Man Benjamin Lee 

 Risk of Communication Blackout during Launch  

During launch the projectile attains high-hypersonic speed. At this speed, energy is dissipated due 

to friction. The dissipated energy converts to heat and results in high temperature and ionization of 

gas. The ionized atoms form a plasma layer around the projectile, which attenuates the signal 

radiated by the projectile antenna, causing communication blackout. 

Two types of approaches are used to solve the communication blackout problem, namely passive 

and active plasma control. Passive plasma control is to design the object with a sharper front to 

produce a much thinner plasma layer while active plasma control uses a different technique to create 

a transmission window for the antenna to transmit and receive. Example active plasma control 

techniques include electrophilic injection, aerodynamic gas spikes and the use of electric and 

magnetic fields (Kim, Keidar, Boyd, & Morris, 2007). One of the proposed solutions is to place an 

electric field around the area of the antenna with a magnet under it as shown in Figure 72. The 

working principle of this setup is to create a window with a much lower plasma density for the 

antenna to communicate. With the use of this system, the blackout attenuation can be reduced to 

10dB in the operating frequencies considered for the projectile. 

 

Figure 72: Example of active plasma control (Kim, Keidar, Boyd, & Morris, 2007) 

By using this system with the antennas, the communication system will be able to provide a high 

reliability of communication service to the projectile.
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7.2 PROJECTILE AVIONICS DESIGN CONSIDERATIONS 

In this section an overview of the required avionics system is depicted in terms of sub-systems. For 

each sub-system in turn, design considerations are addressed, followed by selection of appropriate 

hardware to fulfil the sub-system requirements. 

 Projectile Avionics Sub-System Overview 

An avionics system comprises all electrical and electronic circuitry on-board a vehicle used in 

aviation. The primary purpose of the avionics in a space launch vehicle with satellite payload is to 

enable monitoring and control of the vehicle from launch until successfully reaching the desired in-

orbit location for satellite deployment. Figure 73 shows a sub-system overview of the required 

projectile avionics systems.  

 

Figure 73: Projectile avionics sub-system overview 

For all sub-systems, a small form factor and low mass is to be considered, aiding the projectile 

design by keeping its mass low the cross sectional area of the projectile low to minimise drag. 

PC/104 form factor hardware modules are typically found on CubeSats, as the PC/104 form factor 

is designed to fit within the CubeSat chassis as a modular unit allowing the circuits to be connected 

by a stackable wiring connection (Consortium, 2014). Due to the small form factor (90 x 96 mm) 

and low mass of the PC/104 based circuitry, as well as standardised interconnection between the 

modules and space-certified operation of available units, PC/104 hardware modules are proposed 

as solutions where applicable. 

 Electrical Power System (EPS) 

The Electrical Power System (EPS) is used to provide the appropriate regulated electrical power to 

all active avionics circuitry. The system comprises a battery power source, electrical power system 

module to regulate power, and a power distribution module to actively control powering of circuitry. 
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The projectile’s on board electronics require battery power to operate, unlike satellites, which 

mainly utilise solar panels to provide energy. The choice of battery power over solar power is clear 

for the projectile, as solar power on Earth requires adequate sunlight, which cannot be guaranteed 

for all stages of launch. Furthermore, the vehicle is single use, and hence the cost of the solar panels 

is not warranted. Most importantly, the solar cells would require mounting on the exterior of the 

projectile, and hence would be subjected to extremely high temperature which may cause damage. 

Firstly, the use of off the shelf batteries on the projectile was considered to save cost. For batteries 

to be compatible with the proposed launch method, they must be reliable at high-g and high 

temperature as outlined in Projectile Avionics Survivability/Reliability. It was found that off the 

shelf lithium batteries have been tested for ballistic telemetry systems. The key findings of research 

showed that a CR2 battery can survive in a high-g environment from 35000 to 60000 g without 

dropping performance, but is limited to a narrow range of operational temperature (Bukowski, 

2009).  

The limited operating temperature of off the shelf batteries is considered to be unacceptable, and 

hence space certified batteries were then investigated. Space certified batteries of lithium-ion or 

nickel-hydrogen type are widely used on spacecraft and satellites due to high specific energy ratings 

and ability to survive extreme conditions (Saft, 2013). With the same energy capacity, lithium-ion 

batteries are normally smaller in volume and mass, which is useful for the projectile design.  

As of the above considerations, a readily available space certified lithium-ion battery module in 

PC/104 format is proposed to fulfil the requirements of the projectile from (Clyde Space, 2015). 

The battery module selected also includes integrated temperature sensing and heating required for 

the Thermal Control System. To regulate the battery power for other sub-systems, a space-certified 

readily available PC/104 format Electrical Power System module is to be used from (Clyde Space, 

2015). Correspondingly, a space certified readily available PC/104 format Power Distribution 

Module is to be used to distribute power actively to avionics circuitry from (Clyde Space, 2015).  

 On Board Computer (OBC) 

 Hardware Design 

The On Board Computer (OBC) sub-system is used to interface between the sub-systems by 

processing data from sub-system outputs and providing the corresponding outputs as required to all 

sub-systems inputs, enabling the desired system operation. 

For the projectile, a small form factor circuit board of low mass is to be considered. To accomplish 

this, a PC/104 form factor printed circuit board is to be used containing a 

configurable/programmable On Board Computer (OBC).  
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A Field Programmable Gate Array (FPGA) is essentially an array of many digital logic elements, 

which can be programmed by a user to define digital hardware (firmware) such as CPUs, memory 

and communications transceivers to allow processing of data and communications with external 

hardware. Furthermore, FPGAs are reprogrammable in flight, which allows adjustments to be made 

to firmware implemented control algorithms following launch and calibration (Fortescue, 2003).  

FPGA based development boards are readily available in the PC/104 form factor with general 

purpose interfaces to peripherals. The use of an FPGA development board with general purpose 

Low Voltage Differential Signalling (LVDS) and Low Voltage Transistor-Transistor Logic 

(LVTTL) hardware interfaces that are resilient to interference, allows interfacing with a wide 

variety of sensors, actuators, and other sub-system circuitry. The bus communications transceivers 

required to interface with peripheral hardware are able to be implemented in firmware within the 

FPGA, allowing connection to typical bus systems utilised in space electronics, including Compact 

PCI, PC/104, UART, I2C, SPI, CAN, Ethernet and more. 

As of the above considerations, a readily available FPGA based development board with PC/104 

form factor is to be used for the projectile from (RTD Embedded Technologies, 2014). 

 Firmware Design  

The FPGA is to be programmed with an Attitude Control System (ACS) which takes inputs from 

the Inertial Measurement Unit (IMU) and Telecommunications sub-systems. The IMU provides 

measurement of attitude and translational acceleration. Navigational data received by the 

Telecommunications system provides measurement of position. These measurements can be 

interpreted using a hardware defined Proportional Integral Differential (PID) control algorithm on 

the FPGA. The FPGA can then provide the necessary outputs to the Propulsion / Reaction Control 

System to give adjustments to the vehicle’s acceleration magnitude and direction according to the 

desired flight path.  

The IMU sub-system measurements and navigational data received by the Telecommunications 

system are processed by the OBC and are communicated to ground control through the 

Telecommunications sub-system to allow monitoring of the flight trajectory. Monitoring of the 

internal status of the projectile, such as temperatures, pressures, battery power, and any other 

required information is also to be communicated to the Telecommunications sub-system from the 

OBC to allow monitoring of operating conditions from the ground station. The Telecommunications 

system can also be used to provide the OBC with control signals from the ground station, allowing 

manual over-ride of control algorithms, re-programming, and control for jettison of stages and 

satellite deployment.  
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 Inertial Measurement Unit (IMU) 

The Inertial Measurement Unit (IMU) provides measurement of attitude and translational 

acceleration. 

For the projectile, it has been decided that gyroscopic sensors and magnetometers are to be used to 

provide attitude measurement, and accelerometers are to be used to provide translational 

acceleration measurement. 

 

Figure 74: Three translational and three rotational axis of example aeroplane (The 

University of Texas at Austin, 2014) 

Attitude sensors are used to generate measurements that describe the physical orientation of the 

projectile. The attitude sensor is based on the roll, pitch and yaw rotational axes as shown in Figure 

74. Accelerometers are used to measure translational acceleration of the projectile. The 

accelerometer is based on the x, y and z directional axis in Figure 74. An Inertial Measurement Unit 

(IMU) that provides measurement of both translational and rotational movement, and hence 

contains both attitude sensors and accelerometers. 

 Attitude Sensors 

There are two types of attitude sensors typically used for launch projectiles. Relative attitude 

sensors measure the angular velocity of the projectile, which can be integrated to find the attitude 

relative to either a known initial attitude, or external information. Relative attitude sensors are 

most commonly implemented as a mechanical gyroscope, which measures the change in attitude 

relative to a gyroscope rotor accurately, however these devices are subject to measurement error, 

which accumulates due to random drift.  

Absolute attitude sensors rely on sensing external phenomena such as physical objects or 

magnetic fields to give a definitive absolute attitude. Examples include Sun Sensors and Star 

Sensors, which give the attitude of the projectile relative to these fixed points in space. Another 

example of an absolute attitude sensor is a magnetometer, which measures the direction of 
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magnetic field and compares to a stored map (on the OBC) of the magnetic in field in space to 

correlate the absolute attitude in space relative to, for example, the Earth. Absolute attitude 

sensors have low drift and low accuracy compared to relative attitude sensors (Fortescue, 2003). 

Combining the high accuracy and high drift relative attitude sensing with low accuracy and low 

drift absolute attitude sensing, a system can be yielded which accurately gives attitude. The 

combined system uses absolute attitude sensors to correct errors in attitude measurement that 

accumulate in relative attitude sensors (Fortescue, 2003). 

 Accelerometers 

Accelerometers are available in various forms, including open-loop piezoelectric and 

peizoresistive and capacitive accelerometers, and closed-loop servo type accelerometers. Open-

loop accelerometers rely on mass displacement, retained within a material or construct, which 

flexes to constrain movement of the mass. As of such, open-loop accelerometers are subject to 

small errors due to non-linearity in the flexural elements. Closed-loop accelerometers such as the 

servo type accelerometer, are used to balance the mass used for measurement in a null 

displacement using closed loop control, hence alleviating the non-linearity of open-loop 

accelerometers. Despite the increased cost of servo type accelerometers compared to open-loop 

accelerometers, this technology is to be used to measure the translational acceleration of the 

projectile due to the desire for high accuracy (Wilson, 2004).   

 Hardware Selection 

Micro-Electro-Mechanical System (MEMS) devices are semiconductor fabricated and combine 

multiple electro-mechanical sensors into one very small integrated circuit. The primary advantage 

of MEMS devices compared to traditional electromechanical devices, is reduced mass and volume.  

Therefore a readily available MEMS package combining gyroscopes, accelerometers and a 

magnetometer is to be used to fulfil the requirements of the projectile, known as an Inertial 

Measurement Unit (IMU) (Analog Devices, 2015). 
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 Telecommunications  

The Telecommunications sub-system is used to communicate with the ground control station to 

enable monitoring of the vehicle from the ground, and control commands to be sent to the vehicle 

from the ground. Furthermore, the system is used for navigation, which allows for the position of 

the projectile in space to be determined. The system comprises of hardware including antennas, 

amplifiers and transceivers. 

To enable monitoring and control of the projectile from the ground, the telemetry and command 

functionality of a Telemetry, Tracking and Command (TT&C) system is used. To determine the 

location of the projectile, it has been decided that two positioning systems are to be used in 

combination, giving redundancy should one of the positioning systems be unable to provide 

coverage at the location the projectile is present. The primary navigation system uses the tracking 

functionality of the TT&C system which determines the position of the projectile by communication 

with ground stations. The secondary navigation system utilises Global Navigation Satellite System 

(GNSS) which determines the position of the projectile by communication with satellite 

constellations. 

In the following sub-sections, the two communications systems (TT&C and GNSS) are described, 

followed by a discussion of antenna/amplifier/transceiver solutions to be used on the projectile. 

 Telemetry, tracking, and command subsystem (TT&C)  

Telemetry, tracking, and command subsystem (TT&C) is a common system that is responsible for 

monitoring and controlling from take-off to in-orbit location (Pattan, 1993). The system is also 

responsible for data transmission from the projectile to the ground, reception of control instructions 

for the projectile, and tracking of the projectile position. TT&C typically operates on S-band 

frequencies in the range of 2 GHz to 4 GHz. Figure 75 shows the overview of the TT&C system. 

 

Tracking system 
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Figure 75: Telemetry, tracking, and command (TT&C) block diagram. 

The telemetry system collects all the data required to monitor the projectile, including: temperatures, 

pressures, battery power, attitude, acceleration, and position. The data is usually digitised and coded 

with Frequency Shift Keying or Phase Shift Keying before transmission via an omnidirectional 

antenna (Mitra, 2005). Uplink and downlink frequencies are usually separated, and use different 

antennas to prevent unwanted interference caused by sharing the same communications channel for 

bi-directional (duplex) communications (Fortescue, 2003). 

The tracking system is capable of locating the projectile using multiple ground station antennas, 

which communicate to the projectile’s Telecommunications system antennas. By computing the 

time delay and earth elevation angles, the location of the projectile can be triangulated by the OBC 

and relayed to the ground station, similar to a GPS system (Mitra, 2005). 

The command system is used to control the projectile, triggering specific actions which are 

interpreted by the OBC after processing the received data. The system interfaces with the OBC to 

provide manual override functionality and enable fine-tuning of the ACS remotely to ensure the 

desired flight path is followed. These commands can protect the project from entering other satellite 

orbits due to unexpected disturbance forces. Furthermore, in order to prevent unauthorized TT&C 

commands, the data transmitted over the communications channel is normally encrypted.  

 GNSS (GNSS)  

Global Navigation Satellite System (GNSS) uses a system of satellites, which communicate with 

the projectiles ‘Telecommunications’ system to determine its position. The system provides global 

coverage including LEO orbital altitudes by using a Medium Earth Orbit (MEO) satellite 

constellation such as GPS, GLONASS and Galileo or combinations of readings from different 

systems to triangulate the position of the projectile. GNSS systems typically operate on frequencies 

in the L-Band from 1 GHz to 2 GHz (National Astronomy and Ionosphere Center, 2014). The 

coverage of the GNSS system is shown in Figure 76. 

 

Figure 76: GNSS coverage (Dunbar, 2014). 
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 Antenna Theory  

To implement the TT&C and GNSS systems for the projectile, it is necessary to review antenna 

design fundamentals, which impact upon the choice of antenna to achieve an adequate interface 

with these communications systems. 

Antennas are electrical devices that are used as a transmission medium for radio waves. Antennas 

have different directional performance (gain) and can be operated in a wide range of frequency 

depending on the satellite communication requirements, which is important to consider as the gain 

and choice of frequency impacts the performance of the communications link.   

An isotropic antenna distributes power in all directions equally, and is used in the comparison of 

different antennas. There are various antenna designs, all of which have different radiation pattern 

properties, whereby the antenna gain varies. The gain characterises directivity relative to an 

isotropic antenna and efficiency. Equivalent Isotropic Radiated Power (EIRP) defines the amount 

of power required for an isotropic antenna to achieve the peak power of a directional antenna, 

observed in the direction of maximum gain. Therefore, the EIRP term is used to represent the power 

observed when transmitting a given amount of power using any antenna. This is done by 

considering a fixed direction corresponding to its maximum gain, allowing for comparisons to be 

made between different antennas. The relationship between EIRP and antenna gain is given below. 

EIRP(𝑑𝐵𝑊) = Power(𝑑𝐵𝑊) + Antenna Gain(𝑑𝐵𝑖) 

( 7-1 ) 

To consider the received power at an antenna receiver, it is important to consider losses that occur 

during transmission. These losses include free space loss, receiver feeder, antenna misalignment, 

atmospheric absorption and polarization mismatch, in which free space loss is the most significant 

loss (Roddy, 1989).The equation of free space loss is given below. 

Free space loss(𝑑𝐵) = 10 log [
4𝜋𝑑

λ
]
2

 

( 7-2 ) 

Where d represents the distance between the satellite and earth station in meters, and 𝜆 =

 
𝑆𝑝𝑒𝑒𝑑 𝑜𝑓 𝑙𝑖𝑔ℎ𝑡(𝑚)

𝐹𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦(𝐻𝑧)
 represents the wavelength of the transmission frequency. 

The received power for an antenna in the direction of maximum gain of a transmitter, accounting 

for loss is shown in equation ( 7-3 ). 
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Received power(𝑑𝐵𝑊) = EIRP(𝑑𝐵𝑊) + Reciever gain(𝑑𝐵𝑖) − Total losses(𝑑𝐵) 

( 7-3 ) 

When considering practical antenna links, the term beamwidth corresponds to the angle at which 

half the maximum power is observed, and is used to specifying the operational range of angles for 

communications to or from the antenna.  

 Antenna Design 

As shown in equation ( 7-2 ), the free space loss increases with distance and frequency. Hence, 

selecting a lower frequency for transmission can reduce the power and EIRP requirements on both 

satellite and ground station transceivers as shown in ( 7-3 ). However due to the fixed allocation of 

bands used for TT&C and GNSS, the ability to select frequency is limited (National Astronomy 

and Ionosphere Center, 2014). 

From consideration of equation ( 7-1 ) and equation ( 7-3 ), it is clear that the antennas directivity 

(gain) is crucial to the success of the system. 

 
 Figure 77: Radiation pattern and characteristics of Patch antenna and Parabolic Dish 

Antenna 

The radiation pattern of antennas considered for the projectile and associated ground stations are 

given in Figure 77. It can be seen that compared to the isotropic radiation pattern, patch antennas 

are highly directive and while retaining a broad beamwidth, whereas a parabolic dish antenna has 

high directivity with the compromise of a narrow beamwidth.  

Ground stations typically implement parabolic dish antennas for transmission and reception as of 

the ability to concentrate high power towards the projectile by means of tracking its movement. The 



Supergun - Project HALO 

104 

Electronics Design 

Jack Feakins 

projectile has to communicate with many ground stations in different locations to allow for TT&C, 

and also must communicate with many satellites that form a constellation in GNSS. As of such, an 

ideal solution for the projectile is an array of patch antennas, spaced to achieve a near omni-

directional gain pattern, which alleviates the electrical and mechanical complexity, as well as mass 

associated with an active control system that performs antenna alignment.  

Space qualified patch antennas are readily available in a low mass and low volume format suitable 

to the operating frequencies of both TT&C (S-band 2-4GHz) and GNSS (L-band 1-2GHz), and can 

be integrate well with the mechanical structure internally allowing for adequate shielding from 

high-g and high temperature. The proposed patch antennas are from (SSTL, 2014) for TT&C and 

from (Pulse Electronics, 2011).  

 

Figure 78: Proposed antenna placement with 120 degree separation between antennas on 

the same frequency channel to provide omni-directional gain 

The proposed antenna placement is depicted in Figure 78 covering all three channels of 

communication: TT&C uplink, TT&C downlink and GNSS reception. Three patch antennas are 

used to provide a combined radiation pattern which is omni-directional assuming 120 degree 

beamwidth for each patch antenna.  

 Low Noise Amplifier (LNA) / High Power Amplifier (HPA) 

The need for low noise and high power amplifiers to be placed near antennas for receivers and 

transmitters respectively is a well-known technique to supress unwanted noise in the 

communications link (Microwaves101, 2015). A typical signal chain is depicted in Figure 79. 
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Figure 79: Typical RF signal chain including LNA/HPA 

Suitable amplifiers are readily available in suitable low mass and low volume form factor and are 

to be used for the projectile by mounting with an appropriate heat sink close to each antenna inside 

the projectile (Infineon Technologies, 2014).  

 Transceivers 

Transceivers for TT&C and GNSS are readily available in PC/104 format, which meets the low 

mass and low volume requirement for compatibility with the projectile. These modules are to be 

used on the projectile to allow communication with the OBC through a standardised bus such as 

CAN (SSTL, 2004). The modules to be used are given in: (ISIS, 2014) for the S-band transmitter, 

(Innoflight, 2015) for the S-band receiver and (Pumpkin, 2014) for the L-band receiver. 

 Thermal Control System 

The Thermal Control System ensures that electronics are not damaged due to high or low 

temperature extremes caused by the launch operation and orbit environment. Furthermore it is used 

to ensure that the electronics system operates at within the specified operational limits, such that 

malfunction and error is not observed. 

The thermal control system for space launch vehicles and satellites typically consists of passive 

protection such as Multi-Layer Insulation (MLI) Blankets and an active control system using 

heaters and temperature sensors. 

The thermal control system to be utilised in the projectile is required to sustain extremely high 

temperatures, which can be mitigated through the mechanical design of the projectile to reduce 

thermal emissivity to the avionics system, and use of MLI blankets. Another consideration which 

must be considered is extremely low temperatures, which are a particular concern for the batteries 

used in the Electrical Power System whereby the minimum allowable temperature is generally 

much higher than that of electronic circuitry. To maintain a suitable operating temperature and 

battery performance, temperature sensors are to be mounted to measure battery temperature, and 

active heaters are to be placed in close proximity with the battery which are to be activated by the 

OBC when the temperature is too low.  
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As detailed in the Electrical Power System, the battery module to be used includes temperature 

sensing and heaters and communicates over a common bus, enabling a thermal control system 

(Clyde Space, 2015). 

 Propulsion / Reaction Control System 

The Propulsion / Reaction Control System enables adjustments to the vehicle’s acceleration vector 

according to the desired flight path using a control system programmed into the OBC. 

The reaction control is performed by the rocket motor which is described in the Rocket Engine 

Design. The system comprises a rocket motor with a propellant tank and combustion chamber, and 

a gimbal thrust rocket nozzle. 

To control the operation of the propulsion system, an electrically operated valve between the 

propellant tank and combustion chamber is operated, and a source of ignition is in the combustion 

chamber is electrically controlled. 

To monitor the operating conditions of the rocket, pressure and temperature sensors are required 

for the propellant tank, combustion chamber and nozzle. This information is processed by the OBC 

to modify the valve and ignition operation to optimise the combustion efficiency of the rocket. 

7.3 PROJECTILE AVIONICS PROPOSED FINAL DESIGN 

In this section the final design is proposed, whereby the modules selected in the Projectile Avionics 

Design Considerations section are integrated with the projectile structure, and the interface to enable 

the design is detailed. 

In current satellite launch systems utilising rockets, the avionics package is a standalone unit within 

the space launch vehicle. It is to be noted however, that many of the required electronics modules 

are also present on the satellites contained in the projectile as a payload. Therefore an innovation 

has been proposed which has not been found in prior art, whereby a satellite contained as payload 

on the projectile is utilised for the purpose of part of the projectile avionics system. This proposal 

is also valid for existing rocket launch methods. 

Using the satellite payload as part of the avionics system for the projectile has the significant 

advantage of reduced weight, which is a crucial factor in terms of cost of any space launch method. 

The effects of mass reduction in terms of the proposed supergun based launch method are outlined 

in Analysis of Mass Reduction.  

In this section, firstly the physical layout of the projectile avionics is detailed, with proposals for 

which satellite avionics modules can be used for projectile avionics and how they can be integrated 

into the physical layout. Secondly, a system overview is proposed which combines the satellite 

avionics and projectile avionics, and the proposed interface to achieve the system is outlined. 
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 Physical Layout and Avionics Module Sharing 

The physical layout of the projectile avionics is shown in Figure 80. 

 

Figure 80: Projectile avionics final layout a) projectile overview, b) payload within nose cone 

structure, c) P-Pod with 3U of CubeSats 

The layout shows four 3U P-Pod orbital deployment devices, allowing for 12 standard 1U CubeSats 

to be contained, where 1U corresponds to a 10x10x10 cm layout (Nason, 2002). The P-Pods are 

closed units that are used for protection in launch and ejection from the projectile. The layout also 

shows the three sets of patch antennas used to provide omni-directional coverage for TT&C uplink, 

TT&C downlink and GNSS as described in Projectile Avionics Design Considerations. 

As stated in the Projectile Avionics Design Considerations section, PC/104 form factor hardware 

modules are typically found on CubeSats, as the PC/104 form factor is designed to fit within the 

CubeSat chassis as a modular unit allowing the circuits to be connected by a stackable wiring 

connection (Consortium, 2014). Due to the small form factor (90 x 96 mm) and low mass of the 

PC/104 based circuitry, as well as standardised interconnection between the modules and space-

certified operation of available units, PC/104 hardware modules were selected as solutions where 

applicable in the Projectile Avionics Design Considerations section. 

Though this choice may have seemed arbitrary in the Projectile Avionics Design Considerations 

section, this in fact enables the modules found on CubeSat payloads, which perform equivalent 

operation, to be utilised if found.  

However, it is important to consider that not all modules can be used for projectile avionics. 

Therefore it is proposed a free slot in the targeted CubeSat can be taken to implement a module, or 

in the same P-Pod, a dummy chassis can be utilised to contain the additional modules while 

interconnecting with the targeted CubeSat by the stacking interconnection mechanism. In Table 16, 
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an overview of which components can be used for the projectile avionics and the reasoning behind 

the decision is given, proposing a solution for each module. 

Table 16: Satellite component use for projectile avionics 

Satellite Component Use? Reason Solution 

Solar Cell No 

Solar cell cannot be deployed while within 

P-Pod, and also is not suitable for the 

design as outlined in Projectile Avionics 

Design Considerations. 

N/A 

Battery module No 

The customer would expect the battery to 

remain fully charged for when the satellite 

is deployed. 

Use separate PC/104 module as proposed in Projectile 

Avionics Design Considerations. Either in free slot of 

targeted CubeSat or a dummy chassis in same P-Pod 

connected to the target CubeSat. 

Electrical Power System 

(Regulator) 
Yes 

Electrical Power System is commonly 

found on CubeSats and of suitable format. 

Use Electrical Power System, however a 

detachable/switchable interface is required so that during 

launch the projectile avionics battery is connected, and 

after deployment the satellite battery is connected. 

Power Distribution 

Module (PDM) 
Yes 

Power Distribution Module is commonly 

found on CubeSats and of suitable format. 

Use Power Distribution Module, however a 

detachable/switchable interface is required so that during 

launch the projectile avionics battery is connected, and 

after deployment the satellite battery is connected. 

On Board Computer 

(OBC) 
No 

The On Board Computer is expected to be 

powered off during the entirety of launch 

to avoid potential errors in operation due 

to interference (ESA, 2014). 

Implement PC/104 based FPGA OBC as proposed in 

Projectile Avionics Design Considerations. However, a 

detachable/switchable interface is required such that the 

projectile OBC is used during launch and the satellite 

OBC is used after deployment. 

Inertial Measurement 

Unit (IMU) 
Yes 

Inertial Measurement Unit is commonly 

found on CubeSats and of suitable format. 
Use component with projectile OBC. 

Antennas No 

Antennas cannot be deployed while within 

P-Pod, and also cannot be relied upon to 

give the required coverage. 

 

Use patch antenna array as proposed in Projectile 

Avionics Design Considerations. However, a 

detachable/switchable interface is required such that the 

projectile antennas are used during launch and the 

satellite antennas are used after deployment. 

LNA No 
LNA must be placed close to the antennas 

to achieve minimum possible noise. 

Use LNAs as proposed in Projectile Avionics Design 

Considerations. 

Transceivers 
If 

found 

The required S-Band and L1 band 

TT&C/GNSS receivers may or may not be 

found depending on the CubeSat payload. 

If required transceivers found, use the transceivers. Else 

use separate PC/104 module as proposed in Projectile 

Avionics Design Considerations. Either in free slot of 

targeted CubeSat or a dummy chassis in same P-Pod 

.connected to the target CubeSat. 



Supergun - Project HALO 

109 

Electronics Design 

Jack Feakins 

Thermal Control 

System 
No N/A 

The Thermal Control System consists of MLI blankets 

and heaters which are a part of the proposed battery 

module as explained in Projectile Avionics Design 

Considerations. 

Propulsion / Reaction 

Control System 
No 

The propulsion / Reaction Control System 

of the satellite may include cold gas 

thrusters and reaction wheels, which are 

insignificant and inapplicable for 

providing the propulsion and control 

necessary for the launch vehicle 

The propulsion / Reaction Control System of the rocket 

is proposed in Projectile Avionics Design 

Considerations. 

 

 

 

 

 

 

 

 

 



Supergun - Project HALO 

110 

Electronics Design 

Jack Feakins 

 System Overview and Interface 

 

Figure 81: Projectile avionics using payload avionics in combination with additional 

avionics systems, assuming all systems that can be used are present in the payload avionics 

As seen in Figure 70, the CubeSat payload modules are to be interconnected with the additional 

Avionics OBC and Avionics Battery modules using the PC/104 bus. The standard bus (such as 

CAN) used by a CubeSat can be utilised to interface peripherals to the Avionics OBC (SSTL, 2004).  

During launch, the Avionics OBC can be used to command the PDM to power down the Payload 

OBC and Payload Battery, as well as all other payload avionics, while allowing power to all other 

connected modules. Before, deployment (jettisoning of the payload), the Avionics OBC can 

command the PDM to power down the modules used both on the projectile, and within the P-Pod 

for projectile avionics, as well as triggering the severing mechanism of the P-Pod for deployment 

of the payload.  

There is no electrical connection (indicated by the dashes lines in Figure 81) provided as standard 

for the projectile avionics. To interface the CubeSat to external projectile avionics (antenna, 

LNA/HPA, Propulsion / Reaction Control System) a detachable/switchable interface is required, 

which when attached allows for projectile avionics to be performed, and when detached allows the 

standard configuration of the avionics for the payload to be utilised. 
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To enable the electrical interface, a detachable wiring link is to be used, which is latched 

electromechanically during launch, and unattached for payload deployment. In the case of the two 

RF feeds, from the payload and projectile LNA/HPA amplifiers, a dissipative RF switch is required 

to enable selection of the appropriate antenna without interference, also allowing for dissipation of 

any incident RF power presented to the switch or to an open port and impedance matching 

regardless of the antenna (Rosu, 2014). 

In conclusion, a fully functioning avionics system has been proposed utilising the satellite avionics 

to contribute to projectile avionics, giving an electronics survivability and reliability while yielding 

a mass saving. The mass saving is estimated to be approximately 5kg (accounting for the savings 

made by utilising an existing wiring and bus structure), by use of the existing transceiver 

components onboard the payload compared to traditional transceiver components required for 

TT&C and GNSS for example from SSTL found in (SSTL, 2015), (SSTL, 2015) and (SSTL, 2015). 

7.4 ANALYSIS OF MASS REDUCTION 

By reducing the mass of the projectile utilising a satellite to form a large proportion of the avionics, 

the required energy from the rocket propellant is reduced. This allows for a reduction in the rocket 

fuel mass on board the projectile, which can lead to significant cost reduction and improved 

feasibility of the gun design. It is to be noted that the analysis proposed will also valid for any 

reduction in projectile dry mass. 

The effect of projectile dry mass reduction can be shown by the Tsiolkovsky rocket equation as 

stated is ( 7-4 ). 

∆𝑣 = 𝑔0𝐼𝑠𝑝 ln (
𝑚0
𝑚1
) 

( 7-4 ) 

Whereby: 

∆𝑣 is the maximum change of speed of the rocket, neglecting external forces  (ms−1) 

𝑔0 is the free fall acceleration constant at the Earth
′s surface (ms−2) 

𝐼𝑠𝑝 is the specific impulse (s) 

𝑚0 is the initial mass with rocket propellent (kg) 

𝑚1 is the final total mass (kg)  

The equation describes ideal motion of a single stage rocket, neglecting aerodynamic and 

gravitational forces that act on the rocket. The acceleration of the rocket is due to the thrust created 

by conservation of momentum whereby part of the mass of the rocket is expelled at high speed. The 

equation provides a basic method to approximate the parameters of a rocket. It is used in this section 
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to show sensitivity to change in mass comparing traditional rocket launches to the proposed gun-

launch method. 

𝐼𝑠𝑝 =
𝐹

�̇�𝑔0
 

( 7-5 ) 

Whereby: 

𝐼𝑠𝑝 is the specific impulse (s) 

𝐹 is the thrust force (kg m s−2) 

�̇� is the mass flow rate (ms−1) 

𝑔0 is the free fall acceleration constant at the Earth
′s surface (ms−2) 

The specific impulse equation given in ( 7-5 ) describes the efficiency of a rocket in terms of the 

amount of rocket propellant mass used. Hence specific impulse represents how much momentum 

can be imparted on the rocket with respect to the amount of propellant mass expelled from the 

rocket per unit time.  

Therefore it can be seen that the maximum change of speed ∆𝑣 attainable is linearly proportional 

to the specific impulse of the rocket propellant, and has a logarithmic relationship with the ratio of 

initial to final mass as depicted in Figure 82. 

 

Figure 82: Delta-V vs initial to final rocket mass ratio, assuming specific impulse of 460 

seconds 

It can be seen from Figure 82 that by reducing the mass of the projectile electronics, such that both 

the initial and final mass is reduced, the mass ratio increases and the delta-v attainable is increased, 

when using the same amount of propellant and propellant mass. Therefore it can be deduced that to 

attain the same delta-v as previously targeted, either the propellant specific impulse requirement 

can be relaxed or the mass of the rocket propellant can be reduced. It is assumed that the target 

specific impulse has been previously selected with an appropriate value, and hence the rocket 

propellant mass required can be reduced. This process is described in ( 7-6 ). 
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𝑚1 +𝑚𝑓

𝑚1
=
𝑚1 +𝑚𝑓 −𝑚𝑎 −𝑚𝑓𝑠

𝑚1 −𝑚𝑎
  

( 7-6 ) 

  
𝑚𝑓𝑠

𝑚𝑓
=
𝑚𝑎
𝑚1

 

( 7-7 ) 

𝑚0
′ = 𝑚1 +𝑚𝑓 −𝑚𝑎 −𝑚𝑓𝑠 

( 7-8 ) 

 

Whereby: 

𝑚1 is the initial mass without propellant (kg) 

𝑚𝑓 is initial rocket propellant mass (kg) 

𝑚𝑎  is the reduction in avionics mass (kg) 

𝑚𝑓𝑠 is the reduction in propellant mass (kg) 

𝑚0
′  is the initial mass with rocket propellant after mass reduction (kg) 

In ( 7-6 ), the expression for mass before and after avionics mass is reduced, are set equal, from this 

expression ( 7-7 ) is derived, which shows that the percentage change in required propellant after 

reducing the avionics mass is directly proportional to the percentage of which the avionics mass 

contributes to the final total mass. 

Therefore, it is clear that for a traditional rocket launch, whereby the final total mass is large in 

comparison to the avionics, the percentage change in required fuel is small, however due to the 

large mass ratio required for a high delta-v, and the large fuel mass considered, this leads to a 

significant reduction in cost. In comparison, for a gun based launch method, the avionics contributes 

a large proportion towards the final total mass, causing a large percentage change in required fuel. 

Due to the smaller mass ratio required due to delta-v provided by the gun, and relatively small fuel 

mass considered, this leads to a less significant reduction in fuel cost. 

However, the large relative mass reduction is of great significance when considering the gun design, 

as the initial mass after mass reduction 𝑚0′ as shown in ( 7-8 ) is considered. 

𝑣2 = 2𝑎𝑠 →
𝐹

𝑚
=
𝑣2

2𝑠
 

( 7-9 ) 
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𝐹 = 𝑚
𝑣2

2𝑠
 

( 7-10 ) 

𝑃 = 𝑚
𝐴𝑣2

2𝑠
 

( 7-11 ) 

𝐸 =
1

2
𝑚𝑣2 

( 7-12 ) 

Whereby: 

𝑣 is the muzzle exit velocity (ms−1) 

𝑎 is the average acceleration of the projectile in the gun barrel (ms−2) 

𝑚 is the initial mass of the projectile with propellant (kg) 

𝐹 is the average axial force the projectile is subjected to in the gun barrel (N) 

𝑠 is the gun barrel length (m) 

𝑃 is the average pressure the projectile is subject to (Pa) 

𝐴 is the cross sectional area of the projectile (m2) 

𝐸 is the kinetic energy of the projectile at the muzzle exit (J) 

As shown in ( 7-10 ), the force that needs to be imparted on the projectile in the gun is linearly 

related to the mass. Correspondingly, the pressure exhibited on the projectile in the barrel, and 

kinetic energy required are linearly related to the mass of the projectile also, as shown in ( 7-11 ) 

and ( 7-12 ).  

In the gun design, the maximum velocity achievable for a hydrogen light gas gun is targeted at 6000 

m/s and the barrel length has been chosen as 300 m. Therefore, the force, pressure and kinetic 

energy of the system are linearly decreased in the same proportion as the reduction of initial 

projectile mass. 

This relaxes the mechanical design of the barrel in terms of material properties and wall thickness, 

as of the reduced axial, radial and hoop stresses that are imposed during firing.  

The piston design can be examined in the two-stage hydrogen light gas gun in relation to the reduced 

mass also. For the purposes of the piston design, the gun can be modelled as a mass spring system, 

where the piston has a certain kinetic energy, which compresses a spring, transferring the energy 

into the spring, consequently the spring then expands transferring the energy to the projectile. 

The kinetic energy of the projectile at exit can be simply calculated as in ( 7-13 ). 
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𝐾𝐸 =
1

2
𝑚𝑠𝑣𝑠

2 

( 7-13 ) 

Assuming kinetic energy loss of 50% when transferring from the piston to the projectile, the piston 

mass can be derived as in ( 7-14 ). 

𝑚𝑝𝑣𝑝
2 =

1

2
𝑚𝑠𝑣𝑠

2  →    𝑚𝑝 = 𝑚𝑠
𝑣𝑠
2

2𝑣𝑝
2 

( 7-14 ) 

Whereby: 

𝑣𝑠 is the muzzle exit velocity of the projectile (ms
−1) 

𝑚𝑠 is the initial mass of the projectile with propellant (kg) 

𝑣𝑝 is the final piston velocity (ms
−1) 

𝑚𝑝 is the piston mass (kg) 

This shows that the mass of the piston is also reduced linearly with reduction in projectile mass. 

The recoil system design, which reduces the impact of the axial reaction force into the ground, due 

to the force exerted by the piston firing in the hydrogen light gas gun, can also be relaxed, as a 

consequence of the reduced kinetic energy delivered by the piston. 

Perhaps most significantly, the force the projectile is subjected to is reduced, which reduces the 

requirements for material properties and thickness in the projectile design. This of course leads to 

yet further reduction in the rocket propellant mass required, and hence in combination further 

relaxes the design of the aforementioned mechanical aspects. 

By relaxing the mechanical design of the barrel, recoil system, piston, and projectile, the initial and 

recurring costs of the system are reduced as less material or cheaper alternative materials can be 

utilised, to meet the desired safety factors of the design. 

The reduction in avionics mass has been accounted for in the projectile mass figure used within this 

report. In summary it has been seen that by utilising a payload satellite for the projectile’s avionics 

the reduction in mass allows for a reduced rocket propellant mass, lowering the overall projectile 

mass significantly and lowering the recurring cost of rocket propellant used for each mission. The 

reduction in mass also yields a linear reduction in force, pressure and energy experienced in the 

system when the gun is fired. This means that the stresses imparted on the gun and the projectile 

are reduced correspondingly, allowing for a reduction in the cost of materials utilised for both the 

initial construction of the gun, and the recurring cost of the projectile for each mission.  
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7.5 EARTH STATION COMMUNICATION ARCHITECTURE  

Earth station communication architecture is different from that of the projectile. It is based on 

transmitting, receiving and tracking. This section describes the working principles of the Earth 

station and briefly introduces the structure of the Earth station. Figure 83 shows the communication 

architecture of an Earth station. 

 

Figure 83: Earth station communication architecture (Evans, 1999). 

 Transmitter and receiver  

The Earth station transmitter consists of three main components – a modulator, an up converter and 

a high gain amplifier. The modulator and up converter are used to encode the baseband signal to 

the uplink frequency while the high gain amplifier is then used to increase the EIRP of the signal 

to close the link budget. Similarly, the Earth station receiver consists of a low noise amplifier, down 

converter and a demodulator. Low noise amplifier filters other unwanted noise channels or 

interferences from the environment. The down converter and demodulator convert the received 

signal back to the original baseband signal for further processing. The design of the transmitter and 

receiver is slightly different through use of different frequency bands to avoid interference. 

 Tracking system  

Tracking system is a control system that tracks the received beam signals and controls the direction 

of the antenna via a motor to ensure that the antenna of the projectile and the Earth station are 

properly aligned to reduce losses. 
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 Antenna  

The antenna used in Earth stations is usually a high gain parabola dish that receives signals from 

space. It consists of a diplexer that separates uplink and downlink signals, and a motor for the 

directional control system.  
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7.6 FINANCE 

It can be seen from the final proposed design, that the minimum required modules are the battery, 

on board computer, 6x S-band patch antennas and 3x L-band patch antennas. A breakdown of the 

repeated cost of the projectile is given in Table 17. It is to be noted that the desired L-band patch 

antennas do not have prices made available, and hence the S-band patch antenna cost has been used 

to attain a price estimate. 

Table 17: Financial Analysis of Minimum Cost per Projectile 
Name Manufacturer Product Name Product Code Cost 

Battery module Clyde-Space 
CubeSat Standalone 

Battery 
CS-SBAT2-10 $1800 USD 

On Board 

Computer 

RTD Embedded 

Technologies 

PCIe/104 Spartan-6 

XC6SLX45T User 

Programmable 

FPGA Module 

FPGA35S6045HR $395 USD 

S-Band antenna 

(option 1) 

Surrey Satellite 

Technology 

Limited (SSTL) 

S-Band Patch 

Antenna, Vibration 

Tested 

N/A 
$40400 USD each 

(x6) 

S-Band antenna 

(option 2) 
Clyde-Space 

S-Band Patch 

Antenna 
CS-CPUT-STX-02 

$4725 USD each 

(x6) 

L-Band antenna Pulse Electronics 

GPS L1 Band and 

Glonass Ceramic 

Patch Antenna 

Pulse 

W3216 

$4725 USD to 

$40400 USD each 

(x3) assumed from 

S-Band antenna 

cost 

Total 

$365795 USD maximum with option 1 for S-Band antenna and assuming the same cost for 

L-Band patch antennas. 

$44720 USD minimum with option 2 for S-Band antenna and assuming the same cost for 

L-Band patch antennas. 

 

 

 

 

 

 

The cost of modules which may be utilised from the satellite payload is estimated in Table 18, hence 

the total cost of these modules is saved from the avionics cost on each projectile. 
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Table 18: Savings from modules utilised from satellite payload 

Name Manufacturer Product Name Product Code Cost 

S-Band Transmitter ISIS ISIS TXS S-Band N/A $9827 USD 

S-Band receiver Innoflight 

Flight-Heritage S-

Band CubeSat 

Radio 

SCR-100 

$9827 USD, 

assumed based on 

S-band transmitter 

cost 

L-band receiver Pumpkin 

CubeSat Kit 

GPSRM 1 GPS 

Receiver Module 

Kit 

711-01012 $7980 USD 

Electrical Power 

System 
Clyde Space 3G 1U EPS CS-1UEPS3-NB $6000 USD 

Power Distribution 

Module 
Clyde Space 

CubeSat Power 

Distribution 

Module 

CN-SWT-0035-CS $8450 USD 

Low Noise 

Amplifier / High 

Power Amplifier 

Infineon 

Technologies 

Highly Linear and 

Low Noise 

Amplifer 

BGA925L6 $220 USD (x3) 

Inertial 

Measurement Unit 
Analog Devices ADI MEMS IMU ADIS16488A $1190 USD 

Total $43934 USD savings by utilising satellite payload for projectile avionics 

 

By utilising the satellite avionics for the projectile avionics, a $43934 USD saving has been 

achieved. In summary the projectile avionics cost is to be from $44720 USD minimum to a 

maximum of $365795 USD, depending on choice of antenna and costing. The antenna selection 

will be based upon practical testing as to which antennas can withstand the g-force experienced due 

to the gun acceleration. 

 

http://www.analog.com/en/mems-sensors/mems-inertial-measurement-units/adis16488a/products/product.html


Supergun - Project HALO 

120 

Financial planning 

Kin Man Benjamin Lee 

8 FINANCIAL PLANNING 

This section describes the financial plan of the project, including development and operational costs, 

projected revenue and financial analysis of the project. 

8.1 DEVELOPMENT AND OPERATIONAL COSTS 

Supergun is a brand new design for satellite launch development and operational costs have to be 

taken into account to start up the project. The main costs of this project include R&D, manufacturing 

& transport, maintenance, communication service, marketing and insurance. 

 R&D 

R&D cost of the gun contributes to most of the cost of the project. This includes the design of the 

gun and projectile as well as the testing of various materials used for the gun. Most of the R&D cost 

will be on the gun itself due to its size and the civil engineering work required. The projectile system 

is a relatively low percentage of the overall R&D cost as standard avionics systems can be used off 

the shelf. On the other hand, special tooling, maintenance procedure, and troubleshooting protocol 

will need to be developed. 

 Manufacturing & transportation 

Manufacturing & transportation cost of the whole system will be high as it is 300 meters long, using 

specialist materials and coatings. Civil work required to transport the material to the launch site is 

also significant when compared to a traditional launcher. 

 Maintenance 

Maintenance of the gun and the launch system is required to ensure the gun meets the minimum 

safety requirements before the next launch. If a section of the gun were to fail, additional costs may 

be incurred to replace the faulty parts before the next launch. 

 Communication services 

In order to communicate between the ground and the projectile, a TT&C system is used to perform 

such an operation. Since the communication is needed only for a short period of time, it would be 

cheaper to rent the base station communications services instead of building dedicated base stations.  

 Marketing 

Marketing cost of this newly launched service includes presentation of the launch concept and 

branding of the service. 

 Insurance 

In the event of mission failure, injury, or damage to property, insurance will cover losses to the 

company as well as customer losses. Since the proposed system is simpler than a conventional 
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launcher, the premium should have a lower cost. However, the supergun is a new concept and so 

the insurance is expected to be 25% of the total launch cost. This cost is gradually reduced after 

successive launches. 

8.2 REVENUE 

The revenue of the project mainly comes from launch service, patent income and investments.  

 Launch service 

The launch service of a 1U CubeSat is about $100000 (The Economist, 2014). In our projectile 

design, a maximum volume of 12 1U CubeSat can be carried. In order to make profit in our project, 

our initial launch price is set to be $120000 per 1U CubeSat, which provides $1440000 of revenue 

per launch. The launch price will decrease with time as the technology matures.  

 Patent 

R&D development of the gun and projectile is expected to create a number of innovative designs 

which can be sold and used for other purposes. This can provide valuable income to continue the 

development of the project. 

 Investment 

Investment is a common way to increase your money value such as investment on fuel based on 

fuel trend, stock markets and equity. 

8.3 FUNDING 

In order to provide capital for the project, funding is required from various sources. For this project 

funding from seed capital, vendor financing, equity, and bank loans will be sought. 

 Seed capital 

Seed capital is defined as the initial capital used for R&D on a project and it does not guarantee a 

success (Gurusamy, 2009). This capital is used for the proof of concept and preparing the company 

before entering the manufacturing stage. 

 Vendor financing 

Upon successful R&D, the next stage will be manufacture and assembly of the gun components. 

Vendor financing provides a delayed payment to the manufacturers which can be known as debt. 

This debt will be paid back to the vendor at a later date, with an agreed interest rate. 

 Equity 

In order to obtain higher working capital for the company to begin operations, the company will 

seek for equity investment from potential companies and public investors. This means selling part 

of the ownership of the company in return for capital. 
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 Bank loan 

Once the company has begun operating, the cash flow can be increased by bank loan. Bank loan is 

a better option than other funding methods mentioned as it normally has a lower interest rate without 

selling company equity. A bank loan can also be used to repay vendor financing and seed capital in 

the earlier stage. 
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 Cash flow analysis 

Table 19: Supergun 10 year cash flow predictation. 

Supergun financial analysis 

   First launch        
  Year 1 Year 2 Year 3 Year 4 Year 5 Year 6 Year 7 Year 8 Year 9 Year 10 

Parameters                     

Test launch  0 0 3 0 0 0 0 0 0 0 
Launch per year 0 0 0 20 30 40 45 50 50 50 
Cost per projectile 1450 1450 1450 1150 1035 931.5 838.35 754.515 679.0635 611.15715 
Revenue per launch 1440 1440 1440 1440 1440 1440 1440 1440 1440 1440 
Inflation ratio(Based on first year) 1 1.03 1.0609 1.092727 1.1255088 1.1592741 1.1940523 1.2298739 1.2667701 1.3047732 
Cost                     

R&D 3000 1500 300 300 300 300 300 300 300 300 
Manufacturing-gun 0 3300 3750 400 400 400 400 400 400 400 
Manufacturing-projectile 0 0 4350 23000 31050 37260 37725.75 37725.75 33953.175 30557.858 
Maintenance 0 0 50 50 50 50 50 50 50 50 
Civil works, storage 0 1500 1500 100 100 100 100 100 100 100 
Transportation 0 100 150 1000 1500 2000 2250 2500 2500 2500 
Tooling 0 50 50 50 50 50 50 50 50 50 
Testing 0.5 0.5 20 20 20 20 20 20 20 20 
Fuel (gun and projectile) 0 0 1005 1340 2010 2680 3015 3350 3350 3350 
Communication serivce 0 0 50 50 50 50 50 50 50 50 
Salary 1000 1200 1200 1200 1200 1200 1200 1200 1200 1200 
Legal 100 100 200 200 200 200 200 200 200 200 
Insurance 50 50 1087.5 5750 4657.5 5589 5658.8625 5658.8625 5092.9763 4583.6786 
Others 200 200 200 200 200 200 200 200 200 200 
Total cost 4350.5 8240.515 14759.77125 36781.191 47032.199 58078.472 61158.896 63713.139 60128.7 56837.924 
Revenue                     

Launch service 0 0 0 28800 43200 57600 64800 72000 72000 72000 
Patent 0 100 500 800 1500 1500 1600 1700 1800 2000 
Recycling materials 0 0 100 300 300 300 300 300 300 300 
Investment 0 100 200 200 200 200 200 200 200 200 
Total revenue 0 206 848.72 32891.083 50872.998 69092.735 79882.099 91256.641 94121.017 97205.602 
Net cash flow -4350.5 -8034.515 -13911.0513 -3890.1081 3840.7988 11014.263 18723.203 27543.502 33992.317 40367.678 
Discounted net cash flow -4350.5 -7110.1903 -10894.3936 -2696.0401 2355.6338 5978.1007 8993.1012 11707.659 12786.545 13437.788 
Net communicative benefit -4350.5 -12385.015 -26296.0663 -30186.174 -26345.376 -15331.113 3392.0901 30935.592 64927.909 105295.59 
Discounted communicative benefit -4350.5 -11460.69 -22355.0839 -25051.124 -22695.49 -16717.389 -7724.2883 3983.3703 16769.915 30207.703 

           

Discount rate 13.000%          

NPV 30207.703          

IRR 30%      All values in thousand USD 
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8.4 FINANCIAL MEASUREMENTS 

 Discount rate 

Discount rate indicates the reduced capital value in the future with a discount rate of r, this provides a 

conversion of future capital as the capital in the present is worth more that the future capital (Markow, 

2012). 

 Net present value 

The net present value (NPV) is a way to evaluate the future capital with the discount rate and add it to 

the current upfront capital. The discount rate is usually higher for newer inventions and technologies, 

hence the discount rate of the project is expected to be 13%. If the total NPV calculated is positive, it 

means that the investment is worth proceeding with as the return will exceed the initial investment 

(Needles, Powers, & Crosson, 2010). The equation ( 8-1 ) of the NPV is given below.  

𝑁𝑃𝑉 = 𝑁𝐶𝐹1 +
𝑁𝐶𝐹2
1 + 𝑟

+
𝑁𝐶𝐹3
(1 + 𝑟)2

+⋯+
𝑁𝐶𝐹𝑛

(1 + 𝑟)𝑛−1
  

( 8-1 ) 

 Where 

 𝑁𝐶𝐹𝑛 𝑖𝑠 𝑡ℎ𝑒 𝑛𝑒𝑡 𝑐𝑎𝑠ℎ𝑓𝑙𝑜𝑤 𝑜𝑓 𝑡ℎ𝑒 𝑛 𝑡ℎ 𝑦𝑒𝑎𝑟 

 𝑟 𝑖𝑠 𝑡ℎ𝑒 𝑑𝑖𝑠𝑐𝑜𝑢𝑛𝑡 𝑟𝑎𝑡𝑒 𝑜𝑓 𝑡ℎ𝑒 𝑝𝑟𝑜𝑗𝑒𝑐𝑡 

The NPV of the project over 10 years is calculated to be $30207703. 

 Internal rate of return 

The internal rate of return (IRR) is another financial measurement that measures the profitability of the 

project. IRR is equal to the discount rate when the NPV is 0 over the project duration. Higher IRR 

indicates a shorter return period, whereas lower IRR indicates longer return period (Mishra, 2009).  

Based on the current prediction of net cash flow, the IRR of this project is 30% which means that for a 

discount rate of 30% the project will not be favourable for investment. 

 Expected cash flow 

The excepted cash flow in 10 years is shown in Figure 84. The first three years are the start-up stage of 

the company and that period of time requires high initial capital for R&D and manufacturing. From 

year 4 onwards, the launch service is expected to be operational and hence the increase in revenue will 

improve the cash flow. This continues until year 10 
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Figure 84: Expected cash flow in 10 years. 

 Communicative benefit 

The communicative benefit of the project is shown in Figure 85. 

 

Figure 85: Net cash flow and communicative benefit. 
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According to the Figure 85 above, the project is expected to break even in year 7 and it is expected to 

grow afterwards. 

8.5 SUMMARY 

This section has examined the financial aspect of the project it is expected that the project will require 

a large amount of initial investment from various sources. The main source of income for this project 

will be from the launch service. The initial price is expected to be higher than current launch services, 

however the price will decrease as the technology matures. Finally, it is expected that the project will 

break even in seven years provided there are no unforeseen circumstances.  
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9 SUSTAINABILITY AND RISK 

The sustainability of the project has been examined in this section, including economic, materialistic, 

sociological, and environmental consequences. 

9.1 MATERIAL, SOCIETAL AND ENVIRONMENTAL IMPACT 

 Economic 

The supergun provides a low cost launching service to customer. This encourages scientific research 

on satellites and ultimately improves human living standard. Furthermore, Project HALO will promotes 

local Papua New Guinea economy through the employment of local workers and investment in 

infrastructure. Also a supergun would be likely to increase tourism to the island nation. The Supergun 

could also promote Papua New Guinea as a good location for small space start-ups to be based that 

required regular or short notice launches. 

 Materials 

The materials used in this project is much more sustainable than conventional launchers. The aim is to 

use environmental friendly material to build the gun and projectile. Any components which fall onto 

land will be recovered and either reused or recycled. Components which land in the Pacific Ocean will 

be recovered where possible. In order to aid recovery of components, the trajectory of these items will 

be predicted. The fuel used in the projectile does not create any harmful sustenance. 1365kg CO2 and 

585kg of water will be produced every launch from the fuel. It is much cleaner and greener compared 

to conventional launchers.  

 Social impact 

There will be local direct and indirect employment, promoting the local economy. Furthermore, 

improvements in local infrastructure may encourage other enterprises to move to the area to benefit 

from this. Furthermore, tourism will be likely to increase due to the demand to view the World’s first 

and only satellite Supergun. This is expected to be particularly significant during launch periods.  

The electrolysis of water to create hydrogen produces an excess of 60179 kg of oxygen as a by-product 

per launch. On average a busy provincial hospital in Papua New Guinea will use 38 kg of oxygen per 

day, the price of which takes up the majority of their medication budget (Duke, 2010). This mass 

accounts for approximately 2% of the waste-oxygen produced per month. The HALO project will 

therefore agree to support the local hospitals of Papua New Guinea by donation in order to help 

compensate for any negative impacts associated with the project. 
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Negatively, construction, testing and commercial use of the Supergun will cause nuisance to local 

population. Noise nuisance during firing of the supergun must be factored into the launch, and attention 

must be given to the local topography and atmospheric conditions, such as inversion layers, so that 

accurate decibel level predictions can be conducted and acted upon. A maximum decibel limit must be 

agreed with a representative of the local population, and respected during operation of the supergun. 

 Environmental impact 

Special attention must be given to the local ecology and the superguns lasting impact. Since the gun is 

buried in a mountain, the landscape and the habitat in that area will be destroyed. The noise during 

launches also disturbs the wildlife around the launch site. The compensation plan is to build an artificial 

habitat in the other side of Papua New Guinea. Furthermore, the water supply from which H2 and O2 

are being created, must be sourced sustainably. 
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9.2 RISK 

The predicted risks associated with Project Halo have been stated in Table 21. The table of probability 

and severity is shown in Table 20, provides a means of qualitative risk analysis.  

Table 20: Risk probability and severity key 

 Probability 
S

ev
er

it
y
 

 
Very 

Low 
Low Medium High 

Very 

High 

Very Low 1 2 3 4 5 

Low 2 4 6 8 10 

Medium 3 6 9 12 15 

High 4 8 12 16 20 

Very High 5 10 15 20 25 
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Table 21: Project HALO risk assessment 

Risk Risk Description Severity Probability 

Risk 

Severity 

Index 

Risk Mitigation 

Mission Risks – Terrestrial     

Projectile, 

booster and/or 

sabot fallout 

Risk of all or parts of the 

projectile, booster or sabot 

landing in populated area 

5 2 10 

Launch direction will be due east. Launch site is on an 

east coast with no populated areas within 600 km due 

east. There are no densely populated areas within a 50 

km radius. 

Projectile 

collision with air 

traffic 

Risk of collision between the 

projectile, sabot or fallout, 

and private, commercial or 

military air traffic. 

5 1 5 

The local aviation authority would have to grant 

permission before launch and air traffic control would be 

notified. A NOTAM (notice to airmen) would be 

published prior to launch. 

Uncontrolled 

explosion at 

launch 

Risk of explosion of 

propulsion products on, 

before or after launch in an 

uncontrolled manner. 

4 2 8 

Flammable material must be stored the recommended 

safe manor. During launch no one will be located within 

5 km of the launch site 

Uncontrolled 

destruction of 

the projectile 

after launch 

Risk of inflight destruction of 

the projectile and the useful 

payload at launch. 

4 2 8 

The projectile will be designed with a suitable safety 

factor to compensate for the expected aerodynamic 

pressures and resonating frequencies at launch. 

Uneven 

expansion or 

deflection of the 

gun barrel 

Risk of the barrel deforming 

due to temperature, wear or 

structural effects, resulting in 

a failed launch. 

2 3 6 

The gun barrel will be designed with insulation to 

mitigate the effects of uneven temperature. A suitable 

support structure will be designed to ensure the 

structural strength and accuracy of the barrel 

Gun and/or 

projectile 

equipment 

failure 

Failure of mission critical 

components during launch 
4 3 12 

In the event of equipment failure, he mission abort 

protocol must be followed 

Interruption of 

Communications 

Risk of loss or interruption of 

communications during 

launch due to plasma and 

ionising gas effects. 

2 5 10 

Antennas will be shielded from ionising gases to allow 

communications. The projectile will be capable of 

automated flight and trajectory control 
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Adverse 

Tectonic 

Activity 

Tectonic activity in the local 

area with the potential of 

disrupting a launch. 

4 4 16 

The launch site facilities and foundations will be 

designed using a suitable safety factor, to survive an 

earthquake of typical regional magnitude. 

Gun failure  
Risk of gun failure and 

require parts replacement 
5 2 10 

Spare gun parts should be available and be ready for 

maintenance. 

Mission Risk – In Orbit     

Collision with 

debris or other 

satellites in orbit 

Risk of a collision between 

the projectile or useful 

payload, and in orbit satellites 

or debris 

5 2 10 

The trajectory of launch will be set before launch to 

avoid in orbit bodies. Any significant deviation from this 

predicted course will result in a mission abort. 

Solar Radiation 

Risk of disruptions to the 

mission from solar radiation, 

solar flares and coronal mass 

ejections 

3 4 12 

The activity of the sun at launch will be checked to 

ensure a low solar activity. The projectile will include 

basic shielding to prevent significant disruption from 

solar radiation 

Doesn’t reach 

orbit 

Risk of not reaching the target 

orbit. 
5 2 10 

The trajectory has to be simulated and taking every 

possible factor into account. 

Orbital Decay 

Risk of losing altitude in orbit 

due to small but not 

insignificant aerodynamic 

drag forces. 

1 5 5 

The decay of an orbit due to drag can be predicted 

therefore necessary thrust input can be scheduled during 

the mission. 

Project Risks     

Launch 

Schedule risks 

Risk of causing disruption or 

cancelation of a launch due to 

project/construction delay 

4 3 12 
Agreed project management process and use of a Gantt 

chart will be used to assure on time delivery of launch 

Financial Risk 

Risk of the cost of 

construction and launch being 

greater than predicted 

resulting in financial loss 

4 3 12 

Agreed project management process and constant 

assessment of cost will be used to assure on budget 

delivery of launch 

Human Risk 

General risks caused by poor 

workforce methods during 

construction and launch 

5 3 15 

A strict adherence to local/accepted health and safety 

laws to ensure a safe construction and launch process. 

Project specific methods for human work and the use of 

machines will minimize human errors. 
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Construction 

Risks 

Risk of delivery and 

construction of a not to 

specification launch system 

4 2 8 

During manufacturing and construction of the gun, set 

tolerances of parts will be followed and measured to 

assure a within specification launch system. 
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10 PROJECT MANAGEMENT 

10.1 INITIAL GANTT CHART 
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10.2 FINAL GANTT CHART 
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11 CONCLUSION 

To choose the location of the launch site, parameters such as ease of access, altitude, equatorial 

location and population density due east were evaluated. From this, the best compromise was found 

to be the Owen Stanley Mountain Range in Papua New Guinea. This location provides reduced drag 

due to its high altitude of 2000 m, an added initial speed due to the near equatorial prime location, 

and immediate proximity to the Pacific Ocean mitigating dangerous fallout in the case of mission 

abort. The best architecture for the gun was decided to be bored into the mountain to provide 

structural support for the length of the barrel. 

The HALO gun uses hydrogen due to its high speed of sound, offering the highest possible muzzle 

velocity (6 km s-1) of any practical gun architecture. To achieve this muzzle velocity a two-stage 

hydrogen light gas gun configuration is used. The gun barrel is 300 meters long due to feasibility 

of construction and transportation of the barrel to the launch site. Limiting the length of the barrel 

increases the acceleration forces experienced by the projectile and payload; this significant trade-

off defined the project. In addition to the forces experienced by the projectile, the long barrel length 

increases the forces, pressure and energy associated with the gun system. The gun was designed to 

be reliable for 1000 launches using a safety factor of 2 when concerning axial, hoop and radial stress. 

To do so a barrel thickness of 0.5 m was used with a barrel bore of 0.8 m, using 18Ni2400 maraging 

steel. To cope with the axial reaction force, a hydropneumatic recoil system is used to reduce the 

effect of the gun firing on the surrounding foundations 

After the selection of a 300 meter long gun barrel, the design initiative of the group was to produce 

a feasible supergun in tandem with a projectile that can survive the harsh launch conditions, and 

can be shown in simulation to achieve the desired orbit. An iterative design process was used to 

concurrently develop the rocket and projectile by use of simulation and CAD respectively. The 

trajectory simulation accounted for many factors yielding realistic data providing the group with a 

design base, from which the projectile, rocket and gun could be scaled from initial approximations. 

With each iteration of the design process, the gun design was impacted due to increasing projectile 

mass. 

The final realised mass of the projectile of 3424 kg represents a workable and realistic design for 

launching at 6 km s-1 and surviving an initial acceleration of 7000 g while maintaining the lowest 

possible mass and containing the required fuel to achieve orbit. To achieve this, the projectile has 

been designed from high compressive strength, low density and low thermal conductivity composite 

materials. A phenolic ablative shield is used to mitigate thermal effects due to hypersonic shock 

layer interaction. The main structure of the nose cone is carbon-carbon composite due to its good 

structural performance at elevated temperatures and high strength to weight ratio. The fuselage is 
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to be made of C/SiC ceramic matrix composites due to low thermal conductivity, high compressive 

strength and relatively low density compared to metals. An outer layer of Li-900 insulating silica 

tiles acts as a barrier between the CMC structure and the hypersonic shock layer. The drag 

coefficient of the projectile has been minimised through the use of an optimal von Karman ogive 

nose cone design, a smooth fuselage and a Sears-Haack profile tail to reduce the rocket fuel 

required; CFD analysis shows that the projectile has a drag coefficient of 0.182. Fins have been 

used to passively stabilise the projectile by centring the aerodynamic pressure behind that of the 

centre of mass. The payload of 12U of Cubesats housed in P-Pods is held in the nose cone, along 

with the projectile avionics system. 

The projectile avionics system has been designed to enable monitoring and control of the vehicle, 

from launch until successfully reaching the desired in-orbit location for satellite deployment, while 

surviving the harsh launch conditions due to the supergun launch method. A lithium-ion battery 

module is proposed due to high specific energy rating and ability to survive extreme conditions, and 

includes temperature sensors and heaters to ensure the battery module is not operated below the 

minimum operating temperature. An FPGA based on board computer is to be used to allow a re-

definable firmware to be programmed allowing interconnections with various modules. A 

telecommunication system with an array of patch antennas is proposed to fulfil the requirements of 

TT&C and GNSS. An inertial measurement unit, comprising of servo type accelerometers, rate 

integrating gyros and magnetometers, is used to monitor the projectiles motion. Temperature and 

pressure sensors are used to monitor the rocket, with electrically operated valves and ignition used 

to control the combustion process. In the final proposed design, an innovation was proposed 

whereby the avionics of the CubeSat satellite payload held in P-Pods is utilised in part to perform 

the role of projectile avionics. The use of satellite avionics for projectile avionics lead to a mass 

saving of approximately 5 kg in avionics, which leads to a significant further saving of rocket 

propellant.  

The rocket has been optimised such that the least amount of mass required to reach orbit is used, 

while increasing the practicality of the propulsion system by using a Paraffin Wax hybrid rocket. 

Furthermore the hybrid rocket has been an area of innovation, whereby the Liquid Oxygen tank is 

self-pressurising due to temperature difference across the tank; therefore negating the need for a 

turbo pump feed system. In order to get a reasonable fuel mass value the combustion chamber 

temperature of 4656 K and a pressure of 30 MPa has been selected. An extending nozzle has been 

used to allow for increased nozzle expansion ratio while maintaining a compact projectile design. 

The expansion ratio used is 1000 therefore yielding a Mach number of 6.29 for the exhaust velocity.  

The final proposed design has specific impulse (at boost start altitude) of 364 seconds and the 

characteristic exhaust velocity of 1617 m s-1. 
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In conclusion, the benefit of the supergun launch method utilising modern technology, is that it can 

provide a regular, reliable and reactive launch service for the growing CubeSat market. The need to 

have a heavier projectile to cope with the high-g launch due to the initial selection of a low barrel 

length and high muzzle velocity has led to an impractical structural design of the two-stage light 

gas gun. For this project to progress, a lesser g and lower muzzle velocity would be targeted, through 

the use of a hydrogen gun or alternative gun technology. RAM accelerators present the most feasible 

solution to maintain high launch, velocities while reducing the acceleration imparted at launch.  
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