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1 Introduction
1.1 Background
Lancaster Engineering is evaluating the feasibility of launching certain materials into orbit using a
gun rather than rockets. They are motivated by the waste and cost of fuel that is required by rockets
to propel both not just the payload but the rocket machinery, the fuel itself, the containers and so
on.
The Tsiolkovsky Rocket Equation1 can be used to calculate the amount of fuel required by a rocket to
reach a certain speed under ideal conditions: no waste, no drag, full combustion efficiency, etc. It
shows the effect of having to have extra fuel to propel not only the extra payload mass but the extra
fuel itself that also needs to be accelerated:

That is, increasing the payload mass linearly requires a more than linear increase in fuel to readch
the same orbit2.
One part-solution to this is a multiple-staged rocket. By discarding stages the launch vehicle does not
have to transport the whole launch vehicle all the way: the later, smaller stages do not also have to
accelerate the container and machinery of the earlier stages. Even though these are essentially
empty containers, around 10% of their original wet-weights, this still has enough saving on fuel to be
worth the extra engineering risk and costs of multiple stages with the extra engines, pumps and
containers required.
Other efforts include the long-running search for more energy-dense fuels3, and developing engines
that can use oxygen from the atmosphere as well as on-board4, so that less has to be store on-board
and so accelerated with the rest of the vehicle.

1

https://en.wikipedia.org/wiki/Tsiolkovsky_rocket_equation

2

NASA comments: https://www.nasa.gov/mission_pages/station/expeditions/expedition30/tryanny.html

3

https://library.sciencemadness.org/library/books/ignition.pdf

4

eg SABRE: https://www.space.com/sabre-rocket-engine-cleared-major-tests.html
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Another option is to accelerate the payload on the ground. Any velocity that can be given to the
launch vehicle using energy sources that do not have to be launched with the vehicle can result in
considerable weight and cost savings. These need to be traded against the cost, risk and feasibility of
delivering that impetus.
There may therefore be a market for a launch system that imparts all the required velocity to the
payload without also having to impart it to itself, and that can be largely re-used in situ without the
risks and wear of high acceleration, wind buffeting, vacuum, radiation, high temperatures of re-entry
and the impact of landing.

1.2 Purpose
This white paper considers the outline feasibility of a ground-based gun that delivers sufficient
muzzle velocity to its ammunition for it to reach at least low earth orbit. The paper identifies and
answers ‘edge’ case questions that will help to bound and test the feasibility. For example we can
calculate the ideal velocity to reach low earth orbit and from this the minimum energy required.
That energy figure provides a bounding value; all actual energy requirements in practice will need to
be higher. If there are any feasibility issues with delivering this minimum energy, then we know the
gun is not feasible.
This section has outlined the problem; the next section describes how we go about identifying the
relevant boundary case questions and the section after how we evaluate the approaches to answer
them. In order to deliver some answers early rather than attempting to answer all of them
eventually the questions are posed here but only a few are answered; most will be considered in
following papers.

1.3 Glossary
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Gun

The device that accelerates the projectile

Projectile

The container, payload and associated controls and devices that are
accelerated by the gun

Payload

The contents of the projectile that will be used by customers

Launch Vehicle

A device that accelerates the payload as well as itself

Orbital Speed

The transverse velocity of a satellite in a stable orbit

Radial Velocity

Velocity component away from the earth’s centre

Transverse Velocity

Velocity component parallel to the earth’s surface

Insertion Orbit

The orbit the projectile should reach once fired. This is likely to be elliptical
orbit that intersects the firing point, and will need to be adjusted in order
to reach the TSO

Target Sustained
Orbit (TSO)

The sustained orbit the projectile can be left in for an extended period
before being picked up or otherwise manoeuvred for use
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2 Identifying the Bounding Cases
2.1 Orbits
This section briefly introduces basic orbital mechanics for those unfamiliar with them. These can be
hard to comprehend as there is no corresponding ‘common sense’ real world example that we
encounter every day.
It is particularly important, if only somewhat obvious, to note that firing something up does not put
it into orbit – it will simply come back down again.

Satellite with no 'sideways' velocity just falls,
pulled by gravity towards the earth

For a payload to orbit it has to be fired ‘along’ (given a transverse velocity), which compensates for
the ‘falling’ of the craft:

Satellite that is moving sideways as
well as falling

Adding both sideways and falling
motions gives the new position
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With the right sideways motion, the
new position is the same distance
from the earth's surface as the
previous one, even though the
satellite has ‘fallen’

Because the earth is curved, any transverse velocity relative to the planet’s surface will split into
both radial (‘up’) and transverse (‘along’) velocities as the object travels in a straight line, again
relative to the planet:

This means that projectiles do not have to be fired ‘up’ (radially) at all, although an initial radial
velocity will reduce the time spent in the lower atmosphere which has associated drag, wind sheer
and weather issues.
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Another way of thinking about a continuously falling satellite that stays in orbit is to consider an
increasingly powerful cannon firing a shot5. A weak charge sees the canon ball return to the earth. As
the charge becomes more powerful it carries further and further, until eventually it will does not
return at all.

Figure 1 - Illustration of Newtons Cannon [Brian Brondel - own work6]

Note that the cannon fires horizontally only, so any orbit will return to the original firing point. That
is, you can have an orbit that in principle will keep the satellite from falling to the earth, but which
unfortunately intersects the earth’s surface at the firing point.
The gun should be powerful enough that the payload reaches a sustainable orbit – that is, one that is
sufficiently high for atmospheric drag to be negligible or compensated for with minor energy use.
Note also that the energy required to reach a sustainable orbit is not the same as that required to
fully escape earth’s gravitational pull by imparting escape velocity.
This explanation identifies the following questions:



What is the minimum viable orbit radius that would be the target orbit?



What is the minimum energy required to reach the minimum viable orbit?



What is the orbital speed required at that radius?



What corrections to velocity are necessary to adjust a gun-launched orbit to one that does
not intersect the earth’s surface?

5

The NASA website has an interactive version of this: https://spaceplace.nasa.gov/how-orbits-work/en/

6

From Wikipedia: https://en.wikipedia.org/wiki/Newton%27s_cannonball
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2.2 Scope & Assumptions
This section describes the limits of the study, and any assumptions or ‘givens’ that will be used for
working calculations.
Two contrasting implementations are considered:


A ground-based gun which can be as heavy and long as needed but will be relatively close to
sea level and likely have limited aim.



An air-born launcher based nominally on a jumbo jet 747-8F (length 76m long7, payload
137,000kg, altitude approx. 10,000m).

The study focusses on the launch physics from the payload at rest in the gun to its arrival in a
suitable sustained orbit. It does not consider the risks or costs involved in building the gun, nor what
is required to pick up the orbiting payload.
A1 Projectile Mass: The projectile will nominally be 500kg mass with a payload of water, fuel or
other materials that do not significantly compress under load. It is likely to include some simple
guidance electronics and reaction engines for adjusting position and meeting with tugs or targets
once in orbit. This should only be considered a nominal projectile as a starting point for calculations.
Where the effects of mass are not linear we should also consider smaller and larger payloads,
nominally 50kg and 5000kg.
A2 Barrel Length: The barrel is assumed to be 200 metres long, again as a nominal figure that is
realistic to assemble and support.
A3 Projectile Shape: The size and shape of the projectile. 500kg mass of water or fuel gives a volume
of 0.5 m3. For conceptual purposes, a cylindrical container of this with 0.5m diameter would be
about 2.6m long:
𝑣𝑜𝑙𝑢𝑚𝑒 = 𝜋 ∙ 𝑟𝑎𝑑𝑖𝑢𝑠 ∙ ℎ𝑒𝑖𝑔ℎ𝑡
→ ℎ =

𝑉
𝜋𝑟

=

0.5
= 2.6𝑚
3.1 × 0.0625

2.3 Approach to Identifying Questions
2.3.1 Segmenting the Problem
In order to thoroughly assess the range of potential questions and avoid missing vital aspects, we
first consider how to break down the gun launch through a set of systems viewpoints:

7



Process: Preparation, firing, coasting, orbit transfer (from insertion orbit to sustained orbit).



Component: launcher, projectile, atmosphere, earth, environment, etc, and subcomponents.



Interaction: launcher & projectile, projectile & atmosphere, projectile & gravity, etc



Operating Environment: placement, costs, politics, safety (although these will be out of
scope for this paper)

https://www.boeing.com/commercial/freighters/
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2.3.2 Breaking down end-result questions
Another approach is to start with ‘large’ questions and break them down. For example:
What muzzle velocity and firing angle are the most energy-efficient to get into the Target
Sustained Orbit (TSO)?

 Derived Qs: What vertical and horizontal components of velocity are required to:
a) Reach TSO?
b) Maintain TSO?
c) What will be lost to atmospheric drag?
Taking each of these:



What vertical and horizontal components of velocity are required to reach TSO?

 Derived Q: what is the potential energy change between launch point and TSO?
 Derived Qs: How high is TSO? How high is the launching point?  What is the radius of
the earth?  What is the energy required to raise the payload from one to the other?
And so on. These can be combined and matched against the segmented systems viewpoints to
identify any gaps and overlaps.
Knowledge4Strength have also developed an approach to systematically evaluate questions in order
to extend and constrain them, and we will use that drill down into the identified questions.

3 Quality Assurance: Sources, Audit and Checks
In order to answer these questions we will need to show that the right references, equations and
examples have been sourced.
For the level and accuracy we seek here – as identifying and answering ‘boundary’ questions –
ordinary established physics will be more than sufficient. Orbital mechanics has been long-practiced,
and is not controversial in the way that some biological or social sciences are; sources such as text
books, NASA and ESA websites and even Wikipedia are likely to be sufficient. These answers can be
sourced in three ways:
1) Is the answer known? For example, the Target Sustained Orbit – altitude and speed - can
be taken from the international space station’s orbit.
2) Is the answer readily calculated from known equations? For example we have clear,
established equations for the potential energy differences between launch altitude and
TSO altitude.
3) What similar situations can we borrow from? For example we will see that the
acceleration rates of the payload in the gun are similar to those of military artillery
rounds. We can therefore use these to judge what materials, controls and electronics
are robust enough to be launched this way.
However the answers to some questions – such as hypersonic drag – may be less clear. In these
cases we will resort again to boundary answers that are likely to provide limits to the answer. These
are likely to be based on other people’s research questions, workings and conclusions, which we will
have to evaluate using standard academic proxies: the reputation of the researcher, their hosting
organization, any proven peer review, experimental testing and so on.
As most of the calculations here are approximations with large power components (the number of
zeros between the significant figure and the decimal point) we are unlikely to need more than one
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significant figure. It can be tempting therefore to take an ‘astrophysics’ approach and only calculate
the power components. However maintaining a few significant digits can help to check the workings
and we will generally attempt to maintain 2 significant figures (or, as standard practice, , or 3 when
squaring or square-rooting as standard practice.

3.1 Similar or Related Research
3.1.1 Historic Guns
Project HARP (1960-1966). American project using, largely, battleship guns to launch finned
projectiles. The latest, largest gun at Yuma gun launched a 180kg Martlet 2 to 180km. Barbados gun
was 176 feet (approx. 60m) long.


Astronautica: http://astronautix.com/a/abriefhistoheharpproject.html

Project Babylon (1988-1990). Gerald Bull from the HARP project continued to develop commercial
large guns, (in)famously including the Baby and Big Babylon guns for Saddam Hussain. Big Babylon
would be a meter in diameter and 156m long, and was expected to launch 2000kg payloads into
orbit.


Military Wiki: https://military.wikia.org/wiki/Project_Babylon



Astronautica: http://www.astronautix.com/b/babylongun.html

SHARP (1990s). Super High Altitude Research Project. Achieved 3km/sec with 5kg projectiles, barrel
length 47m (plus a perpendicular 82m long pump tube). “Hunter’s research discovered that a small
NASA gas gun had achieved a projectile speed of 11km/s in 1966” but source not found.


Astronautica: http://www.astronautix.com/s/sharp.html



Wikipedia: https://en.wikipedia.org/wiki/Super_High_Altitude_Research_Project

3.1.2 Current & In-development Guns
StarTram: Launching using Maglev tracks; largely conceptual currently:


Home Page: http://www.startram.com/home



Wikipedia: https://en.wikipedia.org/wiki/StarTram

Green Launch: taking over from SHARP at Yuma?


Home page: https://greenlaunch.space/



Military article: https://www.army.mil/article/205046/
new_technology_testing_may_achieve_the_goals_of_harp_space_gun

3.1.3 Related Projects
International Space Station. Occupies a low earth orbit similar to the target orbit for the Lancaster
Space Gun.


24 Oct 2019

Wikipedia Summary: https://en.wikipedia.org/wiki/International_Space_Station

Unusual Systems

8 of 14

The Lancaster Space Gun


ESA summary: https://www.esa.int/Science_Exploration/Human_and_Robotic_Exploration/
International_Space_Station/ISS_International_Space_Station

Hypersonic Guns. The Navy in particular is developing guns that fire hypersonic rounds, eg:


USS Dewey firing 20 from a 5-inch deck gun at Mach 7.3 (2,500 m/s), using explosive
charges: https://nationalinterest.org/blog/buzz/mach-73-bullets-us-navy-testedhypervelocity-cannon-round-41022



Rail guns not developed enough to be superior to chemical explosives and wears too fast:
https://www.popularmechanics.com/military/research/a14106941/us-navy-railgun-may-bedead/ and https://www.popularmechanics.com/military/research/news/a27455/us-navyrailgun-more-powerful/

Scramjets: for supersonic guidance or boost engines.


Wikipedia on hypersonic flight: https://en.wikipedia.org/wiki/Hypersonic_flight



NASA X-43: https://en.wikipedia.org/wiki/NASA_X-43



FALCON: https://en.wikipedia.org/wiki/DARPA_Falcon_Project

3.1.4 Academic & Technical Papers
This section lists relevant studies, courses and papers and identifies individuals who may be useful
advisors.
Ablation and Deceleration of Mass Driver-Launched Projectiles for Space Disposal of Nuclear
Wastes (Park & Bowen 1981, available from project library). Assumes a muzzle velocity of 20km/s
and concludes that an ablation mass loss of 10% for a 1000kg projectile, and velocity loss due to drag
of between 0.4 to 30km/s.
An electromagnetic lunar launcher utilizing superconductivity technology (Bilby Nozette & Kolm
1989, available from project library). Outlines a ‘QuenchGun’ launch system.
Hypersonic aerodynamics (Mason 2019, chapter 11). University course “Configuration
Aerodynamics”; quite a lot of material reasonably clearly presented. Possible consultant.
Hypersonic viscous drag on cones in rarefied flow (Kussoy 1967). Experimental assessment. Possibly
too detailed for our use.
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4 Segmenting Questions
This section breaks down the process and components into subsystems in order to consider what
questions need to be answered for each.

4.1 Process
Preparation

Largely out of scope, however:
What is the optimum direction of fire?
What is the muzzle velocity required of the projectile?
How long is the barrel?
How much acceleration will the projectile undergo?
What are the consequences of this on the projectile?

Firing

What resistances & frictions apply? What can be removed or mitigated?
How much thermal energy will need to be dumped?
How much energy must be applied?
How concentrated will that energy have to be (ie how much energy must be
applied per square meter?)
What control feedbacks (ie trigger and response) are feasible along the barrel?
What is the atmospheric drag on the projectile? (on-ground and in-air launch)
How much higher will be the required muzzle velocity to compensate?
Feedback this to the atmospheric drag equation.

Coasting What heat build-up is expected to the projectile?
What will the environmental shock wave be like? What area will it cover, what
strength will it have at what distance?
How extant is the range?

Orbit transfer

What is the minimum viable orbit radius that would be the target sustained
orbit?
What velocity adjustments, if any, are required to establish a non-impacting
orbit?

4.2 Component Interactions
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Launcher & Projectile

What resistances and frictions apply?

Projectile & Atmosphere

What is the atmospheric drag on the projectile?

Projectile & Gravity

What are the launch paths that result in stable orbits?
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5 Question Breakdown
This section considers a few sample questions and breaks them down into dependent questions that
will need to be answered first. In this version of the paper these are the first identified questions; we
expect it to expand as the problem is more deeply assessed.
What muzzle velocity and firing angle are the most energy-efficient to get into the Target Sustained
Orbit (TSO)?



What vertical and horizontal components of velocity are required to reach TSO?
o





How high is TSO?



How high is the launching point?  What is the radius of the earth?

What horizontal components of velocity are required to maintain TSO?
o



What is the potential energy change between launch point and TSO?

What is the orbiting speed of existing satellites that occupy TSO in orbit?

What velocity will be lost to atmospheric drag?
o

What existing equations exist for drag calculations?

What are the likely issues with hypersonic drag during the ‘coasting’ phase at these speeds?



How much heat will be generated and where will it go?



How much force will be exerted on the forward facing external surface?



What ideal shape will suit this phase?



How long will the projectile spend in what density of atmosphere?

How could the ‘coasting’ phase be guided?



What controls and control surfaces could be applied?

What is the energy required to raise the payload from initial insert orbit to the TSO?

6 Question Analysis
This section should analyze the completeness and suitability of the identified questions. It should
also lay out which are dependent on which, so for example velocity loss and heat gain from
atmospheric drag depends on how much time the projectile spends in the atmosphere, and this
depends on the initial launch elevation.

7 Basic Answers
As discussed earlier, the answers to some questions are the inputs to others. These answers are
therefore sometimes in two parts: the methodology, and then the calculation. This should simplify
the recalculation steps when some answers are revised.
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7.1 What is the minimum viable orbit radius that would be the target orbit?
The international space station orbits between 320-450km and requires boosting due to decay
several times a year8. As a working figure then, the target sustained orbit (TSO) for the space gun will
be 400km (ie 4 x 105m) from the earth’s surface.
The earth’s radius is just under 6,400km9 (ie 6.4 x 106m). The equatorial bulge is approx. 20km and is
not significant. The projectile will therefore be fired from a distance of 6.4 x 106m to reach a distance
of 6.8 x 106m from the earth’s centre.

7.2 What energy is required to reach target orbit altitude?
The energy cost to raise a mass through a given height is given as follows:
∆ 𝑃𝑜𝑡𝑒𝑛𝑡𝑖𝑎𝑙 𝐸𝑛𝑒𝑟𝑔𝑦 = 𝑀𝑎𝑠𝑠 ∙ 𝑔 ∙ ∆ ℎ𝑒𝑖𝑔ℎ𝑡
For a ‘quick’ answer we can use the value for g at the earth’s surface:
∆ 𝑃𝑜𝑡𝑒𝑛𝑡𝑖𝑎𝑙 𝐸𝑛𝑒𝑟𝑔𝑦 = 500𝑘𝑔 ∙ 9.8𝑚𝑠

∙ 4 × 10 𝑚 = 1.96 × 10 𝐽

This creates the derived question: how much does g change over the change in height (see Q7.2)?
While recognising that the change in g is not linear over the height, if we use the mid-value g for the
energy used we get:
∆ 𝑃𝑜𝑡𝑒𝑛𝑡𝑖𝑎𝑙 𝐸𝑛𝑒𝑟𝑔𝑦 = 500𝑘𝑔 ∙ 9.2𝑚𝑠

∙ 4 × 10 𝑚 = 𝟏. 𝟖𝟒 × 𝟏𝟎𝟗 𝑱

If this becomes significant we can integrate for g over the range.

7.3 What is the acceleration due to gravity at the target orbit altitude?
Acceleration due to gravity is given as:
𝑔=G

𝑀
𝑑

Where ME is the mass of the earth (6 x 1024kg), d is the distance from the centre (ie 6.8 x 106m from
Q7.1 for target orbit, and 6.4 x 106m for the surface), and G is the gravitational constant (6.7 x 10-11)
m3 kg-1 s-1). To check this, let’s apply it to the surface:
𝑔 = 6.7 × 10

6 × 10
= 0.98 × 10 = 9.8𝑚𝑠
(6.4 × 10 )

…which is correct. Applied to the target orbit:
𝑔 = 6.7 × 10

6 × 10
= 0.869 × 10 = 𝟖. 𝟕𝒎𝒔𝟐
(6.8 × 10 )

8

https://www.esa.int/Science_Exploration/Human_and_Robotic_Exploration/International_Space_Station/
Where_is_the_International_Space_Station
9

https://nssdc.gsfc.nasa.gov/planetary/factsheet/earthfact.html
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7.4 What is the orbital velocity (transverse speed) of a satellite in the target orbit?
The international space station uses a similar orbit and travels at an average speed of 28,000kph10,
or 7.8 x 103 m s-1

7.5 What energy is required to reach orbit velocity?
The energy cost to accelerate a mass m to reach a relative velocity v is:
1
𝐾𝑖𝑛𝑒𝑡𝑖𝑐 𝐸𝑛𝑒𝑟𝑔𝑦 = 𝑚𝑣
2
Applying the horizontal component of the orbital velocity from Q7.4, this gives us:
𝐾𝑖𝑛𝑒𝑡𝑖𝑐 𝐸𝑛𝑒𝑟𝑔𝑦 =

1
500 ∙ (7.8 × 10 ) = 𝟏. 𝟓 × 𝟏𝟎𝟏𝟎 𝑱
2

7.6 What launch (muzzle) velocity would reach orbit?
The initial answer will take the naïve approach of a vertical component to reach the target orbit
altitude, and a horizontal component that will be the orbital velocity (NB this assumes a flat earth, so
it’s just to get an indication!).
The horizontal component is given in Q7.4 as 7.8 x 103 m s-1 . The vertical component can be
calculated by starting the projectile with the same kinetic energy as the potential energy required to
lift it:
1
𝐸 = 𝑚𝑣 = 𝐸 = 𝑚𝑔ℎ
2
𝑚𝑔ℎ
→ 𝑣 =
= 2𝑔ℎ
1
𝑚
2
→ 𝑣=

2 × 9.8 × 4 × 10

= 2.8 × 10 𝑚 𝑠
Combining the two:
𝑚𝑢𝑧𝑧𝑙𝑒 𝑣 = ℎ𝑜𝑟𝑖𝑧𝑜𝑛𝑡𝑎𝑙 𝑣 + 𝑣𝑒𝑟𝑡𝑖𝑐𝑎𝑙 𝑣
𝑚𝑢𝑧𝑧𝑙𝑒 𝑣 =

(2.8 × 10 ) + (7.8 × 10 ) = 8.3 × 10 𝑚𝑠

To this we must add enough velocity to compensate for atmospheric drag (see separate paper)
combining this gives a likely working muzzle velocity of 104ms-1
If the gun can be laid to fire at the equator in the direction of the earth’s rotation then this can be
added to the horizontal velocity, but the rotation at the equator is only 1.7kph11 = 0.5 ms-1 and it is
likely the gun will be useful for more than equatorial orbits.

10

https://en.wikipedia.org/wiki/International_Space_Station

11

https://image.gsfc.nasa.gov/poetry/ask/a10840.html
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7.7 How much energy will be required to achieve launch velocity?
Method
Using v as the muzzle velocity, the energy required is the kinetic energy of the projectile:
1
𝐾𝑖𝑛𝑒𝑡𝑖𝑐 𝐸𝑛𝑒𝑟𝑔𝑦 = 𝑚𝑣
2
Calculation
Taking the answer from Q7.6 and assumed projectile of 500kg:
𝐾𝑖𝑛𝑒𝑡𝑖𝑐 𝐸𝑛𝑒𝑟𝑔𝑦 =

1
× 500 × (10 ) = 𝟐. 𝟓 × 𝟏𝟎𝟏𝟎 𝑱
2

7.8 What does the concentration of energy in the gun compare to?
Method
Aviation fuel has an energy content of approx 43 MJ/kg, a density of 0.7kg/litre, so about 30
MJ/litre, ie 3 x 107 J l-1.
Calculation
The answer to Q7.7 corresponds therefore to about 830 litres.

7.9 How much time will a firing take?
Method
Assuming a linear acceleration, the average velocity in the barrel will be half the muzzle velocity, and
the time taken to traverse that is the barrel length divided by the average speed.
Calculation
With a barrel length of 200m (see assumption A2) and muzzle velocity given in Q7.6 the firing will
therefore take:
200 / 10^4 = 0.02s

7.10 What is the ideal angle of fire?
Taking the naïve approach given in Q7.6, the angle of elevation for the barrel will be:
tan(𝑒𝑙𝑒𝑣𝑎𝑡𝑖𝑜𝑛) =
𝑒𝑙𝑒𝑣𝑎𝑡𝑖𝑜𝑛 = tan
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𝑣𝑒𝑟𝑡𝑖𝑐𝑎𝑙 𝑣
ℎ𝑜𝑟𝑖𝑧𝑜𝑛𝑡𝑎𝑙 𝑣

0.36 = 20 𝑑𝑒𝑔𝑟𝑒𝑒𝑠
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