Space Propulsion 2010, San Sebastian, Spain, May 2010

A Review of the use of butane as a low cost propell  ant

Dave Gibbon
Surrey Satellite Technology Ltd, UK
d.gibbon@sstl.co.uk

Introduction

Prior to 1999 none of the small spacecraft produced by SSTL contained propulsion systems.
However the increasing capability of the payloads, combined with tougher mission
requirements, meant that spacecraft platforms had to be more capable. As a result it was
recognised that small spacecraft needed to have their own onboard propulsion capability.

The first SSTL spacecraft with propulsive capability was UoSat-12, which was launched in
1999. This carried a traditional cold gas propulsion system and an experimental Nitrous Oxide
resistojet system. Both systems performed well in orbit; however neither was suitable for
SSTL’s next application, the 6.5kg nanosatellite, SNAP-1. A detailed trade was performed
and butane was selected as the optimum propellant for the mission, as it met the
requirements using a simple, low cost approach. Subsequent to the successful use of the
propulsion system on SNAP-1, butane has become the one propellants of choice (along with
Xenon gas, see RD [1]) on SSTL missions.

Selection of butane as a propellant

Butane is a viable propellant option as an alternative to either a nitrogen cold gas system, or a
small hydrazine system. SSTL has used it in missions with delta V requirements of up to
90m/sec.

Butane is a liquefied gas. At room temperature it stores as a liquid with a vapour pressure of
approx 2 bar. The liquid density is 0.53 g/cm® (compared to only 0.22 g/cm?® for nitrogen at
200 bar pressure). It has a theoretical specific impulse of 70 seconds, which is only 10% less
than nitrogen. Hence the density I, (impulse per unit volume of propellant) of butane is 362
Ns/litre compared to 165 Ns/litre for nitrogen. The consequence of this is that, for a given
mission impulse requirement, butane will store in a much smaller volume, which is a
significant advantage for a small spacecraft. Butane systems produce a similar thrust level to
cold gas nitrogen systems; SSTL typically operate at around 50mN of thrust.

An additional advantage is that butane has a very low storage pressure. At 20°C, its vapour
pressure is 2.1 bar absolute. This means that the system pressures are very low, and that
propellant tanks can be designed to high margins of safety, whilst still being relatively low
mass. The smaller, thinner walled tank, when compared to nitrogen, means that any
additional butane propellant mass, is often compensated for in a lower tank mass. Due to the
low pressures involved, SSTL would typically design its own butane propellant tanks, hence
controlling one of the more expensive items of a propulsion system.

When comparing butane to hydrazine the clear advantage is cost. The hydrazine system will
be lighter and smaller volume, however every aspect of the butane system will be lower in
cost. Due to the toxicity of hydrazine, stringent safety precautions have to be followed
throughout the whole process from the design, through the build and especially at launch site.
This adds cost throughout the process from the initial use of expensive tanks and thrusters,
through to the expense involved in shipping hydrazine to launch site and the filling operations
requiring full SCAPE suits.

Figure 1 shows the relationship between vapour pressure of butane and temperature. It is
clear that as the temperature rises the pressure also rises, but at the maximum specified
temperature of 40°C the pressure is less than 4 bar absolute, still a very low pressure. An
advantage of this is that no high pressure regulation valves are needed, an additional cost
saving over compressed gas systems. Butane has a freezing point of -138°C. This means
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that no thermal control system is needed, a significant advantage over hydrazine, which
freezes at 2°C.
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Figure 1 - Vapour pressure of butane v temperature

Despite the advantages outlined above there are features of a butane system that need to be
taken into account by the system designer. As butane stores as a liquid, the effect of sloshing
need to be taken into account. Consequently SSTL has incorporated anti-sloshing baffles into
the tanks that have been designed for butane systems. Also the two phase nature of the
propellant means that traditional PVT methods cannot be used, as the pressure is always
proportional to the temperature whilst liquid remains. When the liquid has depleted and only
vapour phase remains, the PVT method can be used, but there will only be 1% of propellant
remaining; not much warning that the propellant is about to deplete. Hence the bookkeeping
method of gauging must be used.

Modes of operation

The butane systems can be used in two different operation modes, depending on the
requirements. The choice is to be either pressure regulated or un-regulated.

Un-regulated Pressure Mode

Using the system in an unregulated mode is the simplest option in terms of its schematic. The
thruster is connected directly to the propellant in the tank; hence the feed pressure to the
thruster is the tank pressure minus any pressure drop in the line and valves. A typical
unregulated system can be seen in figure 2, the SSTL-100 platform propulsion system. It can
be seen that only 2 flow control solenoid valves are required, making the system simple and
low cost. Note that redundancy was not a requirement for this system.

As the thrust level obtained is directly proportional to the chamber pressure, the thrust will be
proportional to the tank temperature, in the relationship shown in figure 1. For SSTL
platforms, which are thermally stable, this means that the thrust does not vary too much. The
thrust levels that will be expected during a manoeuvre can be determined prior to a firing by
knowing the tank temperature, and if necessary the firing duration can be adjusted
accordingly to obtain the desired impulse.
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Figure 2 - Schematic of the unregulated Figure 3 — Schematic of a regulated system
SSTL-100 system Giove-A

Regulated Pressure Mode

The system in pressure regulation mode is required when a fixed thrust or impulse bit is
required, unlike in un-regulated mode, where thrust is effectively proportional to temperature.
This feature may be required in a system that uses the propulsion system for spacecraft
attitude control. In this case predictable, repeatable impulse bits will usually be required.

Figure 3 shows a pressure regulated system. It is more complex than the un-regulated
system as there is an additional plenum chamber required, which will operate at a pressure
lower than the tank pressure. The plenum pressure is used to feed the thruster at a nominally
constant pressure. The plenum pressure can be controlled with either a mechanical pressure
regulator, or an electronic bang-bang regulator being controlled by the plenum pressure
sensors, as shown in figure 3. This adds additional complexity to the system which equates to
additional costs in equipment, manufacturing and testing.

A regulated system was employed for the Giove-A spacecraft. The spacecraft required the
propulsion system for both orbit manoeuvres and attitude control. Consequently each thruster
was characterised for its impulse performance. Figure 4 shows a typical impulse versus
thruster pulse duration for 20 to 340 millisecond pulses. Generally the thrust performance was
very repeatable. At 20 millisecond pulses, the measured impulse was 1.88mNsec with a
variability of 2.11%. At all other thruster durations the impulse was repeatable to within 1%.

Characterising the thrusters in this way also provided the data for the algorithms which are
used to determine propellant consumption using the bookkeeping method.
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Figure 4 — Typical thruster test data
Operation in orbit
SNAP-1

SNAP-1 was SSTL'’s first nanosatellite, weighing 6.5kg at launch. It had a small onboard
Propulsion System using butane in cold gas, un-regulated mode. A total of 32.6 grams of
propellant was stored inside a tank made from coiled %" titanium alloy tube. This is an
example of how the low pressure and toxicity of butane can allow a novel low cost, off-the-
shelf solution.

Figure 5 — SNAP-1 propulsion system

SNAP-1 was launched on 28" June 2000, together with another SSTL spacecraft, Tsinghua-
1. One of the primary aims of the SNAP-1 mission was to show that it could manoeuvre itself
with respect to the other spacecraft. Figure 6 shows a plot of the semi major axes of both
spacecraft. Subsequent to separation from the launch vehicle both spacecraft started drifting
apart due to the slightly different release altitudes and the difference in ballistic coefficients.
Following the commissioning period, a series of propulsion firings began, where the thruster
was fired for 3 seconds every fourth orbit. This increase in altitude of SNAP-1 allowed the
spacecraft to start drifting back together, demonstrating the use of the simple propulsion
system to manoeuvre a small 6.5kg spacecraft with respect to another satellite.
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Figure 6 — SNAP-1 in orbit performance

The system was designed to provide a maximum theoretical deltaV of 3.4 m/sec to the
spacecraft. In practice 2.1 m/sec was achieved (compared to the specified requirement of 1
m/sec), giving a mission average specific impulse of 43 seconds. Analysis of the telemetry
showed that during the initial firings liquid phase butane was expelled and this was a major
contributor to the reduction in performance from the theoretical level. RD [2] contains more
details on the SNAP-1 system and mission performance.

As a result of the lessons learned from this programme, SSTL’'s low power resistojet was
developed and flown on all subsequent butane systems. The primary function of this thruster
is as a vaporiser to ensure that no liquid phase propellant is expelled. However it has the
benefit that once the propellant is vapour phase it also gets heated, which increases its exit
velocity, hence specific impulse. SSTL have used the resistojet at temperatures of up to
350°C with butane, increasing the Isp from 70 seconds to over 100 seconds. The design
development and heritage of this thruster is detailed in RD [3] and RD [4].

Figure 7 — Low power resistojet thruster
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SSTL-100 Platform

The SSTL-100 platform is a generic bus with a launch mass of around 100kg, see RD [5]. It is
typically used in LEO for medium resolution imaging and other small payloads. It is equipped
with an un-regulated butane propulsion system, containing a capacity of 2.35 kg of propellant
in two SSTL designed propellant tanks. Figure 2 shows the schematic, whilst figures 8 and 9
show the spacecraft and propulsion system.

Most of these platforms have been used for imaging missions, giving up to 22m ground
sampling distance. These spacecraft operate in a constellation at around 690km altitude,
called the Disaster Monitoring Constellation (DMC). The propulsion system is required to
insert the spacecraft into the correct orbit, maintaining the constellation and reducing orbital
height at the end of life. The generic platform delta V requirement in 10 m/sec, however the
system is capable of delivering over 25 m/sec, depending on launch mass and how the
system is operated.

SHEAR PANELS

STACK
PROPULSION SYSTEM

SOLAR PANEL

Figure 8 — The SSTL-100 DMC platform Figure 9 - Three SSTL-100 butane systems

Alsat-1

ALSAT-1 (an 88kg earth observation spacecraft) was the first SSTL-100 DMC platform. It was
launched in Nov 2002. The ALSAT-1 system is described in RD [6]. It contained 2.35kg of
butane propellant. Due to an out of specification launch injection, the spacecraft was left in an
elliptical orbit with an apogee of 745.6 km, rather than the intended circular 680 km orbit. The
propulsion system was used over a period of 5 weeks, performing an average of five 3 minute
firings per day, to reduce the apogee to 693.7 km and bring the orbit nearly circular. The total
deltaV achieved by the spacecraft at the end of these manoeuvres was 15.2 m/sec. Figure 10
shows the reduction in semi-major axis and eccentricity achieved in the series of firings in
early 2003.
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Figure 10 — ALSAT-1 orbital history

By early 2009 the spacecraft was already 18 months past the design life. To minimise the risk
of orbital debris created by space collisions, it was decided to lower the orbit of the spacecraft
and reduce the period of time between end of life and re-entry to the Earth’s atmosphere.
There was not sufficient propellant on-board to de-orbit the spacecraft; however the intention
was to use the remaining propellant to lower the altitude as far as practical. Depleting the
propellant also removed a source of stored energy inside the spacecraft, removing the
possibility (however tiny) of the spacecraft suffering from a break-up due to residual pressure.

Prior to the series of orbit reduction manoeuvres the propulsion system had not been
operated for over 6 years. However it performed flawlessly when re-activated. The semi-major
axis was reduced by 20.6 km. Assuming the orbit decay rate during those 6 years remained
constant, the series of manoeuvres reduced the orbital life of the spacecraft by approx 50
years.

The manoeuvre history shown in figure 10 equates to an impulsive deltaV of 26.21 m/sec.
This means that a mission average specific impulse of 99 seconds was achieved.

DMC batch 2

Three further SSTL spacecraft used butane as the propellant. UK-DMC, NigeriaSat-1 and
BilSat-1 all have identical propulsion systems to ALSAT-1. They were launched together in
Sept 2003. They were injected perfectly into the correct orbit, the orbit of ALSAT-1, so no
propellant was required to correct launch injection. The four DMC spacecraft were required to
fly in a “string of pearls” formation, so they had to be phased by 90°. The propulsion systems
of the three additional spacecraft were used to place the spacecraft into drift orbits and then
to place the spacecraft in their final constellation. The propellant consumption on each
spacecraft was minimal. See RD [7] for further details.

During the life of the spacecraft the constellation formation was maintained by small
propulsion firings. Again these used minimal propellant. All in orbit performance has been
nominal to date.

It is proposed that UK-DMC will start performing altitude reduction firings during Q2/Q3 of
2010, in order to minimise the period it remains in orbit after the end of its operational life.
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DMC batch 3 and future SSTL-100s

In July 2009 two further DMC spacecraft were launched, Deimos-1 and UK-DMC2. Due to the
fact that they were not the primary payload on the launcher, the orbit they were injected into
was somewhat lower than would have been preferred. Hence both spacecraft have performed
firing campaigns to increase their altitudes. Figure 11 shows the orbital parameters of UK-
DMC2. The propulsion firings occurred for 3 minutes per obit, i.e. 15 firings per day. This
resulted in the increase of semi-major axis of 21.5 km and consumed approximately 40% of
the propellant.
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Figure 11 — UK-DMC2 orbital parameters
Giove-A

Giove-A was the first SSTL mission to medium earth orbit (MEO), launched into an altitude of
23,223 km on 28" Dec 2005. It is an experimental spacecraft built for the European Space
Agency, as the first demonstrator for Europe’s Galileo navigation system. It uses a pressure
regulated butane propulsion system, the schematic being shown in figure 3, and pictorially in
figure 12. It has a total tank volume of 120 litres, allowing a propellant mass of up to 66 kg to
be accommodated. It eventually launched with 51.73kg of propellant onboard. The system is
described in more detail in RD [8].

The function of the propulsion system was to provide both attitude and orbit control. The total
impulse requirement was equivalent to a total delta V of 91.4 m/sec on a 600kg spacecraft. It
used resistojet for deltaV operations, and butane in a cold gas mode for attitude control.
Requirements for the system were:-

Provide control torques of > 16 mN.m

Derived from above, provide a thrust of >35mN per thruster

Immediately following the spacecraft launch, the propulsion system was activated
automatically and used by the onboard AOCS software to bring the spacecraft attitude under
control. It then performed flawlessly throughout the commissioning phase of the spacecraft.
During spacecraft operations, the use of the propulsion system was minimised to prevent
orbital disturbances of this navigational spacecraft, however the system was used
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occasionally during software upload operations. A measure of the system’s success is that no
discrepancy reports have been raised and the only involvement from the spacecraft operators
has been to keep track of the propellant consumption. This demonstrates a low cost feature of
butane systems as ground operations are expensive.

In March 2008 Giove-A reached the end of its 27 month contractual life, and is currently in its
third year of extended operations. It was decided by ESA, as a precautionary measure, that
the spacecraft should be removed from its operational orbit to prevent potential conflicts with
future Galileo spacecraft that will also use the orbit. (It continues to operate in the higher
orbit). Hence during Aug 2009 an orbit raising campaign was performed. Figure 13 shows a
history of the firing sequence. After a shorter 10 minute firing in the deltaV mode the major
orbit raising was performed over 3 orbits, with 1 x 1 hour and 2 x 2 hour firings. This resulted
in an altitude gain of 81 km overall. During the series of manoeuvres 4.5 kg of propellant was
consumed. A further series of orbit raising manoeuvres is planned during July / August 2010.

Of the 51.73kg of propellant loaded 29.1 kg remains un-used. As the spacecraft is consuming
less than 1 kg per year, it is unlikely that the propellant will be a life limiting factor on the
spacecraft.
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Figure 12 - Giove-A Propulsion bay Figure 13 — Orbit profile during orbit raising manoeuvres

Future use

The use of butane as a propellant has been demonstrated a very cost effective solution.
Hence SSTL intend to carry on with its use on all existing platforms. In addition, there is
currently an exercise being performed, which will lead to the manufacture and flight of a
butane system for a cubesat (a 10cm cube weighing less than 1kg). The system will use
heritage from the SNAP-1 nanosatellite, but be more miniaturised.
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Summary

The table below gives a summary of the in orbit performance of SSTL’'s spacecraft using
butane propellant.

Spacecraft Propellant | Launch date Comments
mass

SNAP-1 32649 28 Jun 2000 2.1m/s achieved, 1m/s required

ALSAT-1 2.35kg 28 Nov 2002 26.21m/s achieved, 10m/s required

UK-DMC 2.35kg 27 Sept 2003 | Nominal operation, minimal propellant usage. Altitude
lowering planned Q2 2010

NigeriaSat-1 2.35kg 27 Sept 2003 | Nominal operation, minimal propellant usage

Bilsat-1 2.35kg 27 Sept 2003 | Nominal system operation, Spacecraft now non-
operational

Giove-A 51.73 kg 28 Dec 2005 Nominal operation. System used for attitude control
and 81 km orbit raising “graveyard” manoeuvres

Deimos-1 2.35kg 29 Jul 2009 System used to achieve optimal operation orbit

UK-DMC2 2.35kg 29 Jul 2009 System used to achieve optimal operation orbit,
increased altitude 21.5km

ADS-1b 2.35kg Q4 2010 Spacecraft awaiting launch

NX 2.35kg Q4 2010 Spacecraft awaiting launch

Conclusion

Butane is an excellent propellant for use in spacecraft missions where low cost is an issue. It
fits into the niche below the point where the performance of a hydrazine system is required,
i.e. below 100 m/sec total delta V, and can be used in spacecraft that would traditionally have
flown cold gas nitrogen. Due to the propellant being stored in liquid phase it has a high
density specific impulse, which allows butane systems to be more compact than nitrogen
systems, allowing them to fit into smaller volumes, often a more critical factor than mass in a
small spacecraft.

SSTL have developed a resistojet thruster to act as a vaporiser and heater of the butane
propellant. This can increase the specific impulse of the propellant by up to 40%. Over its
mission lifetime, the ALSAT-1 butane propulsion system demonstrated a mission average
specific impulse of 99 seconds. This is a clear advantage over the traditional cold gas
nitrogen systems, which achieve up to 75 seconds.

Butane propellant has been selected for 10 SSTL missions, eight of which have successfully
flown in orbit and 2 waiting launch. The customers have ranged from developing space
countries, to the European Space Agency. The butane systems have been used:-
- For spacecraft as small as nanosatellites

For orbital injection error correction

For orbital insertion after non-optimal piggy bag launches

For constellation forming and maintenance

For end of life graveyard / orbit lowering manoeuvres

For the attitude control of spacecraft

The use of butane is a clear demonstration of the benefits of SSTL's policy to fly new
technologies first on experimental missions. The use of butane on the SNAP-1 internally
funded mission highlighted the need for the resistojet thruster, which was developed for use
on the first commercial application of the butane system.
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