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ABSTRACT

Antarctic astronomy is becoming ever more popular due to the astronomical

potential that the Antarctic plateau has to offer. An analysis of potential

Antarctic dome sites is essential before the construction of large telescope

facilities. Reliable power generation systems for isolated locations on the

Antarctic plateau are optimal for remote site-testing facilities. There has

been little published work, however, on remote power generation in Antarc-

tica. This thesis reviews potential in-situ power generation sources, with

emphasis on the diesel engine that was chosen for the University of New

South Wales site-testing facility: PLATO (PLATeau Observatory). PLATO

currently operates on the highest point on the Antarctic plateau, Dome A

(4093m). A single-cylinder, naturally aspirated diesel engine (Hatz 1B30)

was chosen to be the primary power source for PLATO throughout the win-

ter months. A description of the design of an environmental chamber to

simulate high altitudes on the Antarctic plateau is presented. An experi-

mental investigation of the engine operation at high altitude on Jet A-1 with

comparison to the engine’s performance at sea level is also presented. It was

found that, although attention must be paid to provide adequate cooling,

no modification to the engine itself was required. The selected engine power

system provides very high reliability and produces 1500W of electrical power

with a fuel consumption of 280g/kWh.
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Chapter 1

Antarctica: The Last Frontier

“We must always remember with gratitude and admiration the first sailors

who steered their vessels through storms and mists, and increased our knowl-

edge of the lands of ice in the South”

- Roald Amundsen, Norwegian explorer of polar regions (1872-1928)

Antarctic dome sites have been revealed through site testing to have favourable

atmospheric conditions for observational astronomy. To carry out site testing

at high-altitude remote dome sites, it is optimal to have an unmanned and

autonomous facility. The power generation system for this facility must be

robust to endure the winter months.

Antarctica, on average, is the highest, coldest, windiest and driest conti-

nent on Earth (Quilty 1992). The Antarctic plateau is a vast, largely unex-

plored region in East Antarctica. Most of it is at an elevation of over 3000

metres as shown in Figure 1.1. Dome A is the highest point, at a physical

altitude of 4093 metres.

When the Sun is well below the horizon, the average temperature in

Antarctica is about −60◦C. The lowest recorded temperature was -89.6◦C

measured at the Russian Vostok station in 1983 (Desonie 2008). The low

temperatures in Antarctica (relative to temperate locations) lead to:

• A reduced atmospheric scale height (i.e. the atmospheric pressure de-

3
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creases more rapidly with altitude);

• A lower atmospheric water vapour content; and

• A lower thermal emission from the atmosphere.

Figure 1.1: Contour map of Antarctica (courtesy of AAD)

The wind flows in Antarctica are mainly katabatic, i.e. stable, cool air

flows, under gravity, radially from the highest point on the plateau towards

the coast (Parish & Cassano 2003; and references therein). Because the

gradient of the plateau is small, the corresponding wind speeds are slow. As

the air approaches the coast, the gradient sharply increases resulting in much

higher wind speeds.

The plateau of Antarctica receives very little precipitation, typically 50mm

per year, making it the largest desert in the world. In Antarctica, 70% of the

world’s fresh water is stored as ice, which can influence the world’s sea level
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(Quilty 1992). The air above Antarctica is sensitive to distant human activ-

ity, specifically in the changing of the atmospheric gas composition (Francey

1992). Precipitation in Antarctica falls as ice and adds to the icesheet above

the land mass. As a result, past atmospheric composition can be traced via

Antarctic ice cores. Antarctica, therefore, probably holds the oldest record of

Earth’s climatic history (Lüthi et al. 2008; and references therein). Antarc-

tica is considered to be one of the last remaining wildernesses (Gell 1989)

and one of the last scientific frontiers on Earth.

The low temperatures, the dry conditions, and high altitudes on the

Antarctic plateau are thought to provide the optimal environment for as-

tronomical observation; which potentially makes Antarctica the best astro-

nomical platform on the planet (Storey 2005; and references therein).

Permanent research facilities currently exist at the United States’ South

Pole station (on the edge of the plateau), the Russian Vostok station and the

French/Italian station at Dome C. There are new stations under construction

at Dome A and Dome F being led by the Chinese and the Japanese respec-

tively. All of these stations are conducting part of their scientific research in

astronomy and astrophysics.

This chapter will outline key properties of the atmosphere and why the

Antarctic plateau is perhaps the best terrestrial site to perform observational

astronomy. This chapter will also discuss the importance of autonomous

site-testing facilities with robust power generation systems. A review of

alternative power sources that could be used to power a remote facility is

presented; with special emphasis on heat engines. Finally, an overview on

previous site-testing facilities that have been designed and constructed by the

Antarctic astronomy team from the University of New South Wales (UNSW)

is presented.

This central aim of this thesis is to test a single-cylinder diesel engine that

was selected to power the latest UNSW remote facility before being deployed

to Dome A, Antarctica.
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1.1 Astronomy in Antarctica

The study of astronomy in Antarctica is not just a modern endeavour. As-

trogeology started with the first discovery of a meteorite by the Mawson

team during their 1911-1914 expedition. Astrophysics in Antarctica began

with the first cosmic ray observatory that was built at Mawson Station in

1955. Today, there are a number of telescopes that are taking advantage

of this prime real estate. These range from high energy detectors observing

neutrino and cosmic ray activity, to small optical and infrared telescopes.

See Indermuehle et al. (2005) and Burton (2010) for reviews of the history

of astronomy in Antarctica.

PILOT (Pathfinder for an International Large Optical Telescope) is a

proposed 2 metre class telescope to be sited at Dome C (Burton et al. 2005).

Although PILOT has a relatively modest aperture, it should be competitive

with current 8 metre class telescopes because of the excellent site conditions

at Dome C (Saunders et al. 2008). There are also conceptual ideas for bigger

telescopes such as LAPCAT (Large Antarctic Plateau Clear-Aperture Tele-

scope), an 8.4 metre off-axis optical/IR telescope (Storey et al. 2006), to be

built on the Antarctic plateau.

Before taking on the challenge of building larger telescope facilities at

Antarctic plateau sites, it is essential to survey site conditions in order to

evaluate the real benefits of such an endeavour. Essentially, the atmospheric

conditions must be superior to those found at prime mid-latitude sites, such

as those on Mauna Kea and Cerro Paranal.

1.2 Atmospheric Properties

The astronomical potential of ground-based telescopes is limited by various

atmospheric properties. The atmosphere above the Antarctic plateau creates

conditions that are more favourable than the atmosphere above the best
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terrestrial telescopes. The key atmospheric properties that can inhibit our

vision of the night sky are turbulence, thermal emission, absorption and light

contamination.

The phenomenon of the diffraction of light places a fundamental limit on

the resolution of any telescope system. The diffraction limit is inversely pro-

portional to the telescope’s aperture, i.e. larger telescopes have higher spatial

resolution. Most optical telescopes, however, do not reach the diffraction lim-

ited case but become ‘seeing-limited’ due to atmospheric turbulence. Thus,

an important constraint on the image quality produced by the telescope is

the atmosphere, as all terrestrial telescopes must see through it. In the at-

mosphere, there are parcels of air of different temperatures each traveling at

different speeds. This phenomenon is called turbulence. Starlight, that origi-

nates from astronomical sources, travels through the Earth’s atmosphere and

the light’s wavefronts will be distorted before reaching the telescope; as tem-

perature differences result in refractive index changes and hence phase shifts

occur in the light’s wavefronts. The light from a point source (e.g. a distant

star) is smeared out into a ‘seeing disc’. This is quantified by its angular size

measured in arcseconds. As the seeing limit is dependent on the atmosphere,

the observed seeing disk will be same for all telescopes, regardless of the size

of the telescope’s aperture (Smith 1995).

In order to reduce the effect of turbulence, telescopes have been built

at sites of higher elevation where the atmosphere is thinner and calmer. In

addition, Adaptive Optics (AO) can be implemented in order to repair the

distorted wavefront (Ealey 1992). Successful terrestrial platforms for large

telescopes are currently situated in the high altitude sites of Mauna Kea (on

the Island of Hawaii) and the Atacama Desert in South America.

To further improve the chances of an unhindered view, telescopes have

been launched into space. The most successful examples were the NASA

Great Observatories that were designed to cover four broad bands of the

electromagnetic spectrum: the Hubble Space Telescope (optical/infrared,
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Dalcanton 2009); the Compton Gamma Ray Observatory (safely decommis-

sioned in June 2000, Kniffen 2003); the Spitzer Space Telescope (infrared,

Patel & Spath 2004); and the Chandra X-ray observatory (Weisskopf 2006).

The temperature influences light transmission. Colder atmospheric tem-

peratures lead to lower water vapour content, which results in higher trans-

mission around water vapour absorption bands. This is particularly impor-

tant for the mid-infrared and the sub-millimetre ranges. The temperature

also affects the atmospheric thermal emission in the infrared. Thermal emis-

sion becomes the dominant source of the background for wavelengths longer

than ∼2μm. Atmospheric thermal emission becomes less dominant at regions

of high altitude because of the reduced air density and lower temperatures.

Stray light contamination from natural and human sources can also af-

fect image quality. Natural light contamination can arise from a number of

sources (e.g. scattered sunlight, moonlight, aurora, airglow, etc). In addi-

tion, light pollution can also be produced from artificial sources (e.g. local

city lights). See Kenyon & Storey (2006) for a discussion on sources of sky

brightness.

Space is the most desirable location to place a telescope because of a

continuous observational capability with no atmospheric thermal emission,

absorption or light pollution. However, there are high transportation costs

and challenging maintenance operations associated with space missions. As

a compromise, a carefully selected ground-based location would be more

economically viable. A ground-based observatory site will have the following

atmospheric properties:

• Weak turbulence at high altitudes

• Low thermal emission

• Excellent seeing conditions

• Low light pollution
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• High atmospheric transparency due to lower temperatures and the

lower water vapour content

• Minimal cloud cover

The atmosphere above the Antarctic plateau offers the above-mentioned

conditions. In addition, transportation costs for Antarctica are much lower

than those needed for launching payloads into space. The Antarctic plateau

is therefore a suitable compromise to undertake observational astronomy to

that of space.

Experiments over the past decade have already suggested that the Antarc-

tic plateau would provide a suitable platform for undertaking precise astron-

omy (Storey 2005; Swain & Hubert 2006). Atmospheric measurements at

Dome C have suggested that the site is potentially one of the best astronom-

ical sites on the Antarctic plateau and possibly the world (Sadibekova et al.

2007; Arnaud et al. 2006; Lawrence et al. 2007). Dome A and other isolated

plateau sites may yet still provide the best platform for observational as-

tronomy; however, these sites are more remote than Dome C. Therefore, an

autonomous remote facility would be ideal in order to test the atmospheric

conditions at these sites.

1.3 Autonomous remote site-testing

Remote sites that have no infrastructure to support humans throughout the

year require site-testing facilities to be unmanned and fully autonomous.

Power for the instruments must be generated on site. A stable temperature

environment and continuous electrical power are required elements for an

autonomously driven small observatory in Antarctica.

The National Science Foundation’s Office of Polar Programs has placed

automatic weather stations (AWSs) in a number of remote locations in Antarc-

tica. The stations, as part of the United States Antarctic Program (USAP),
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have measured continuous meteorological information such as air tempera-

ture, air pressure and wind velocities over the last few decades (Holmes et al.

1997; Stearns et al. 1997). During the summer and winter operations the

stations are powered by solar panels and wind turbines respectively, which

charge sealed lead-acid batteries in order to operate continuously throughout

the year (White et al. 2006).

The United States also have an operational network of unmanned Auto-

matic Geophysical Observatories (AGOs) that have been deployed to remote

locations on the Antarctic plateau. These observatories have made measure-

ments of the high-altitude ionosphere and magnetosphere. The AGOs were

powered by propane fueled thermoelectric generators that can each produce

up to 60W of electricity (Doolittle 1992; Doolittle et al. 1993). The thermo-

electric generators were problematic and have now been replaced with solar

panels and wind generators to power the AGOs. These AGOs are now part

of the Polar Experiment Network for Geospace Upper-atmosphere INvesti-

gations (PENQUIn) project (Lessard et al. 2009).

The British Antarctic Survey (BAS) has a similar network of AGOs that

have small remote autonomous instruments to measure meteorological pa-

rameters at various locations in Antarctica. These systems are powered by

lead-acid batteries that are charged by solar and wind generation systems

that provide a nominal output of 100W (Dudneny et al. 1998).

Remote astronomical site-testing on the Antarctic plateau for higher

power instrumentation suites necessitates the development of a more sophis-

ticated power system than the AGO and AWS systems.

1.4 Remote Power Generation

The primary requirement for the observatory described in this thesis is to

provide more than a kilowatt of electrical power for a remote instrumentation

suite. The optimal power system for such an application would have:
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• high reliability;

• minimal environmental impact;

• survivability in extremely low temperatures (from−30◦C down to−90◦C);

• operation at high altitude;

• fuel with a high energy density in order to reduce transportation costs

across Antarctica.

The following sections present a review of possible remote power sources

for use on the Antarctic plateau.

1.4.1 Solar Panels

Solar panels are a mature technology. Solar panels have silicon photovoltaic

cells that generate power by converting solar radiation into a DC output (e.g.

Jacobson 2009). The advantage of using solar panels in Antarctica is the

opportunity to harness continuous power throughout the summer months.

During the course of the year there will be periods where the Sun is: contin-

uously above the horizon (summer season); rising and setting (autumn and

spring seasons); and continuously below the horizon (winter season).

A one square metre solar panel can typically produce a maximum power

output of 135W with conditions of 1000Wm−2 irradiance and 1.5 airmasses at

25◦C (e.g. Datasheet: “Solar Panel Pod”, JCE Group 2010 ). In practice in

Antarctica, the silicon solar cell’s electrical power output, compared to mid-

latitude locations, can increase by 25% because of the lower temperatures

and from the high reflectivity of the Sun’s rays by the snow. The solar panel

can still produce several watts of power when the Sun is directly behind

it because of the snow’s reflection of sunlight (Lawrence et al. 2005). An

alternative power supply, however, is required when the Sun is below the

horizon.
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1.4.2 Wind Turbines

A wind turbine is a rotary device that extracts energy from the wind and

converts it to an electrical output.

The mechanisms of katabatic winds have led to the fastest winds on

Earth’s surface being measured along the coast of Antarctica (Parish & Cas-

sano 2003). The ground level wind speed experienced at the coast is typically

20ms−1 but during a snow storm it can reach up to 80ms−1. While it is very

windy along the coastline, the average wind speeds on the Antarctic plateau

are among the slowest in the world. The ground wind speeds that have been

measured, averaged over one day, from both Dome C (Aristidi et al. 2005;

Travouillon et al. 2008) and Dome A (Xiao et al. 2008) are always lower than

5ms−1, with ground wind speeds peaking at ∼20ms−1. Although there is a

strong gradient of wind in the surface layer, the wind speeds are still not

strong even at a height of 30m.

When the wind speed is 5ms−1 and considering the mean air pressure

at Dome A (∼575hPa), a wind turbine with its fan blades spanning 3m

can theoretically extract up to ∼140W of recoverable power (Hickok 1975).

This calculation indicates that the Antarctic plateau is not ideal for the

construction of wind turbines.

1.4.3 Lead-Acid Batteries

A lead-acid battery is a reversible electrochemical device (Cowlishaw 1974).

For use in Antarctica, the lead-acid battery is not an ideal choice because of

the possibility of the liquid chemicals leaking if the battery is not stored prop-

erly (Pavlov 2006), although this risk is reduced for sealed lead-acid (SLA)

batteries (see below). Batteries are subjected to self-discharging, which is

the losing of stored charge without being connected to a load. A lead-acid

battery has a poor volumetric energy density at ∼0.25MJ/L and has a high

self-discharge rate of between 8-40% per month (Goswami & Kreith 2008).
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The main difference between the SLA and lead-acid batteries is how the

electrolyte is managed. There are two types of SLA batteries; gel-cell and

absorbed glass mat (AGM). A gel-cell battery uses a gel, rather than a liq-

uid, as the electrolyte. An AGM battery has a very fine fibreglass mat that

absorbs and immobilises the electrolyte. The fibreglass matting is fixed be-

tween the electrodes allowing electrons to flow between them. These designs

reduce the risk of spillage, corrosion and fumes that may cause environ-

mental damage that are more prevalent in a standard lead-acid battery. In

addition, the SLA battery typically has a self-discharge rate between 2-10%

per month. Therefore, SLA batteries are better suited for long term use on

the Antarctic plateau than lead-acid batteries (Holmes et al. 1997; Dudneny

et al. 1998). SLA batteries, however, would not be suited to continuously

power a remote facility but rather store electrical power whilst being charged

by another source of power generation that has a higher volumetric efficiency

(e.g. fossil-fuel).

1.4.4 Lithium Batteries

A lithium battery is another type of reversible electrochemical device (Scrosati

& Garche 2010). The lithium battery type can be both used for small (e.g.

lithium-ion) and large (e.g. lithium iron phosphate) power demands (Whit-

tingham 2004). The advantage of using lithium batteries is that they have a

higher power-to-weight and power-to-volume ratio than lead-acid batteries.

The lithium-ion battery typically has a volumetric energy density of

∼1.1MJ/L, which is more than four times than that of lead-acid batteries.

This makes lithium-ion batteries a suitable power supply for portable devices

such as laptops and mobile phones (Takumra 2002). The self-discharge rate

of a lithium-ion battery is 5% per month, which is comparable to that of a

SLA battery. In addition, lithium-ion batteries, like lead-acid batteries, can

handle hundreds of cycles of charging and discharging with minimal losses in
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their specific capacities (Scrosati & Garche 2010). A major disadvantage for

use in Antarctica is that lithium-ion batteries do not operate effectively at the

extremely low temperatures that would be experienced at Dome A. However,

as the technology matures in modifying the types of metals and chemicals

used, operation at these temperatures may yet be feasible (Ai et al. 2004;

Scrosati & Garche 2010).

The lithium iron phosphate (LiFePO4) battery offers a better choice for

the Antarctic plateau. One disadvantage, however, is that the LiFePO4 bat-

tery can only operate down to a temperature of -25◦C. Nevertheless, the

LiFePO4 battery has a longer cycling period of charging and discharging

than the lithium-ion battery. The LiFePO4 battery, along with the SLA

battery, is better suited for long term use at a remote Antarctic dome site

(Ashley et al. 2010).

1.4.5 Fuel Cells

A fuel cell is a device that directly changes chemical energy (derived from

combining hydrogen and oxygen) into electrical energy and produces heat

and water as by-products. The fuel cell works principally the same as a

battery but it is used as a source, rather than storage, of electrical energy

(Viswanathan & Schibioh 2007).

Fuel cells have a low environmental impact. One disadvantage, however,

is that the volumetric energy density of the fuels (e.g. hydrogen) used in fuel

cells is lower than that of fossil-fuels. For example, the volumetric energy

densities of liquid hydrogen and diesel are ∼10MJ/L and ∼37MJ/L respec-

tively. However, the energy per unit mass of the hydrogen fuel (i.e. specific

energy) is potentially 2.5 times greater than diesel. Nevertheless, when the

weight of the container is taken into account, hydrogen is no longer compet-

itive with fossil-fuels (Kolb 2008). For operation on the Antarctic plateau,

fuel cells still need to mature in cost-effectiveness and reliability.
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1.4.6 Thermoelectric Generators

A thermoelectric generator (TEG) is a device that directly converts heat into

electricity. The various types of TEGs depend on the source of heat.

Propane fueled TEGs rely on the burning (or catalytic oxidation) of

propane gas in order to produce electricity. TEGs are a mature technol-

ogy and have no moving parts; however, TEGs can consume up to 3.5kg of

propane per kWhr (Pietras 1993). For continuous operation at greater than

a kilowatt in a remote location, TEGs would not be cost effective for the

Antarctic plateau because of the requirement for delivery of large quantities

of propane (Herdman 1994).

Radioisotope thermoelectric generators (RITEGs) provide a reliable, steady

flow of power derived from radioactive decay. RITEGs are recommended for

use in low power applications. For example, RITEGs provided 10W of elec-

trical power and 200W of heat for remote magnetometers placed at sites in

East Antarctica from 1975 to 1984 (Papitashvili 1999; references therein). To

increase the power output of an RITEG to 1kW would increase the amount

of radioactive material, which increases the risk of environmental damage.

A solar-driven thermoelectric generator (STG) relies on heat from the

Sun to produce electricity. In its simplest form, a STG consists of a solar

(thermal) collector connected to a thermoelectric generator. The electricity

produced is proportional to the change in temperature. STGs are reliable

because they operate silently, have a long shelf-life and are constructed with

no moving parts. In practice, however, STGs have low efficiencies and are

usually combined with photovoltaic cells to increase the power output (Chen

1996; Hongxia et al. 2007). In addition, the STG system would not be an

alternative power source during the winter months on the Antarctic plateau.
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1.4.7 Heat Engines

A heat engine is a machine that converts thermal energy into a mechanical

output. A generator can then couple to the heat engine in order to produce

an electrical output. The types of heat engines that can be used as portable

generators are external combustion engines (e.g. Closed Cycle Vapour Turbo-

generators and Stirling engines) and internal combustion engines (e.g. diesel

and petrol engines).

Closed Cycle Vapour Turbogenerators

A Closed Cycle Vapour Turbogenerator (CCVT) follows the Rakine cycle.

The CCVT produces electricity from a turbine that is driven by the vapour

pressure obtained from boiling an organic fluid. A CCVT will continuously

operate as long as heat is always applied to the vapour generator (Bareli

2004).

CCVTs have been specifically designed and have successfully operated

remotely in the Arctic region for microwave repeater stations for telecommu-

nications (Belousenko 1997). CCVTs can produce power between 400W and

2400W, and operate as low as -60◦C; standard units can operate at 2000m

altitude but with a modification they can operate as high as 5000m (Gropper

2000).

The disadvantages of a CCVT are poor thermal efficiency and high unit

cost (∼$100,000). For an unit fueled by propane, the fuel-to-electricity con-

version can be as low as 6%, but a typical thermal efficiency is approximately

15% (Miller 1983).

Stirling Engines

The Stirling engine operates on a closed thermodynamic cycle (Harrod et al.

2009; Thombare & Verna 2006). The Stirling cycle is closed because there is

no mass exchange of the working fluid to the environment.
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The Stirling engine comprises of a cold space and a hot space. The

cold space is maintained at a low temperature (Tmin) and the hot space is

maintained at a high temperature (Tmax). The Stirling engine system also

encloses a working fluid that can flow between the hot and cold spaces.

An ideal Stirling engine is configured with the cold and hot spaces sepa-

rated by a regenerator. A regenerator is a device that acts like a “thermal

sponge” by absorbing and releasing heat (Thombare & Verma 2006). The

phases of the Stirling cycle are shown in the P-V diagram of Figure 1.2 and

are described as follows:

Figure 1.2: Theoretical Stirling Cycle
Simple P-V Diagram showing the two isothermal (1-2 and 3-4) phases and
the two constant volume phases (2-3 and 4-1) in an idealised Stirling cycle.

1-2 As the volume of the cold space decreases, heat is transferred from

the working fluid to the external heat dump maintaining the temperature of

the system at Tmin.

2-3 The regenerator releases heat into the working fluid as it passes into

the hot space. This increases the temperature of the working fluid from Tmin
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to Tmax.

3-4 Once the volume of the cold space stops decreasing, the volume of

the hot space increases. Heat is transferred from an external source to the

working fluid. The working fluid remains at Tmax as its pressure decreases.

4-1 Once the volume of the hot space reaches maximum capacity it starts

to decrease and the volume of the cold space starts to increase. The working

fluid then transfers heat back into the regenerator as it shuffles back into

the cold space, reducing the temperature of the working fluid back to Tmin.

The cycle begins again when the cold and hot spaces return to their original

volumes.

Therefore, the Stirling cycle performs a series of compressions and expan-

sions of the working fluid due to the temperature difference between the hot

and cold spaces. The constant-temperature hot and cold regions surrounding

the Stirling engine supply and reject the heat, as required by the second law

of thermodynamics to produce a net output of work (Walker & Senft 1985).

Typical gases for the working fluid are air, hydrogen and helium (Mago

et al. 2009). The Stirling engine is a type of external combustion engine;

however, this can be misleading because the external heat can not only be

produced from burning combustible fuels but also from solar or geothermal

energy (Mago et al. 2009; and references therein).

In practice, the four phases of the P-V cycle are not sharply distinct

because a practical engine suffers from frictional losses and the working fluid

is not completely sealed from its environment (Walker & Senft 1985). A

more realistic P-V cycle is shown in Figure 1.3, where there are nearly two

isothermal processes and nearly two constant volume phases.

Stirling engines are mechanically very simple devices, which leads to low

maintenance. Other advantages include quiet operation, clean burning, hav-

ing multiple fuel capability and are reasonable efficiency. In addition, the



1.4. REMOTE POWER GENERATION 19

Figure 1.3: Practical Stirling Cycle
A more realistic P-V cycle derived from the Schmidt Analysis of the Stirling

engine (Urieli & Berchowitz 1984).

waste heat produced can be easily recovered. Unfortunately, Stirling engines

do have some disadvantages. As the heat source is external it takes a while

to acquire the desired temperature difference. As a result, the power output

cannot readily be changed.

The WhisperGen is a commercially available Stirling engine that is ideal

for remote operation. The WhisperGen is an “alpha” design consisting of

four double acting pistons arranged in a square configuration (Clucas & Raine

1994b). It uses a “wobble yoke” mechanism to produce a smooth reciprocat-

ing motion of the pistons (Clucas & Raine 1994a). The WhisperGen Stirling

engine has successfully powered a remote facility in Antarctica; see section

1.5.2.

Diesel and Petrol Engines

Diesel and petrol engines are a mature technology with reasonable efficiency

and are relatively inexpensive. At maximum compression, combustion will

be initiated under high pressure inside a diesel engine; whilst combustion

starts with a flame (e.g. a spark plug) inside a petrol engine. Petrol engines
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have a lower efficiency than diesel engines because:

1. diesel engines have a greater thermal efficiency due to their higher com-

pression ratios; and

2. diesel engines maintain a constant air-flow with the power being pro-

portional to the amount of fuel used. In petrol engines, air-flow is not

constant as the power is proportional to the amount of air that is being

pumped into the engine that is controlled by a butterfly valve. This is

to maintain the stoichiometric ratio between air and fuel (see section

3.3.1). As a result, petrol engines experience greater pumping losses at

partial or no load than diesel engines.

In addition, diesel fuel (∼37MJ/L) has a larger volumetric energy density

than petrol (∼34MJ/L).

A diesel generation system operating autonomously in Antarctica would

operate effectively by having multiple engines in order to gain a high level

of redundancy. For example, there are six independent diesel engines that

are in use at the Terra Nova Bay site to supply power to the instruments

during the winter months (Meloni et al. 1992). Similarly, six independent

diesel engines are in use at Dome A to power PLATO.

The diesel engine was selected for the PLATO facility because it has a

quick-start and variable-load capability. The diesel engine was chosen instead

of the Stirling engine because of the capability of producing the required

higher power output with a better efficiency (see Chapter 2 for an overview

of the PLATO facility).

1.5 UNSW Autonomous Facilities

The Antarctic Astronomy group at the UNSW has developed three remote

site-testing observatories at three separate locations on the Antarctic plateau.

These site-testing facilities are AASTO and AASTINO that operated at the
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South Pole and at Dome C respectively; and the latest site-testing facility,

PLATO, which is currently in operation at Dome A.

1.5.1 Site testing at the South Pole

Figure 1.4: AASTO at the South Pole.

The Amundsen-Scott South Pole station is located on the edge of the

plateau at an altitude of 2800m. The United States operate the base all year

round. A remote facility called the Automated Astrophysical Site-Testing

Observatory (AASTO), shown in Figure 1.4, was designed and supported

by both the Australian National University and UNSW. The AASTO was

deployed at South Pole in the summer of 1997.

AASTO was built by Lockheed and was based on the US Automated

Geophysical Observatory. AASTO’s power generation system consisted of a

propane-fueled thermoelectric generator that produced some 50W of electri-

cal power and 2.5kW of heat (Doolittle 1992; 1986; Doolittle et al. 1993).

AASTO housed a suite of instruments that included:
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• AFOS (Antarctic Fibre Optic Spectrometer), the light captured by a

telescope was coupled to a bundle of optic fibres that was fed into a

spectrograph. The purpose of AFOS was to measure the transmission

of optical and ultraviolet wavelengths (Boccas et al. 1998; Dempsey

et al. 2004).

• SODAR (SOund Detection And Ranging) was a sonic radar that mea-

sured the turbulence in the atmosphere as a function of height (Travouil-

lon et al. 2003b).

• NISM (Near-Infrared Sky Monitor) measured the emission in the at-

mosphere at 2.35μm (Storey et al. 1999).

• MISM (Mid-Infrared Sky Monitor), a similar instrument to NISM but

measured the emission in the atmosphere in the mid-infrared up to

15μm (Chamberlain et al. 2000).

• SUMMIT (Sub-millimetre Tipper), a similar instrument to both NISM

and MISM but took measurements in the sub-millimetre regime at

350μm(Calisse et al. 2004).

• ADIMM (Antarctic Differential Image Motion Monitor) was an instru-

ment that measured the ‘seeing’ conditions at visible wavelengths (Do-

pita et al. 1996).

AASTO obtained data from all of these instruments. The South Pole site

was shown to have a poor median seeing of 1.8arcsec at 500nm (Travouillon

et al. 2003a; Marks et al. 1999). However, thermal-emission observations in

the near- and mid-infrared ranges have shown lower sky brightness than at

any prime mid-latitude sites: MISM, during the winter of 1998, measured up

to an order of magnitude lower sky brightness in the mid-infrared (Cham-

berlain et al. 2000); and NISM, during the winter of 2001, measured up to

two orders of magnitude lower sky brightness in the near-infrared (Lawrence
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et al. 2001). The South Pole was also shown to have excellent potential for

sub-mm astronomy because of a dry and stable atmosphere (e.g. Rathborne

& Burton 2003).

Over serveral years of operation, the TEG power generation was shown

to be inefficient and unreliable, which eventually led to the AASTO being

switched over to the South Pole station power for operation. AASTO was

decommissioned in December 2005.

1.5.2 Site testing at Dome C

Dome C is located at a physical elevation of 3250m above sea level. There

is currently a French/Italian scientific research station named Concordia at

the site (Fossat 2005). It has long been believed that Dome C would be an

exceptional site for optical observations (Gillingham 1991).

Figure 1.5: AASTINO at Dome C.
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AASTINO (Automated Astronomical Site-Testing InterNational Obser-

vatory), shown in Figure 1.5, was designed by the UNSW Antarctic astron-

omy group and deployed to the Dome C station in January 2003 where it

was able to operate autonomously from February 5th to July 1st, 2003 and

again in 2004 (Lawrence et al. 2005).

AASTINO was powered by two WhisperGen PPS16 24VDC Stirling En-

gines burning Jet A-1 fuel. This was the first implementation of the hybrid

system consisting of solar panels and Stirling engines (Lawrence et al. 2005).

The two engines were cooled with a glycol loop that fed into large heat ex-

changers, which kept AASTINO warm via the waste engine heat. At sea

level the WhisperGen engines produced 750W of electrical power. At the

higher altitude of Dome C, each engine was able to produce up to 500W.

Waste heat equivalent to 3.5kW was recovered from the Stirling engines.

AASTINO also used two solar panels to provide additional power during the

summer months. A standard 167W solar panel was able to produce up to

220W because of the lower temperatures and from the bright reflection off

the snow. This was sufficient power and heat for the instrumentation suite

on AASTINO.

The following instruments were powered by AASTINO (Lawrence et al.

2005):

• SODAR and SUMMIT, the same instruments that were used with the

AASTO to measure the atmospheric conditions at Dome C.

• ICECAM, a CCD camera that took sky images of a 30 degree field-of-

view to determine cloud-cover statistics above Dome C (Ashley et al.

2005).

• COBBER, another instrument that determined the cloud-cover statis-

tics above Dome C by measuring the thermal emission (Dempsey et al.

2004).
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• Nigel, a fibre-fed optical spectrograph that was cannibalised from AFOS

(Kenyon et al. 2006). Nigel is currently operating with PLATO at

Dome A (see Appendix A for an overview, Sims et al. 2010).

• MASS (Multi-Aperture Scintillation Sensor) was the most successful

instrument. It was designed to measure the scintillation index of the at-

mospheric turbulence in four concentric apertures with photo-multiplier

tubes. From this, the vertical turbulence profile can be determined

(Tokovinin et al. 2003). MASS was mounted inside AASTINO and

peered through a thick glass window in AASTINO’s roof. MASS re-

ported a median seeing value of 0.27 arcsec and below 0.15 arcsec 25%

of time, which is better than the best ground-based sites in the world.

The exceptional seeing value for Dome C is one justification for the

construction of the PILOT observatory (Lawrence et al. 2004).

AASTINO was decommissioned in February 2005.

1.5.3 Site testing at Dome A

PLATO (PLATeau Observatory) is the latest facility produced by the UNSW

Antarctic astronomy group, which has been deployed by the Polar Research

Institute of China (PRIC) and the Chinese Academy of Sciences to Dome A.

PLATO successfully collected data from January to August 2008 and since

the servicing mission in January 2009 has recommenced operation. Since

then, as of March 23rd 2011, PLATO has been operating continuously for 800

days. A description of the PLATO power system and its suite of instruments

are discussed in Chapter 2.

PLATO was designed to operate a larger and more sophisticated instru-

ment suite than its predecessor AASTINO. Therefore, this required a more

powerful system than the Stirling engines could provide. As a result, the

PLATO power system is composed of a hybrid system of diesel engines and

solar panels. The engine was chosen to be a commercially available Hatz 1B30
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single-cylinder diesel engine. A review of the diesel engine, mechanical pro-

cesses, chemical and physical properties of diesel fuel and diesel-compatible

fuels, and a description of the Hatz 1B30 are given in Chapter 3.

1.6 Thesis Summary

Before deployment, there were a number of tests on the Hatz 1B30 diesel

engine at simulated high altitude. This thesis reports measurements of effi-

ciency and reliability of the Hatz 1B30 engine the at simulated atmospheric

pressures that are expected for Dome A. This work forms the bulk of this

thesis, as there had been little or no published work on autonomous, remote

power generation systems for high altitude operation. In particular, there

had been no formal research into the operation of single-cylinder diesel en-

gines operating on jet fuel in low pressure environments. The main goals

for this thesis are to estimate the fuel efficiency at high altitude; monitor

temperatures at different points on and around the engine; and finally, to

experiment with the fuel injection timing. Chapter 4 describes the method-

ology of testing the Hatz engine at high altitude, which is followed by an

analysis and discussion of engine tests.

The thesis also aims to emphasise the important relationship between en-

gineering and instrumentation in application for Antarctic astronomy. Dur-

ing the course of this work, some development and testing of the Nigel spec-

trometer was also carried out. The results of these (unpublished) tests are

described in Appendix A. The raw engine test data are presented in Appendix

B.

The author has been first author on two papers resulting from the work

presented in this thesis, and co-author on a further two refereed and six

conference papers. These are listed in Appendix C, and the two first-author

papers are presented in their entirety.



Chapter 2

PLATO

“Astronomy compels the soul to look upwards and leads us from this world to

another.”

Plato, The Republic Greek author & philosopher in Athens

(427 - 347 BC)

PLATO (PLATeau Observatory) is an autonomous facility that was success-

fully deployed to Dome A, Antarctica in January 2008. PLATO is designed

to provide power, heat, communication and control for site-testing and sci-

ence instruments at Dome A (Yang et al. 2009). The primary goal of the

instruments is to measure atmospheric conditions above Dome A in order to

determine if it is worthwhile to build large astronomical facilities.

2.1 Dome A

Dome A is located at a high altitude. The corresponding thin atmosphere

makes it a promising site for astrophysics. The seeing conditions at

Dome A are thought to be unprecedented for any ground-based observational

platform. It is also believed that the atmospheric transparency is greater at

Dome A, especially in the sub-millimetre wavelengths (or terahertz frequen-

cies) than other temperate sites (Lawrence 2004; Kulesa et al. 2008). Though

27
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recent work has indicated that an even better site for terahertz astronomy is

Ridge A, which lies some distance from Dome A (see Saunders et al. (2009)

for details).

The Polar Research Institute of China (PRIC) intend to place a per-

manently manned station at Dome A within the next decade. They have

research goals in the scientific fields of astronomy, glaciology, subglacial geol-

ogy, climatology, and upper atmospheric physics. For climatology, the Chi-

nese hope to obtain the longest climate history by drilling the deepest ice

cores (Chen 2008).

Dome A is located about 1200km from the nearest coastal stations of

Davis and Zhongshan; and is about 1100km from the geographic South Pole

(Yang et al. 2009). The summit of Dome A was first reached by a team

from PRIC in January 2005 via an inland traverse from the Chinese coastal

station, Zhongshan (see Figure 2.1). A second team involving the PRIC and

the Chinese Academy of Sciences reached the summit again in January 2008

as part of the International Polar Year PANDA (Prydz Bay, Amery Ice Shelf

and Dome A Observatories) expedition. It was on this expedition that the

Chinese transported and deployed the PLATO facility at the Dome A site.

2.1.1 PLATO design considerations

In developing PLATO, several new factors had to be considered in addition

to the experiences from the earlier facilities of AASTO and AASTINO (see

section 1.5). The new challenges faced at Dome A were:

• No preferred wind direction

Unlike at Dome C and the South Pole, the wind at Dome A has almost

no preferred direction.

• Higher altitude

Dome A has a physical altitude of 4093m that corresponds to a pressure

altitude that is typically 4600m.
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Figure 2.1: Chinese at Dome A
Left Panel: 3D Topographical feature map of Antarctica showing PRIC’s
inland traverse from Zhongshan station to Dome A (courtesy of PRIC).
Right Panel: Chinese astronomers placing their national flag at the Dome

A site in 2005 (courtesy of PRIC).

• Colder

Dome A is probably one of the coldest places on Earth, although this is

not yet firmly established as meteorological records are only recognised

if they are made by a human observer. Nevertheless, temperatures as

low as -90◦C appear possible. This is well below the “dry ice” tem-

perature, emphasizing the need for extremely well-insulated structures

and very efficient use of energy.

• More remote

The greater difficulty of bringing materials to Dome A makes it even

more important that the power solution be optimised in terms of fuel

type, fuel efficiency, and power management. Dome A is a new site

and has currently no infrastructure to support humans throughout the

winter months. Thus, PLATO needed to be unmanned and fully au-

tonomous throughout the year.
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• Shorter installation time

The Chinese are currently the only people who have successfully reached

the summit of Dome A. Their current method is an ice-breaker ship

to Zhongshan coastal station and then undertaking a ∼1200km trac-

tor traverse to Dome A. This results in limited supplies (e.g. food and

equipment) being transported. As Dome A currently has no permanent

infrastructure, working in a low temperature environment becomes ex-

tremely hazardous the longer humans remain on site. A remote facility

at Dome A requires a shorter timescale to assemble. Due to the time

constraints and logistics that the Chinese have for traveling to and from

Dome A, they typically have 2-4 weeks on site for installation compared

to several months that are possible at South Pole and Dome C.

• Higher power requirements

Increasingly sophisticated astronomical instruments require more elec-

trical power output from PLATO than its predecessors of AASTO and

AASTINO. The power requirements for the AASTO and the AASTINO

were up to 50W and 500W respectively, whilst PLATO requires up to

1kW. In addition, about 1kW of heat is needed to keep the instruments

warm (see section 2.2).

2.2 Instrument Suite

PLATO’s instrumentation suite is larger and more diverse than either of its

predecessors, AASTO and AASTINO. The following describes each PLATO

instrument:

• CSTAR

CSTAR (Chinese Telescope ARray) is composed of four optical tele-

scopes to observe variable stars, the atmospheric extinction, the sky

background, and cloud coverage at Dome A (Yuan et al. 2008).
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• Snodar

Snodar (sonic non-Doppler acoustic radar) is used to measure the height

of the atmospheric boundary layer at Dome A (Bonner et al. 2008).

• Pre-Heat

Pre-HEAT is the precursor to HEAT (High Elevation Antarctic Ter-

ahertz telescope), which is a submillimeter-wave telescope to measure

the 450-micron sky opacity above Dome A. This is both a site-testing

and scientific instrument (Kulesa et al. 2008).

• Gattini-II

Gattini-II is a sequel to Gattini that was deployed to Dome C, is com-

posed of two cameras designed to measure the optical sky brightness,

cloud cover, and to detect auroral emission (Moore et al. 2008).

• Nigel

Nigel is a optical/UV fibre fed spectrograph designed to measure optical

sky brightness and auroral lines (Kenyon et al. 2006; Sims et al. 2010),

and was deployed on PLATO’s servicing mission in January 2009. Nigel

is both a site-testing and scientific instrument (see Appendix A for an

overview of the Nigel instrument).

• Dasle

Dasle is a 15m tower fitted with sensors to evaluate the meteorological

conditions within the boundary layer (Yang et al. 2009).

• Webcams

Web-cameras are installed for the daily monitoring of the PLATO fa-

cility (Lawrence et al. 2008).

• HRCAM

A high-resolution optical camera was installed in the summer of Jan-

uary 2010 in order to take all-sky photos from the Dome A site.
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Table 2.1 presents the approximate peak power requirements of each in-

strument for the operation of PLATO during the winter months in terms of

electrical power and heat.

Instrument Electrical (W) Heat (W)

CSTAR 200 400
Pre-HEAT 80 60
SNODAR 200 50
Nigel 70 20
Gattini-II 110 100
Dasle 30 250
Computers/Webcams 150 150
Heaters 150 N/A
HRCAM 2 30
Total ∼1kW ∼1kW

Table 2.1: Power Budget for PLATO
Table shows the power requirements for each instrument separated into their

electrical and heat components. The approximate peak power values
presented are for the operation of the PLATO instruments during the

winter months.

2.3 PLATO Design

The new constraints for PLATO at Dome A forced the UNSWAntarctic team

to change the design strategy from their previous facilities of AASTO and

AASTINO. The major change was in the primary power generation system,

from Stirling engines used on the AASTINO to a bank of diesel engines.

2.3.1 Modular Design

The absence of a preferred wind direction makes it impossible to protect the

astronomical instruments from the exhaust stream by simply placing them

upwind of the engines, as was done with the AASTINO. Instead, a separate

engine and instrument module are required, spaced at a sufficient distance

that the exhaust stream is less likely to intrude into the atmosphere through
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which the instruments are observing. Having two modules also allows for the

instruments to be isolated from engine noise and vibrations. The disadvan-

tage of this approach is that it is then no longer possible to use waste engine

heat to keep the instruments warm, unless the engine coolant is plumbed

between the two units. This option, however, was considered to be impracti-

cal, leading to a solution in which the instruments and control computers are

heated purely by electrical power. As a result, PLATO consists of two mod-

ules, an instrument module and an engine module, each built into a standard

ten-foot shipping container.

The two modules were constructed and tested at UNSW before deploy-

ment, which permitted the Chinese to have a shorter installation time of

PLATO at Dome A. The modules were designed to be attached to each

other and transported as an ISO standard 20 foot container for ease of trans-

port by road, rail, sea, and ice sled in order to reach Dome A. Once at Dome

A, the engine module could then provide power to the instrument module

via a 50m electrical umbilical connected between the containers (See Figure

2.2).

To protect the instruments and the engines from the cold, each module

has insulation that is 150-200mm thick and composed of polyurethane foam

layered with Colourbond steel. The insulation was designed with a thermal

conductivity of 12 W K−1 (Luong-Van et al. 2010).

2.3.2 Engine Module

It is desirable to have the engines start reliably at the altitude of Dome A with

a sufficient power output despite the thinner air they will be breathing. In

practice, this means choosing an engine of a significantly larger displacement

than would be required at sea level (or even for places such as the South Pole

or Dome C).

The engine module houses two banks of three Hatz 1B30 engines (see
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Figure 2.2: PLATO at Dome A
The instrument module is the yellow container in the centre. The engine
module is the green container located in the background to the right.

(Image Credit: Zhenxi Zhu).

Chapter 3 for an overview of the diesel engine) that sit on top of a 4000 litre

fuel tank. Usually, one engine is operating at any given time but more engines

can operate simultaneously in order to gain more power. Having six engines

creates a high level of redundancy with the ability to increase the base load

generating capacity (Hengst et al. 2008). In order to start the engines reliably

in the cold, an ultracapacitor bank replaces the usual lead-acid battery to

electro-mechanically crank the engine (Hengst et al. 2009).

The engines have a standard service interval of 200 hours; however, main-

tenance cannot be achieved until the following summer. Each engine was

outfitted with its own bulk oil filtration and recirculation system in order to

increase the service interval to about 2000 hours (Lawrence et al. 2009).

During PLATO’s inaugural mission, it was decided to deploy two differ-

ent types of generators in order to maximise the chances of success. The
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Figure 2.3: Diesel Engines
A bank of three Hatz 1B30 diesel engines inside the engine module during
construction at UNSW. The eCycles alternators are mounted on the left
and middle engines and the Mavilor generator is mounted on the right

engine (Image Credit: Michael Ashley).

generators chosen were:

• A three-phase brushless bearing-less alternator made by eCycle. These

units are lightweight and compact, with the NdFeB permanent magnet

rotor mounted directly onto the crankshaft. The output of the alter-

nator is rectified with an IR 70MTKB diode bridge. The manufacturer

quotes an efficiency of about 90% under the operating conditions for

PLATO, which does not include the losses in the diode bridge. For

PLATO’s first season of operation, the eCycles’ windings were custom

wound to achieve a voltage constant of 50V/krpm.

• A DC servo motor MSS-22 made by Mavilor (MG-1-48). This disc

motor has very high efficiency (both as a motor and generator) as it

does not suffer from iron loss.



36 CHAPTER 2. PLATO

See Figure 2.3 for a picture of a bank of diesel engines (with their respec-

tive generators) mounted inside the engine module during the construction

phase at UNSW.

Solar Power

Whilst not physically attached to the engine module, solar panels provide the

primary power during the summer months. The solar panels are arranged

in two arrays of three paralleled panels (see Figure 2.4). Each panel is poly-

crystalline silicon Conergy C167P, with a nominal power output of 167W at

25◦C for 1.5 air-masses. Each array of three panels is fed to an Apollo Solar

T80 maximum-power-point tracker (MPPT).

Figure 2.4: Solar Panels at Dome A
Solar Panels for PLATO installed in front of the instrument module

(Image Credit: Zhenxi Zhu).
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2.3.3 Instrument Module

The instrument module is a modular system that allows for the installation of

multiple instruments that are independent and autonomous. The instrument

module houses all the instrument computers and control electronics and the

PLATO control “supervisor” computers. Outside communications to each

supervisor computer are made possible via the Iridium satellite network. SLA

batteries are used for power storage (see Section 1.4.3) and are also kept inside

the instrument module. The PLATO instruments are either mounted to the

roof of the module or are placed externally on the snow surface (Luong-Van

et al. 2008; Lawrence et al. 2009).

2.3.4 Control Systems

In order to run PLATO continuously at high reliability, the hardware and

software systems must be able to operate with little human intervention.

The hardware consists of two linux-based supervisor computers for dual

redundancy. Each supervisor unit has is own management electronics and an

Iridium modem. The supervisor computers control and monitor instrument

power sharing, thermal-management and engine sub-systems. A wired LAN

is used to communicate between the supervisor computers and instruments.

External communications from remote operations at UNSW are achieved via

the Iridium Satellite Network.

A script is executed from the supervisor computers in order to carry out

high-level functions. These include the instrument scheduling, heat alloca-

tion, engine power regulation, battery charge management, and communica-

tions (Luong-Van et al. 2008).
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2.4 PLATO Performance

PLATO, on its first mission, managed to operate successfully for a period of

204 days after it was deployed in January 2008. This fell short of the original

goal of reaching the following year but still was a significant achievement.

At this time, this was the longest continuous operation (without direct hu-

man intervention) of any of the facilities designed by the UNSW Antarctic

astronomy group.

The January 2009 servicing mission was a success and with the updated

system, the engine module survived the Antarctic winter to the following

summer for the next re-servicing. At the time of this thesis submission

(end of March 2011), the PLATO engine system has continuously operated

for over 800 days (see: http://mcba11.phys.unsw.edu.au/∼plato/ for latest

operational time). See section 4.8 for plots corresponding to engine operation

throughout the year.

The insulation used for the modules was shown to be very effective. The

mean thermal conductivity of the instrumentation module through the winter

season of 2009 was measured to be 11.9 W K−1, which was consistent with

design requirements (Luong-Van et al. 2010).

The power generation system also performed effectively. The two gen-

erators that were selected performed well with similar efficiencies during

PLATO’s first year of operation. It was decided for the servicing mission

in January 2009 to only use the eCycle alternators because of their light and

compact design for ease of installation. All existing eCycles were replaced

with new units that had their windings custom wound to 60V/krpm in order

to increase the voltage output.

During the summer months, the two arrays of solar panels were able to

produce a power output of up to 1000W. An individual solar panel was able

to produce up to 220W in direct sunlight; about 50W higher than their

nominal power output. Unfortunately, when the Sun’s rays are behind the

http://mcba11.phys.unsw.edu.au/%E2%88%BCplato/
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solar panels, they produce little power; and so the engines provided the

required additional power.

The PLATO instruments have taken invaluable measurements of atmo-

spheric properties above Dome A. CSTAR, during its 2008 operation, has

shown that for about 67% of the time when the Sun is well below the hori-

zon, there is little or no cloud cover. In addition, only ∼2% of the CSTAR

images were affected by strong aurorae (Zou et al. 2010). Snodar, throughout

the winter season of 2009, measured a median height of the boundary layer to

be 13.9±0.7m, and to be as low as 9.7±0.5m 25% of the time (Bonner et al.

2010). Pre-HEAT observations measured a very low water vapour content

in the atmosphere above Dome A, which offers higher transmission in the

far-infrared spectral ranges than for any other ground-based site. Observing

through these windows will gain stronger statistics on star formation, the life

cycle of the interstellar medium and the evolution of galaxies (Yang et al.

2010). Nigel also confirmed an extremely low water vapour content. Nigel

has also showed that Dome A, during the winter months, has a large amount

of available dark time (Sims et al. 2010).

Yang et al. (2009) present a detailed description of PLATO and the re-

sults from the instruments that were deployed in 2008. Lawrence et al. (2009)

present a detailed description of PLATO’s power generation and control sys-

tems with an overview of the system performance for 2008.
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Chapter 3

The Diesel Engine

“The use of plant oil as fuel may seem insignificant today. But such products

can in time become just as important as kerosene and these coal-tar-products

of today.”

Rudolf Diesel, German Inventor and Mechanical Engineer

(1858-1913)

The diesel engine was designed and patented by Rudolf Diesel in 1892. Since

then, the diesel engine has matured with over 100 years of development. In

1922, the development of Robert Bosch’s high-pressure fuel pump consid-

erably improved the diesel engine performance (Bosch GmbH 2005). The

Hatz 1B30, which was selected for the PLATO programme, is a naturally

aspirated, directly injected single-cylinder diesel engine. This chapter will

review the diesel engine’s mechanical processes, fuel usage and properties.

3.1 The Diesel Cycle

All engine systems undergo a cyclic motion that starts and ends at the same

position. The Hatz 1B30 engine follows a four-stroke diesel cycle:

1. Induction (a)

2. Compression (b)

41
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3. Ignition (c)

4. Exhaust (d)

Figure 3.1 shows a pictorial representation of the four strokes (a-b-c-d) per-

formed in a single-cylinder direct injection diesel engine. The diesel engine

takes in air into its cylinder (a). The air is then highly compressed by a piston

(b). A small quantity of fuel is then squirted into the volume of compressed

air and after a short delay, the air-fuel mixture spontaneously ignites. The

explosion forces the piston downwards producing mechanical power (c). The

cycle then finishes with the expulsion of the residue gas from the cylinder

(d).

Figure 3.1: Four-stroke Mechanical Diesel Cycle
a. Induction stroke b. Compression Stroke c. Ignition Stroke d. Exhaust
Stroke 1. Inlet-valve Cam 2. Fuel Injector 3. Inlet Valve 4. Exhaust Valve

5. Combustion Chamber 6. Piston 7. Cylinder Wall
8. Connecting Rod 9. Crankshaft 10. Exhaust-valve Cam

α: Crankshaft angle of rotation; d: Bore; M: Turning Force s: Piston
Stroke; Vc = Compression Volume Vs = Swept Volume (Bosch GmbH 2005).

The four-stroke cycle can be described by a pressure-volume (P-V) dia-

gram. The theoretical P-V cycle (or Seilinger process) (Mahon 1992; Bosch

GmbH 2005; see Figure 3.2 - Left Panel), however, cannot fully describe
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the diesel four-stroke cycle. The induction and exhaust strokes, in partic-

ular, cannot be represented as the Seilinger process because the theoretical

process assumes a closed system. The induction and exhaust strokes could

instead be represented by the F-A and A-F sequences respectively shown in

Figure 3.2 (Left Panel) in performing no overall net work. Figure 3.2 (Right

Panel) shows a more realistic P-V cycle of the four-stroke diesel cycle and is

described in the following sections.

Figure 3.2: Theoretical and Realistic Thermodynamic Work Cycles
Left Panel: shows the theoretical P-V cycle of combustion process in a
Diesel engine. Right Panel: shows a more realistic P-V cycle of the
four-stroke diesel cycle: Induction (f-a); Combustion (f-a); Ignition

(b-c-d-e); and Exhaust (e-f) (Mahon 1992).

3.1.1 Induction Stroke (a)

The induction stroke, also known as the intake stroke, starts when the piston

is at Top Dead Centre (TDC, see Figure 3.1a) with the inlet valve closed and

the outlet valve still open. At TDC, the piston recess and the remaining

volume inside the cylinder are together defined as the clearance volume (Vc).

As the piston moves down the inlet valve is open to allow air to be sucked

inside the cylinder with the outlet valve closed to ensure no air escapes.

When the piston reaches Bottom Dead Centre (BDC, see Figure 3.2a), the
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cylinder has reached maximum capacity. The piston has swept through a

specific volume of the cylinder capacity (Vs). Therefore at BDC the total

volume is (Vs+Vc). The induction stroke corresponds to the f-a sequence on

the realistic thermodynamic work cycle in Figure 3.2 (Right Panel).

3.1.2 Compression stroke (b)

In the compression stroke both the inlet and outlet valves are now closed.

The piston moves upwards compressing the trapped air inside the cylinder

until it reaches TDC. Hence, the compressed air is now contained inside the

clearance volume (Vc). The air can heat up to 900◦C during the compression

phase because the compression is essentially adiabatic. The compression

ratio (ε) is defined as:

ε = 1 +
Vs

Vc

. (3.1)

Typical compression ratios (ε) for diesel engines range from 6:1 in large-

scale engines to 24:1 in automobiles. At a specific time before reaching TDC

in the compression stroke the fuel is injected at high pressure into the hot,

compressed air (see ignition stroke).

The compression stroke corresponds to the a-b sequence in Figure 3.2

(Right Panel). Theoretically, the compression stroke corresponds to the

adiabatic compression of the working fluid during the A-B sequence in the

Seilinger process of Figure 3.2 (Left Panel).

3.1.3 Ignition stroke (c)

This stroke is also known as a combustion stroke or a power stroke. There

is lag between when the fuel is injected to when it is ignited. The ignition

delay is timed so that the fuel is spontaneously ignited when the piston

reaches TDC. It is at this moment is when the ignition stroke begins. During

the first phase of combustion, the injection nozzle atomises the fuel at very
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high pressure. The mass of fuel that is injected essentially determines how

much energy is released during the combustion. The increase in pressure

experienced inside the cylinder forces the piston downwards. The piston and

the crankshaft are connected via the connecting rod, resulting in a torque at

the crankshaft.

The ignition stroke corresponds to the b-c-d sequence on the realistic

thermodynamic work cycle in Figure 3.2 (Right Panel). When the combus-

tion is initiated, there is constant pressure and the volume increases (b-c).

As the volume continues to increase, the pressure decreases (c-d).

Theoretically, this stroke corresponds to the B-C-D-E sequence in the

Seilinger process in Figure 3.2 (Left Panel). The B-C sequence is an isochoric

heat transfer whereby the working fluid rises in pressure, with an increase

in heat but with no change in the gas volume. Next, there is an isobaric

heat transfer (C-D), which is when the volume of the working fluid initially

increases at a constant pressure. An isentropic expansion (D-E) sequence is

then followed, i.e. an adiabatic expansion whereby the volume of the working

fluid increases and the pressure drops.

3.1.4 Exhaust stroke (d)

Just before reaching BDC, the exhaust valve is opened allowing for the hot

outflow of pressurised gas. The exhaust stroke corresponds to the d-e se-

quence on the realistic thermodynamic work cycle. Theoretically, when the

exhaust valve opens the heat is dissipated at constant volume (E-A).

The piston then moves up disposing of any remaining exhaust gases (e-

f), and the cycle begins again with the induction stroke. At the end of the

exhaust stroke the crankshaft has completed two revolutions.
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3.2 Mechanical Processes

A diesel engine has one or more cylinders. The diesel engine, also known as

a compression-ignition engine, requires high temperatures in order to ignite

the fuel.

This section will describe the mechanical system, the process of the fuel

delivery system and how direct injection operates in a single-cylinder diesel

engine.

3.2.1 Mechanical system

The main mechanical parts of a typical single-cylinder diesel engine include:

cylinder, connecting rod (con-rod), piston, valves, flywheel, crankshaft, cams,

camshaft, injection nozzle (fuel injector), fuel and barrel assembly (pump

element) and governors. The cylinder houses the piston and the con-rod.

The reciprocal movement of the piston aids in the rotation of the crankshaft

via the con-rod, i.e. producing torque. A cam is an irregular-shaped disc,

mounted on the crankshaft, which rotates at half the speed of the crankshaft.

The cam’s function upon rotation is to open and close valves, and to create

the required reciprocal motion of the pump element.

3.2.2 Fuel Delivery System

To produce power in a diesel engine, a tiny amount of fuel is injected via

a nozzle at the top end of the cylinder towards the end of compression.

The pump element is composed of a plunger that is an exact fit inside a

barrel. The amount of fuel injected is determined by the plunger. The cam

determines the injection timing that activates the pump element for fuel

injection.

The plunger has a helical channel (known as a ‘helix’) that is machined-

cut into its surface. The position and shape of this helix determines the fuel

quantity being pumped into the injection nozzle (see Figure 3.3). The ro-



3.2. MECHANICAL PROCESSES 47

tation of the plunger is controlled by the ‘geared control rack’, which varies

the fuel quantity (see Figure 3.4). A variable-governor (or governor lever)

mechanically controls the control rack. The plunger’s reciprocal motion is

determined by a cam. The timing of the fuel injection is therefore a function

of crankshaft rotation (or ‘crank angle’) and is measured in degrees. Mod-

ifying the fuel injection timing by a few degrees of crank angle is achieved

by inserting or removing shims from underneath the plunger assembly. This

will result in the advancing or retarding of the time of fuel injection.

Figure 3.3: Pump Element
1. Inlet Passage 2. Vertical Groove 3. Pump Barrel 4. Pump Plunger 5.
Control Port 6. Helix 7. Helical Channel 8. Ring groove for lubrication

(Bosch GmbH 2005).

If the fuel quantity is increased, then there is more fuel to burn with the

air. This increases the downward force on the piston and effectively increases

torque. Engine speed is the rotational speed of the crankshaft and has units

of revolutions per minute (rpm). Diesel engines normally operate with excess

air because the air intake flow is not restricted.

The engine would “overrev” if there were no means of limiting its max-
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imum speed. The Hatz 1B30 has a centrifugal governor, which utilises the

force from flyweights (mounted to the crankshaft) to increase the tension in

a coiled spring that is connected to the geared-control rack, i.e. limiting the

amount of fuel being delivered.

Figure 3.4: Geared Control Rack
a. Zero Delivery b. Partial Delivery c Maximum Delivery 1. Pump Barrel
2. Inlet Passage 3. Pump Plunger 4. Helix 5. Geared Control Rack (Bosch

GmbH 2005).

3.2.3 Direct Injection

The design of the combustion chamber is critical for diesel engine perfor-

mance. A maximum amount of turbulence is desirable to thoroughly mix

the high-pressure fuel into a volume of hot, compressed air in order to max-

imise combustion. Only a direct injection system will be described here as it

is system used in the Hatz 1B30.

In a direct injection system, fuel is squirted at the top of the cylinder

via multi-hole nozzle just before the piston fully compresses the air. The

fuel, upon injection at very high pressure, is atomised and mixed in with

the hot, compressed air. The piston top has a cavity (known as the piston

recess) specifically designed to increase the turbulence of the air-fuel mixture

to ensure complete combustion (See Figure 3.5). A glow plug (See Figure

3.5) may be used if the engine is too cold to start due to the air-fuel mixture
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not reaching the required temperature to spontaneously ignite. However, the

Hatz 1B30 does not use a glow plug but instead uses a resistive coil to heat

the air before induction.

Figure 3.5: Direct Injection System
1. Multi-hole Injector 2. Piston Recess 3. Glow Plug (Bosch GmbH 2005).

3.3 Fuel

3.3.1 Fuel Properties

Understanding of the fuel’s physical and chemical properties is essential to

create the right conditions to operate an engine efficiently. Diesel engines are

very versatile in their fuel use. The nominal and the most readily available

fuel used is automotive diesel oil.

Automotive diesel oil can be mixed with additives in order improve fuel

properties; for example, Special Antarctic Blend diesel (or SAB). Other types

of diesel fuel are kerosene (or paraffin) based liquids such as jet fuels. These
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fuel types are typically used for low-temperature operation. Theoretically,

any hydrocarbon based fuel can be utilised in a diesel system including bio-

diesel or other renewable fuels.

Diesel fuels are comprised of the heavier hydrocarbons that have 12 to

16 carbons per molecule. As a result, the evaporation temperature is much

higher than that of petrol (with typically 5 to 8 carbons per molecule). The

following sections discuss desirable diesel fuel properties.

Cetane Number

The cetane number (CN) describes the ignition quality of the diesel fuel.

A higher number corresponds to a shorter ignition delay, or equivalently, a

greater the tendency for the fuel to ignite. A lower number corresponds to a

longer ignition delay. The CN of the fuel is a numbered between 0 and 100.

A fuel which ignites readily, n-hexadecane (cetane), is assigned the cetane

number of 100. A very slow igniting fuel, methyl naphthalene, is assigned

the cetane number of 0. For a diesel engine, a fuel with a cetane number

around 50 is most desirable in order to create the ideal ignition delay (Bosch

GmbH 2005; Pulkrabek 2004). A cetane enhancer can be added to the fuel

in order to decrease ignition delay.

Cetane Index

The cetane index is an approximation to the CN and is calculated on the

basis of the fuel’s density and distillation range. However, unlike the CN, the

cetane index does not take into account the influence of cetane improvers on

ignition quality (Bosch GmbH 2005; Pulkrabek 2004).

Flash point

The flash point is when the temperature at which the fuel vapour will ignite

upon the application of a spark. This property does not affect the operation

of the diesel engine. However, it is important for safety during transport and
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storage of the diesel fuel as the ambient air temperature should be kept less

than the flash point of the fuel.

Pour point

The pour point is the lowest fuel temperature at which the liquid can be

poured with no waxy components (Batchelor et al. 1997).

Auto-ignition

The auto-ignition temperature is the temperature of the fuel when it spon-

taneously ignites.

Energy Density

The energy density is a measure of the energy content of the fuel. It is

measured by how much energy can be extracted from one kilogram of fuel

(i.e. joules per kilogram).

Viscosity

Too little viscosity increases leakage in the fuel-injection system, thus creating

an overall decrease in engine performance. Too much viscosity results in high

peak injection pressures and larger droplets being injected into the cylinder

by the nozzle.

Sulphur

A high sulphur content could cause corrosion on the engine’s exhaust systems,

and sulphur-containing exhaust emissions can be harmful to the environment.

In certain conditions, sulphur can burn to make sulphur dioxide and can react

with water vapour to produce sulphurous acid. During the refinement process

on the fuel, a hydrogenation process can be conducted at high pressure and

temperature in order to reduce the amount of sulphur.
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Water

A small quantity of water (up to 200mg/kg) absorbed by the diesel fuel will

not impact highly on the combustion process. However, a small quantity of

undissolved water can lead to major damage to fuel injection systems and

corrosion on cylinder walls in just a few days of continuous operation.

Diesel additives

Additives are mixed with the diesel fuel in order to, amongst other things,

reduce engine wear. Carbon residue can build up on the injection nozzle,

which hinders the fuel injection process. Carbon-deposit, or ‘coking’, is in-

fluenced mainly by the components that diesel fuel has at the final boiling

point.

The concentration of additives is usually kept to less than 0.1% in order

to retain the physical properties of the fuel, such as density, viscosity and

boiling points. Diesel additives include:

• Detergents that clean the system, especially to prevent coking on the

injection nozzle.

• Flow improvers to enhance reliability of the fuel at low temperatures.

• Wax anti-setting agents to improve reliability and storage of the fuel

at low temperatures.

• Lubricity enhancers to reduce fuel-injector wear.

• Anti-foaming additives to ensure no foam build-up during refueling.

• Anticorrosive additives (or corrosion inhibitors) to prevent surface de-

posit on metal parts caused by water.

In addition, the stoichiometric ratio (or ‘Stoich’) is also important, as it

is the chemical ratio of air-mass to fuel-mass at the time of combustion. If
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the air-fuel ratio is greater than Stoich, then there is more air than necessary

to fully oxidise the fuel for complete combustion; the engine is said to be

running ‘lean’. If the air-fuel ratio is less than Stoich, then there is too much

fuel to have complete combustion; the engine is said to be running ‘rich’. In

order to achieve a high efficiency, diesel engines operating at constant speed

typically have a lean mixture that reduces the fuel being used. Operating

with a rich mixture is used when the engine is accelerating or to achieve a

cold-start because it will enable a better ignition (Pullkrabek 2004).

3.3.2 Jet Fuel use in Diesel Engines

There are many types of jet fuels available, with many developments over

time for specific operational requirements (Maurice et al. 2001). The most

common type of jet fuel is Jet A-1 (with its US counterpart Jet A and

military counterpart JP-8), which is a kerosene grade that contains a complex

mixture of higher-order hydrocarbons. Jet A-1 (and Jet A) is widely used

for commercial aircraft with turbine engines, whilst JP-8 is used for military

aircraft. In terms of physical properties, Jet A-1 and JP-8 are different from

Jet A just in their pour points; that of Jet A is higher by about 7◦C. Jet A,

Jet A-1, and JP-8 have very similar chemical compositions; however, it does

not necessarily mean that they will behave the same in any given situation.

Furthermore, specific jet fuel properties will also vary from source to source

(Colket et al. 2007). Table 3.1 present typical values of the basic properties

of Jet A-1, automotive diesel and SAB. There is no specified value for the

cetane index of Jet A-1, but it is assumed to be similar to that of JP-8.

As mentioned before, the Cetane Index (or Cetane Number) is an impor-

tant fuel property for diesel engines. For example, diesel oil usually has a

Cetane Index of about 55 and it corresponds to a shorter ignition delay than

Jet A-1 (or JP-8). Thus, changing an engine’s designated fuel will affect the

combustion pressures experienced inside the cylinder (Pulkrabek 2004). This
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Density Energy Cetane Max. Pour Flash Auto-
Fuel @ 15oC density Index Viscosity Point point ignition

(kg/L) (MJ/kg) (-) @ 40oC (oC) (oC) point
(mm2/sec) (oC)

Jet A-1 0.81 42.8 (min) 47* 2.0 < −47 > 38.0 280
Diesel 0.85 (max) 45.6 55 6.0 < −35 > 60.0 240

SAB Diesel 0.82 46.4 51 7.0 < −35 > 61.5 240

Table 3.1: Fuel properties of Jet A-1, Automotive Diesel and Special Antarc-
tic Blend (SAB)

*Cetane Index (CI) quoted for Jet A-1 is actually the CI for JP-8
(Papagiannakis et al. 2006; BP Australia 2008; 2006; Shell 2005; BP

Australia MSDS 2008).

then necessitates research into the optimum fuel injection timing to allow for

the slower burning of jet fuel (Kouremenos et al. 1997; Papagiannakis et al.

2006; Assanis et al. 2007).

As Jet A-1 is primarily used for turbine engines, it must be combined

with additives in order to be compatible with diesel engines. NATO, for

example, made a decision to switch to JP-8 (or NATO code: F-34) as the

single fuel to be used for all of their land and air military transports; this is

known as the Single Fuel Concept (SFC, Kouremenos et al. (1997)). JP-8 is

simply Jet A-1 blended with three specific additives (Batchelor et al. 1997):

1. An icing inhibitor is added to prevent the growth of ice crystals that

are derived from minute concentrations of water.

2. A corrosion inhibitor is added to reduce degrading of pipelines and

storage tanks, and as a bonus, this additive also increases the lubricity

of the fuel, removes the sulphur content, and reduces aromatics.

3. A conductivity additive is used to reduce the build up of static electric

charge in order to avoid sparks upon refueling vessels.
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3.4 Diesel Engines in Antarctica

In Antarctica there is a long tradition of using large turbocharged diesels for

both power generation and for vehicles. At regions of high altitude the air

density substantially reduces. The reduction of air intake into the cylinder

of a diesel engine can lead to a decrease in power output. Turbocharging is

sometimes used to provide some altitude compensation.

The Amundsen-Scott South Pole station is powered by a set of tur-

bocharged diesel generators, with similar systems being used at the coastal

Antarctic stations such as Casey, Davis, and Mawson. These stations typ-

ically have six-cylinder Caterpillar 3306 diesel engines that drive 125 kVA

alternators. The fuel these stations use is mainly SAB and was chosen pri-

marily for its cold temperature characteristics (Steel & Guichard 1993; Steel

1993).

For its low temperature characteristics, Jet A-1 was chosen as the primary

fuel used for a bank of six diesel engines for the winter operation of the Italian

Antarctic coastal station at Terra Nova Bay (Meloni et al. 1992).

The high cost (typically $4 - $10/kg) of transporting fuel to and across

Antarctica implies that the optimum strategy for inland stations is to use a

fuel of the highest possible energy density. Similarly, the environmental issues

associated with transport logistics tend to outweigh the environmental effects

of burning the fuel itself. This gave options for the PLATO observatory of

using either SAB or jet fuel, which are the highest energy-density fuels readily

available. The Chinese Expedition team uses Jet A-1 to power their tractors

to Dome A. Jet fuel is cleaner burning and has a significantly lower pour

point (see section 3.3.1) than even SAB.
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3.5 Hatz 1B30 for PLATO

3.5.1 Hatz 1B30

The diesel engine selected was a Hatz 1B30: a commercially available single-

cylinder, naturally aspirated four-stroke engine with a cylinder-capacity of

347ml (see Figure 3.6). It is a direct-injection, air-cooled engine with a

cylinder-bore diameter of 80mm and stroke of 69mm, and has a compression

ratio of ε = 21.5. The Hatz engine utilises a single cam that controls both

valves and the fuel injection timing. The nozzle injects fuel at a pressure of

400 bar. The normal speed range of operation is between 1500 and 3600rpm.

The Hatz 1B30 engine was chosen for its low exhaust emission, compact

design and ease of modification of fuel and oil systems.

At 2200rpm the Hatz 1B30 engine can produce up to 4kW of electrical

power at sea level. It was then expected that the electrical power output

would be reduced to about 2kW for the altitude at Dome A, because the air

pressure is approximately half atmospheric. Therefore, for powering PLATO,

turbocharging would be unnecessary because the goal was to produce power

between 1-2kW. In addition, having no turbocharger made installation and

maintenance of the Hatz 1B30 simpler.

3.5.2 Fuel Selection

Jet A-1 was chosen to be the primary fuel for the Hatz 1B30 to power PLATO

because of its low-temperature characteristics and for its availability from the

Chinese Expedition team. The Hatz 1B30 is specified for use with Jet A-1

and does not require a cetane enhancer. The fuel was mixed with ∼2% fully

synthetic “Racing 2T” 2-stroke oil to provide lubrication for the fuel pump

and the injection system.
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Figure 3.6: Hatz 1B30 Single-Cylinder Diesel Engine
The left image is a cutaway artist impression of the Hatz 1B30 diesel

engine. The right image shows the Hatz 1B30 without the starter motor.
(Courtesy of Hatz Australia).

3.5.3 High-altitude Testing

For engine testing (see Chapter 4), the Hatz engine was loaded with a three-

phase brushless bearing-less alternator made by eCycle. The alternator was

directly coupled to engine’s crankshaft. To the author’s knowledge, there are

no published experiments on a single-cylinder diesel engine running on jet

fuel operating in a low pressure environment.
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Chapter 4

Engine Test Rig

“The formulation of a problem is often more essential than its solution, which

may be merely of mathematical or experimental skill.”

- Albert Einstein, Theoretical Physicist, Philosopher and Author

(1879-1955)

Testing at high-altitude conditions of the Hatz 1B30 engine was conducted

in order to determine the efficiency and reliability of the PLATO generation

system operating on the Antarctic plateau. As the Hatz 1B30 is a naturally

aspirated engine, the surrounding air pressure needed to be reduced in order

to effectively test the engine at simulated high-altitude conditions. A system

was therefore constructed consisting of a chamber, Roots blower and a but-

terfly valve. The Hatz 1B30 was then placed inside the chamber and several

tests were conducted on the engine at various pressures. All engine tests

presented in this chapter used PLATO’s designated fuel of Jet A-1 mixed in

with ∼2% “Racing 2T” 2-stroke oil.

59
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4.1 Mechanical Arrangement

Environmental Chamber

To simulate the low atmospheric pressure of Dome A in the laboratory, an

environmental chamber was constructed that was able to maintain a constant

pressure down to half an atmosphere with the engine running at full power.

The chamber consisted of a base plate and a bell-jar made from mild steel.

The base plate was a circular disk, 30mm thick, with an outer diameter of

1100mm. The bell-jar had a wall thickness of 5mm, with a welded dome-

shaped top and a welded bottom flange. Two lifting hooks were welded

on either side of the bell-jar to accommodate a crane. The bell-jar was

placed over the base plate and was sealed via an O-ring (see Figure 4.1).

An 8 cubic metre/minute Longtech LTV-100 Roots blower, driven by a Teco

CNS-C4088 15kW 3-phase electric motor, extracted air from the chamber

and vented it outside the building. The flow rate was chosen to be an order

of magnitude greater than the rate at which the engine consumes air, so

that the engine exhaust was well diluted before reaching the Roots blower.

Air was continuously introduced into the chamber via an air-filter box and

butterfly valve. The butterfly valve was manually adjusted to set the desired

pressure within the chamber.

Engine Mounting System

The engine was attached via rubber isolation dampeners to the base plate of

the chamber (see Figure 4.2). The eCycle alternator was directly attached

to the engine crankshaft, and the three-phase electrical output coupled via

a diode bridge to a pair of resistor load banks. The engine breathed the

reduced pressure air from inside the chamber, while the exhaust exited via

a diffuser that allowed the exhaust gases to be well mixed with the main

airflow before it reaches the Roots blower.
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Figure 4.1: Engine Test Rig
The air flows through the air-filter box to the environmental chamber. The
rate of airflow is controlled by the butterfly valve. The Roots blower runs at

constant speed, pumping air from the environmental chamber.

Engine Control

To control the speed of the engine, a motor-driven lead screw was attached to

the engine’s governor lever. The actuator was mounted on the engine plate

and was electrically controlled via a switch that was external to the chamber.

The engine was started by the key-start mechanism; however, the starter

system was modified so that the key was able to be turned from outside the

chamber.
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Figure 4.2: Engine Base Plate
Engine mounted on base-plate of the environmental chamber with

peripherals.

Fuel System

Fuel consumption was measured using an externally mounted graduated

cylinder, which delivered fuel via a fuel line that led through the base plate to

the engine. By having the fuel-feed system mounted externally to the pres-

sure chamber, less vibration was coupled to the graduated cylinder, which

allowed a more accurate reading of the fuel level and constant operation

without the need to remove the bell jar was possible.
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4.2 Data Acquisition

To monitor the engine parameters, several sensors were placed on and around

the engine. These sensors fed into a desktop PC that operated Windows XP.

K-type thermocouples measured the temperatures of the ambient air, oil

sump, cylinder head, exhaust gas, alternator and the intake air. Two Mo-

torola MPX4115AP pressure sensors that have a maximum pressure rating of

400kPa and an operating temperature between -40◦C and 125◦C were placed

inside the chamber. The alternator voltage and current through the resistor

load bank were also monitored. Readings from the thermocouples, pressure

sensors, and the load bank were all monitored via signal receiver modules

(15 Ch Digital I/O Module: ADAM-4050) connected by an Ethernet cable

to the Desktop PC via a serial device server (Moxa NPort 5410). The engine

speed was also monitored by a tachometer and was directly connected to the

serial device server.

All signals received from sensors were interpreted by the software package:

LabVIEW. Data was displayed on the computer monitor in real time and also

saved to an output file. Matlab and Microsoft Excel were used for the data

analysis and plotting.

Test Run Procedure

The procedure for acquiring data for each test run was as follows:

1. Set the desired load on the resistive bank.

2. Turn on Roots Blower.

3. Set the desired pressure by adjusting the butterfly valve.

4. Measure the initial fuel level.

5. Start engine and set the desired speed via the external switch for the

actuator.
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6. Monitor and record the safety conditions and engine parameters for the

duration of the test run.

7. Turn off engine.

8. Measure the final fuel level.

4.3 Initial Test Results

The engine managed to successfully start and stop at a variety of simulated

altitudes, up to more than 5000m. The ambient air temperature was typically

∼25◦C.

An initial test was conducted in order to see what to expect during a

typical test run. This particular engine test run was conducted at a simulated

pressure altitude of ∼5000m and at a speed of 2200rpm. The engine run-time

was 390 seconds (5.5 minutes). The corresponding data set for this engine

test run is presented in plots of Figure 4.3.

The ambient temperature (see Figure 4.3a) inside the chamber was ob-

served to increase by about 10◦C during the operation of the engine. This

increase in intake air temperature resulted in a small loss of power from the

engine as the run progressed, this was reflected by the slight decrease in gen-

erated voltage and current (see Figure 4.3b). The exhaust gas temperature

(see Figure 4.3c) was monitored to indirectly gauge how efficiently the en-

gine was running and also to see if the engine was overheating. The pressure

was measured inside the chamber to ensure that the engine was operating at

the desired simulated altitude; see Figure 4.3d for an example of a pressure

altitude of ∼5000m. The speed, measured in rpm, was monitored to ensure

that the engine was running at the same speed throughout the course of a

test; see Figure 4.3e for an engine speed being kept steady at 2200rpm. The

temperatures of the cylinder head, the generator and the oil sump (see Figure

4.3f) were also monitored so that the observer could initiate an immediate
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shutdown of the engine and the Roots blower in the event of a problem.

For an engine test run to operate for more than 10 minutes, it would

appear to slightly overheat the chamber. Therefore, this would change the

initial conditions for which the engine would start and stop for the next test

run. As a result, short duration tests were needed in order for the chamber

to cool down in preparation for the next test run.
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Figure 4.3: Engine Test Measurements
All data presented were measured as a function of time (seconds). (a)

Ambient temperature inside the chamber. (b) Voltage (bottom dotted line)
and current (top dotted line) for the resistor load bank. (c) The engine’s

exhaust gas temperature. (d) The two pressure sensors indicated an average
pressure of ∼54.1kPa. (e) Engine speed indicating the stability of the engine

governor. (f) The cylinder head, alternator and oil sump temperatures.
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4.4 Engine Test Results

The following results and subsequent discussion have been presented in the

published paper Hengst et al. (2009).

4.4.1 Test Conditions

To avoid possible overheating of the engine within the chamber, each test

was allowed to go for no more than ten minutes. These tests were conducted

at a fuel injection timing of 18◦ crank angle before top dead centre (CA

BTDC). Tests were made under otherwise identical conditions at both sea-

level atmospheric pressure (1000hPa) and at a pressure of about 540hPa

(hereinafter described as “at altitude”). The corresponding pressure altitude

is 5000m, which is well above that of Dome A. The engine speed was set

at discrete intervals from 1600 to 3200rpm. At each setting, the following

parameters were recorded:

• Fuel consumed

• Load-bank voltage and current

• Exhaust gas temperature

Another set of tests was conducted at altitude with the injection timing

set to 13◦ CA BTDC. These tests were conducted at a fixed engine speed of

2200rpm.

Engine Map Data and Efficiency

Comparisons between the results of sea level and at-altitude conditions for

the Hatz 1B30 were made; in particular comparing conditions of engine speed,

load and pressure. This was achieved by comparing engine measurements of

exhaust gas temperature for a given power output and by determining the

overall efficiency.
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Figure 4.4: Sea Level Map
Figure showing the exhaust gas temperature (◦C, thick line) and power

output (W, thin line) as a function of current and engine speed.

Two maps of data points corresponding to sea level and at altitude were

constructed. An individual map required discrete data as a function of speed

and load: a series of 10 different speeds ranging from 1600-3200rpm were

selected and tested for a variety of loads between 0-25A. At a particular

(engine and load) parameter, the exhaust gas temperature and the total

power measurements were used to construct the map. This resulted in an

approximately 10x10 grid of data points that was later smoothed to yield

contours. Map data points were smoothed because of the expected scatter

of the variables. It was challenging to obtain data points for high rpm and

load for discrete tests at altitude due to the engine overheating, with exhaust

temperatures reaching as high as ∼600◦C. See Appendix B for raw results

of engine parameters that were derived from the analysis of the output file

produced in LabVIEW as a function of engine speed.

Figures 4.4 and 4.5 are the resulting smoothed engine contour maps at sea

level and at altitude respectively. Each contour map shows exhaust gas tem-

perature and the total power as a function of current and engine speed. The
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Figure 4.5: Altitude Map
Figure showing the exhaust gas temperature (◦C, thick line) and power

output (W, thin line) as a function of current and engine speed.

current is directly proportional to the torque developed by the engine. The

engine maps of Figure 4.4 and 4.5 show a greatly increased exhaust temper-

ature at altitude for the same power output. This is to be expected because

for a given power output and rpm, a specific amount of thermodynamic work

has to be performed in each cycle. At altitude, only 54% of the mass of air

is present in the cylinder compared to sea level, so this air must undergo a

greater temperature excursion to perform the same work. In addition, the

amount of air available for cooling is also reduced by nearly 50%.

The engine’s efficiency was determined by calculating the brake specific

fuel consumption (BSFC) measured in units g/kWh. The power that is

recorded is the electrical output power from the alternator, and thus includes

the alternator and rectifier losses. The stated manufacturer’s alternator ef-

ficiency is 90% and the density of Jet A-1 is about 0.81g/ml. The BSFCs

presented here are therefore an overall fuel-to-electricity efficiency. At an

engine speed of 2200rpm, the engine efficiency changes remarkably little be-

tween sea level and at altitude (see Figure 4.6). However, as the engine speed
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Figure 4.6: Fuel Consumption at 2200rpm
Brake specific fuel consumption (g/kWh) as a function of power at a fixed

engine speed of 2200rpm.

is increased above 2600rpm the engine becomes progressively less efficient at

altitude than it is at sea level (see Figure 4.7). At the preferred engine speed

of 2200rpm and a power output of 1500W, the engine’s BSFC at altitude

was measured to be ∼280g/kWh. For a power output of 800W (typical

power usage for PLATO), the engine’s BSFC at altitude was measured to be

∼450g/kWh.
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Figure 4.7: Fuel Consumption
Brake specific fuel consumption (g/kWh) for a fixed power output of 1500W

as a function of engine speed.

Injection Timing

Tests involving the changing of the injection timing were carried out in order

to observe if delaying the fuel injection had any affect on the overall engine

performance.

In Figures 4.8 and 4.9 we present the results of tests at an injection

timing of 18◦ CA BTDC (“Test A”), 13◦ CA BTDC, then again at 18◦ CA

BTDC (“Test B”), the engine speed was fixed at 2200rpm. From Figure 4.8

it is clear that at 2200rpm the injection timing has little effect on the fuel

consumption; however, as seen in Figure 4.9 the engine runs hotter at 13◦ CA

BTDC than at 18◦ CA BTDC both at sea level and at altitude. At altitude,

the exhaust gas temperature can be as much as 65◦C hotter with the less

advanced timing.

This increase in exhaust temperature was due to a slower combustion

because of the reduced air density. Heat that is liberated towards the end of



72 CHAPTER 4. ENGINE TEST RIG

the ignition stroke does no useful work and only serves to heat up the exhaust

valve and pipe (Ricardo & Hempson 1968). Nevertheless, it is surprising that

the injection timing has such a profound effect on the exhaust temperature,

while having little or no effect on the fuel consumption.



4.4. ENGINE TEST RESULTS 73

Figure 4.8: Fuel Consumption at different pressures
Brake specific fuel consumption at altitude (top panel) and at sea level
(bottom panel) at fuel injection timings of 13◦ and 18◦ CA BTDC.
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Figure 4.9: Exhaust Gas Temperatures at different pressures
Exhaust gas temperature at altitude (top panel) and at sea level (bottom

panel) at fuel injection timings of 13◦ and 18◦ CA BTDC.
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4.5 Implementation for PLATO

The conclusions drawn from these experiments influenced the decision mak-

ing on the implementation of the PLATO engines for operation at Dome A.

The Antarctic astronomy group decided to install six Hatz 1B30 engines into

the engine module with only a few modifications.

The design speed of operation for the Hatz engine is between 1500 and

3600rpm. At 3600rpm the engine can produce 5000W at sea level. In order

to minimise fuel consumption and maximise the longevity of the engines

for PLATO, they were fixed to operate at 2200rpm. At this lower speed,

and allowing for the lower atmospheric pressure at Dome A, we expect a

maximum power output of ∼2kW. In practice, the engine is run at lower

power levels, partly to ensure complete combustion and partly to reduce

pollution to an absolute minimum.

The injection time was set to 18◦ BTDC, as this timing appeared to reduce

the exhaust gas temperatures under experimental conditions but with little

change to the engine efficiency.

An oil was selected to prolong the nominal 200hr maintenance of changing

the oil. The crankcase oil selected was Mobil 1 Delvac 5W-40, chosen for its

low pour point of -45◦C and for its recommended use in high performance

applications of heavy-duty diesel engines.

For maintaining the ambient air temperature inside the engine module,

the standard engine cooling fan was retained of each unit and the warm air

passing over the cylinder head was allowed to circulate within the engine

module. The overall internal temperature of the engine module is regulated

by a separate thermal management system (Luong-Van et al. 2008).

Additional tests were also carried out on the engine for cold starting

conditions. An ultracapacitor starting bank has been shown to provide ample

cranking current at temperatures as low as -40◦C. Both the engine and the

starting bank survived temperature cycling to -90◦C with no discernable ill
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effect (Hengst et al. 2009).

4.5.1 Field Results

The Polar Research Institute of China and the Chinese Academy of Science

deployed PLATO to Dome A, Antarctica in January 2008.

The Hatz engine has shown that it can operate efficiently in both sim-

ulated and in-situ high-altitude conditions. Figures 4.10-4.11 show perfor-

mance plots for PLATO at Dome A over the course of a year. The constant

monitoring of engine parameters enabled us to record possible points of fail-

ure in order to solve and to prevent issues arising again. Current PLATO data

can be found at: http://mcba11.phys.unsw.edu.au/∼plato/; the website is

the work of Daniel Luong-Van and Prof. Michael Ashley. In PLATO’s inau-

gural run during 2008, a large number unexpected engine stopped occurred.

This was attributed to air being trapped in the fuel lines. A re-design of the

system undertaken during the 2009 servicing mission reduced the number of

engine stoppages (Lawrence et al. 2009).

Figure 4.10 shows the generator voltage from all six engines. The alter-

nators are designed so that they produce 120V AC for an engine speed of

2200rpm. This electrical power is then converted to a 28V DC (nominal) bus

that charges the 320 A h SLA battery bank.

Figure 4.11 shows the DC/DC output from each engine bank. Continuous

periods of high DC output indicates intense engine operation when the Sun

was below the horizon. Hence, the dip in DC output during the summer

months corresponds to when engine power was reduced to conserved fuel

consumption. With a peak DC output of about 30A, the rectified 28V DC

yielded a total electrical power of about 800W.

http://mcba11.phys.unsw.edu.au/%E2%88%BCplato/
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Figure 4.10: Generator Voltage
Generator Voltage for PLATO measured at Dome A from August 2009 to

August 2010 (Data Credit: CCAA, PRIC, UNSW).

Figure 4.11: DC/DC Current Output
Current Output for PLATO measured at Dome A from August 2009 to

August 2010 (Data Credit: CCAA, PRIC, UNSW).
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Figure 4.12 shows the cylinder head temperatures of all six engines. The

vertical lines shown in the plot during the summer months of 2009/10 were

when the diesel engines periodically started and stopped because the solar

panels were able to provide the majority of the power at times when engines

were not operating.

Figure 4.12: Cylinder Head Temperatures
Cylinder Head Temperatures for PLATO measured at Dome A from August

2009 to August 2010 (Data Credit: CCAA, PRIC, UNSW).

Figure 4.13 shows the exhaust gas temperatures of all six engines. Periods

of high exhaust temperatures indicate when an engine was operating harder

in order produce a higher power output.
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Figure 4.13: Exhaust Gas Temperatures
Exhaust temperatures for PLATO measured at Dome A from August 2009

to August 2010 (Data Credit: CCAA, PRIC, UNSW).

Figure 4.14 shows the approximate amount of fuel left in the 4000L tank

as a percentage. The sudden rise in fuel level in January 2010 is due to the

tank being refueled as part of the servicing mission. The clipped peak at

the beginning of 2010 is a result of the fuel tank being filled just above the

fuel sensor. The reduced amount of fuel consumption towards the end of

2009 corresponds to the conservation of fuel as all major dark observations

has been completed. The fuel level here does not consider thermal expansion

because there is no fuel temperature measurement. The average fuel con-

sumption for operation in 2009 was 460g/kWh for an average power output

of 800W (Luong-Van et al. 2010).
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Figure 4.14: Fuel Level
Fuel level for PLATO measured at Dome A from August 2009 to August

2010 (Data Credit: CCAA, PRIC, UNSW).

4.6 Conclusions

The simulated altitude tests for the Hatz 1B30 engine demonstrated that

little modification to the engine was required for it to start and run satisfac-

torily at an altitude of up to 5000m. Because the maximum power output at a

given speed is reduced in direct proportion to the air pressure, the maximum

fuel delivery must also be correspondingly reduced. However, because the air

is less dense, there is less working fluid available to do the thermodynamic

work and less cooling is available, and so the temperature rise (cylinder head,

exhaust gas etc.) is greatly increased for a given power output. By advanc-

ing the start of the fuel delivery timing there is more time for combustion

early in the ignition stroke, which liberates useful work and minimises this

increase in exhaust gas temperature.

Allowing for an alternator efficiency of approximately 90%, we find that

the brake specific fuel consumption (BSFC) of the engine at sea level is
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consistent with the Hatz published data. Furthermore, little loss of efficiency,

if any, was encountered when the engine is running at high altitude. For

providing an approximate power output of 800W, the BSFC is estimated to

be about 450g/kWh. This BSFC is therefore consistent with operating the

Hatz 1B30 diesel engine at Dome A (460g/kWh; see section 4.5.1) for the

same power output of 800W.
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Chapter 5

Conclusions

“If you wish to make an apple pie from scratch, you must first invent the

universe.”

- Carl Sagan, Astrophysicist, Author and Communicator

(1934-1996)

In order to perform atmospheric observations for astronomical site testing

from isolated locations on the Antarctic plateau, an autonomous facility,

PLATO, has been developed. PLATO is powered by a diesel engine bank

and an array of solar panels.

PLATO is the latest facility designed by the University of New South

Wales Antarctic team and has been deployed by Polar Research Institute of

China and the Chinese Academy of Sciences to Dome A. The team had to

overcome new challenges such as higher altitude, a more remote location,

and colder temperatures in comparison to the other sites of South Pole and

Dome C. PLATO’s power generation system consist of solar panels for the

summer months and Hatz 1B30 diesel engines when the Sun is either behind

the panels or below the horizon. The power generation system provides both

electrical power and heat for the instruments and control computers. Com-

munications are made available using modems that link up with the Iridium
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satellite network. The PLATO power generation system is an innovative and

scalable system that can be implemented for remote sites anywhere on the

Antarctic plateau and at other high-altitude locations.

The single-cylinder diesel engine is an efficient and reliable system pro-

viding power for PLATO during the Antarctic winter. The Hatz 1B30, a

naturally-aspirated single-cylinder diesel engine, has been shown to be a good

choice for providing 1-2kW of power. The engine’s fuel, Jet A-1 mixed with

2-stroke motorcycle oil, has a high energy density and a low pour point that

is ideally suited for operation in Antarctica.

Tests carried out in the laboratory allowed us to measure efficiency and

determine performance of the Hatz 1B30 diesel engine prior to deployment

at Dome A. Higher exhaust temperatures were observed at low pressure for

a given power output. The brake specific fuel consumption (BSFC) at an

engine speed of 2200rpm at sea level and at low pressure (∼540hPa) were

similar. Having the injection timing set at 18◦ BTDC was shown to produce

a lower exhaust gas temperature at an engine speed of 2200rpm but had little

effect on the brake specific fuel consumption.

The conclusions drawn from the laboratory experiments influenced the

decision making on the implementation of the PLATO engines for operation

at Dome A. The engines were fixed at a speed of 2200rpm with a fuel in-

jection timing of 18◦ BTDC. For an engine speed of 2200rpm and a power

output of 800W, the BSFC measured in the laboratory (∼450g/kWh) was

consistent with the BSFC calculated for the Hatz 1B30 operating at Dome

A (∼460g/kWh).

The diesel engines, during the winter months, were able to provide ade-

quate electrical power and heat to the PLATO instruments, which resulted

in successful observations of the atmosphere above Dome A. Initial results

of the PLATO instruments have shown that Dome A is a worthwhile site to

conduct observational astronomy. CSTAR showed during the winter months

about 67% of the time had little or no cloud cover and 2% of the time
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had strong aurorae (Zou et al. 2010). Snodar observed that Dome A has a

low turbulent boundary-layer with a median height of 13.9m (Bonner et al.

2010). Pre-HEAT has verified that Dome A is the best ground-based site

yet measured to perform terahertz astronomy and hence giving opportunity

to obtain important spectral information on the evolution of stars, the in-

terstellar medium and galaxies (Yang et al. 2010). Nigel showed that Dome

A has exceedingly low water vapour content and a large amount of available

dark time, which is advantageous for astronomical observations, and also

characterised the auroral activity (see Appendix A).

Antarctic astronomy is fast becoming a popular scientific field because of

the potential of the Antarctic plateau to provide conditions for performing

precise astronomy. Before the construction of large telescope facilities for a

new site on the Antarctic plateau, an analysis of the site is essential. The

engineering solutions for providing site-testing facilities in Antarctica has

paved the way for performing astronomy from the Antarctic plateau.

This thesis is also an attempt to stress the importance of the relation-

ships between engineers, instrument builders and observational astronomers.

Modern astronomy requires these key relationships. The advancement of

technology must also be included in the definition of astronomy; as modern

day astronomy can not move forward without overcoming the engineering

challenges that exist for both terrestrial and space platforms for astronomi-

cal observations.

5.1 Future Work

Future experiments in the laboratory would be to perform long endurance

tests on the Hatz 1B30; however, this would require a way to keep the cham-

ber cool to avoid overheating. More tests involving different injection timings

will determine the optimal point of fuel injection. A check to see what is pro-

duced in the exhaust emission would determine if complete combustion takes
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place and determine the conditions required to have the minimal amount of

pollutants. In addition, it would be good to check how rich or lean the air-fuel

mixture is during combustion.

Future installments of PLATO are also on their way. A PLATO facility is

planned to be deployed to the Japanese site of Dome F. Additionally, another

power module is scheduled to go to Dome A with improvements made to the

battery and electrical systems with a new engine starting mechanism; see

(Ashley et al. 2010) for details.



5.1. FUTURE WORK 87



88 CHAPTER 5. CONCLUSIONS



Appendix A

Nigel: The Aurora Hunter

“With the northern lights a-running wild in the land of the midnight sun”

North to Alaska (Song, 1960)

Johnny Horton, Singer and Writer (1925-1960)

A.1 Introduction

Nigel, a fibre-fed UV/Visible spectrometer coupled to a thermo-electrically

cooled 256 x 1024 CCD camera, is both a site-testing and scientific instrument

designed to take sky spectra from the Antarctic plateau.

Among the early instruments of AASTO (see Section 1.5.1) was AFOS

(Antarctic Fibre-Optic Spectrometer), which was in operation from 2002

to 2003 (Storey 1998; Dempsey et al. 2004). The spectrograph and CCD

camera were canabilised from AFOS to create Nigel. At Dome C, the Au-

tonomous Astronomical Site-Testing InterNational Observatory (AASTINO)

commenced operation in 2003. Kenyon et al. (2006) originally started work

on Nigel to undertake observations of the optical sky background during the

Dome C winter session of 2005. Unfortunately, Nigel ended its operation at

Dome C when the AASTINO was decommissioned in February 2005. Nigel
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was selected to join the PLATO instrument suite.

Due to technical difficulties with Nigel, it was unable to be deployed

with PLATO in the summer of 2007/08. Nigel, however, joined the 2008/09

summer mission to Dome A. Nigel’s purpose is to take measurements of

twilight, air-glow, cloud-cover and aurorae above Dome A. Nigel will not

only be a site-testing instrument for the optical sky background but also a

scientific instrument analysing the intensity and frequency of aurorae.

This appendix will describe Nigel’s hardware and software, how it was

modified for Dome A, and preliminary results from initial testing at Siding

Spring Observatory and from observations at Dome A, Antarctica.

A.2 Wavelength Specification

As observing aurorae is the main science driver for Nigel, we need to use the

entire available spectrum (350nm to 820nm) in order to cover the strongest

emission lines in the optical. Figure A.1 shows a particular auroral spectrum

that was observed during a bright auroral event overlaid with the UBVRI

pass-bands (Dempsey et al. 2005). Swenson et al. (1998) have used the

427.8nm, 557.7nm and the 630.0nm lines to study the temporal and spatial

behaviour of auroral emission. It is aim of the Nigel project to perform a

similar task for observations of the Dome A sky.

The wavelength coverage of the spectrograph used for Nigel is from 190nm

to 900nm. Since the atmosphere is a natural absorber for wavelengths below

∼300nm due to ozone and molecular oxygen (McEwen et al. 1983), second

order contamination will effect wavelengths greater than ∼600nm. A glass-

filter was used to absorb light below 515nm. Thus, for a given observed

position of the sky, two optical optical fibres will be used with one fibre

being coupled with the glass-filter. For use on Nigel, there are two defined

wavelength regimes; Blue (300 to 515nm) and Red (515 to 850nm).
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Figure A.1: Aurora Spectra with respect to UBVRI passbands.
The auroral spectrum, transmission as function of wavelength, spans 300 to

890nm (Swenson et al. 1998; Paxton & Meng 1999).

A.3 Nigel’s Hardware

The chosen spectrograph and CCD camera were originally components from

the AFOS telescope at the South Pole. The commercial imaging spectrometer

(Jobin Yvon model CP200, 1989) houses a concave holographic diffraction

grating that has 200 grooves per millimetre. The grating linearly disperses

the optical radiation from 24.6nm/mm for blue light to 25.7nm/mm for red

light onto a CCD (Kenyon et al. 2006). The CCD camera is an Andor unit

selected from Oriel Instruments (model Instaspec IV, open electrode) with an

exposure area of 1024 x 256 pixels that is sensitive from 200nm to 1000nm.

The physical size of each pixel is 27μ m x 27μ m, giving a total physical area

of 27.6 x 6.9mm (Dempsey et al. 2004; Kenyon et al. 2006). An example

of an (false-colour) CCD image taken by the Nigel instrument during the

daytime at Dome A can be seen in Figure A.2.
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Figure A.2: Nigel Spectra
A false-colour CCD image showing the individual spectra corresponding to
each of the six optical fibres. The wavelength decreases from left to right
(∼820nm to ∼300nm). The top pair, middle pair, and bottom pair of

spectra correspond to the zenith fibres, the west fibres, and the north fibres
respectively.

A.3.1 Design and Assembly

Nigel’s Bob

The fibre housing unit aligns each of the red/blue fibre pairs in the three des-

ignated elevations (North (40o Elv.), West(71.5o Elv.) and Zenith) towards

the Dome A sky. It is crucial to the success of the Nigel instrument that

the fibres are resistant to ice formation on their exposed faces. To achieve

this, the fibres were mounted flush with the surface of a hollow stainless steel

sphere. This has two important advantages: the sphere, being highly reflec-

tive, can be heated with a small amount of electrical power; and the spherical

shape is resistant to the build-up of snow. The stainless steel sphere, also

known as the “Bob” (see Figure A.3), is 120mm in diameter and constructed

from two polished stainless steel hemispheres. The lower hemisphere is at-

tached by an internal demountable collar which in turn is supported by a

hollow stainless steel stalk. The upper hemisphere contains three dual fibre

windows each consisting of an SMA connector stub drilled to fit two optical

fibres and retained in a modified SMA bulkhead connector housing. The end

of each fibre pair was inserted from the inside and oriented via pre-drilled

holes at the three fixed positions on the sky. The fibres were then optically

polished flush with the outer surface of the upper hemisphere. The three as-

semblies are also attached to internal copper plates which can be electrically
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heated via current flowing through two 25Ω 10W resistors. This arrange-

ment ensures the fibre windows are kept clear of frost or ice. The Bob is

supported by a hollow stalk through which the six fibre patch cords pass into

the instrument module (Sims et al. 2010).

The Bob design is credited to J. R. Everett (School of Physics, University

of New South Wales) and the author (Shane Hengst). The Bob was man-

ufactured by Pritipal Baweja and Paul Hallahan from the Science Faculty

Workshop of the University of NSW.

Nigel’s Box

The author modified an instrumentation rack in order to house the Spec-

trograph, CCD camera, filter rack and associated computer components of

Nigel (See Figure A.3.1).

The filter rack is held in place on the front panel of the instrumentation

rack. Each optical fibre being streamed from the Bob is terminated on the

front panel that supports the six collimating filter assemblies.

Pseudo-Slit connector

The fibre terminator end, a brass connector, is attached to the spectrograph.

All six fibres are evenly aligned and bonded on a machined ‘v-grooved’ mount,

which was polished flush. The linear array of fibres creates a pseudo-slit that

allows the collected light to propagate into the housing of the spectrograph.

A.4 Nigel Control

Sole control of Nigel’s operation is by the PLATO “supervisor” computers,

running Debian Linux. The supervisor computers are monitored off-site via

the Iridium Satellite network. A separate PC104 computer, running MS-

DOS 6.22, controls the CCD camera. Nigel’s computer and the PLATO

supervisor computer communicate with each other via an ERIC package.
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Figure A.3: Nigel’s BOB
The figure shows a basic schematic of Nigel’s Bob. The Bob houses the

optical fibres inside a stainless steel sphere, which stream through the ‘stem’
to Nigel’s instrumentation rack. The whole structure is mounted on a flange

that is bolted on the roof of the PLATO instrumentation module.
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Figure A.4: Nigel Instrumentation Rack
Photograph showing the instrumentation rack for Nigel. Inside, on the left,
is the spectrograph that houses the diffraction grating (bottom-end) and
CCD camera (top-end). On the right-hand side of the box is the Nigel

computer that links the CCD camera to the PLATO Supervisor computer.



96 APPENDIX A. NIGEL: THE AURORA HUNTER

ERIC (Extensible Remote Instrument Control) was developed as a ‘remote-

controlled’ kernel to communicate with instruments in Antarctica via the

Internet (Ashley et al. 1996).

A Perl script is executed from the supervisor computer, which directs the

CCD camera to take an exposure. The number of exposures to be taken is

dependent on two aspects: the position of the Sun and the available space

on the hard-drive. No exposure is taken when the Sun is within the fibres’

field-of-view.

The exposure times were set based on the results from the previous expo-

sure in order to avoid saturation on the sky. The CCD images were analysed

on the supervisor computers at Dome A because of the limited bandwith

via the Iridium Satellite. The images were dark-subtracted and spectra were

modified on the basis of their signal-to-noise. The six 2D spectra on each

image were transformed into 1D information, which was then sent via the

Iridium satellite modem. The original raw images observed during the 2009

winter months have been stored on solid-state disks, which have now been

retrieved by the 2009/2010 Chinese traverse team (Sims et al. 2010).

A.5 Nigel Testing

A.5.1 Focusing the CCD

A test for the focusing of the CCD onto the spectrograph was achieved

by taking successive spectra and determining the full-width-half-maximum

(FWHM) of the same emission line on each spectrum. The light source was

a 80W mercury vapour gas lamp (Ferguson, MF80SB).

The best focused position for the CCD camera was determined to be

approximately 1.6mm of screw thread away from the housing of the spectro-

graph, see Figure A.5.
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Figure A.5: CCD Focus
The FWHM of the first emission spike of each successive Mercury Gas

Spectra were obtained by using the program Matlab. It was determined that
having the screw thread length of about 1.6mm yielded the best focused

position.
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A.5.2 Initial Results from Siding Spring Observatory

Spectra were obtained with the instrument Nigel from October 19th to the

22nd (2008) at the Automated Patrol Telescope (APT) building, Siding

Spring Observatory. The operation consisted of a combination of taking in-

dividual exposures and executing a script. The first test run was on Monday

20th of October from about 8:20pm until it was cut short due to an unex-

pected power glitch at about 9:25pm. This resulted in the sudden power

down of the Nigel computer. The second test run was on the early morning

of October 21st from about 4:20am to 7:20am to gather information from

the moonshine, sunrise/twilight and morning daytime. The third test run

was from about 6:30pm for 3 hours to gather exposures of twilight and night

time. The final test run is another early morning run on October 22nd from

4:30pm to 7:30pm.

An attempt was made to couple the light beam through the inline fil-

ter assembly. Unfortunately, this was not successful on site. As a result,

any information obtained was not scientifically significant and so, this initial

testing was simply an exercise to test the operation of Nigel.

Figures A.6-A.8 each show the raw image exposed corresponding to the

six emission spectra that show raw counts as a function of pixel position

(arbitrary wavelength) for each fibre.

Daytime

The daytime spectra were taken late afternoon and in the morning. Fig-

ures A.6 and A.7 show example daytime spectra before and after the (at-

tempted) alignment of the inline filters respectively. The exposure time in

each case was 2 seconds. They clearly show that the filters were attenuat-

ing the wavelengths below 515nm for the ‘red’ fibre, which showed that the

system achieved its goal in eliminating the 2nd order contamination.
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Controlled Testing

Tests carried out under controlled conditions were undertaken with an in-

candescent light bulb and the mercury vapour gas lamp. The incandescent

light bulb was used to shine on the white ceiling; see Figure A.8 for an 100s

exposure. The illumination of the white wall was also used for the mercury

gas vapour lamp; see Figure A.9 for a 600s exposure.

Initial Results Conclusions

It was clear that there was severe loss in transmission due to mis-aligned

filters. An attempt to re-align each fibre that are coupled with an in-line

filter holder was undertaken in the UNSW Optics lab. The re-alignment

improved the light transmission through each fibre. However, an absolute

flux calibration would be needed at the Dome A site for optimal performance

(see section A.6). A final polish on the fibre exposed ends was undertaken

before deployment.
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A.6 Preliminary Results from Dome A

Nigel was successfully deployed on the summer 2008/09 Chinese traverse.

Since then it has taken a wealth of data, which still needs to be fully anal-

ysed. This task was begun by honours student Matthew Nguyen and now

being continued by Masters student Geoff Sims. The following discussion

summarises their findings.

Wavelength calibration has been achieved by using known Fraunhofer

lines in the daytime spectra and known auroral and airglow lines in the

nighttime spectra. Figures A.10 and A.11 show the relative flux as a function

of wavelength for twilight and nighttime spectra respectively at Dome A

(Sims et al. 2010).

For future work, an absolute flux calibration for Nigel will be performed.

This needs to consider the various spectral responses from the optical fi-

bres, Schott filters, spectrograph and the CCD camera. A convolution of

all these responses has been calculated to yield an expected overall spectral

response (see Figure A.12). The convolved uncalibrated flux data from Nigel

is intended to be compared with the calibrated flux data observed with the

Gattini camera (Sims et al. 2010).

Preliminary data suggest that Dome A has exceedingly low water vapour

content and a large amount of available dark time, which is advantageous for

astronomical observations. See (Sims et al. 2010) for an overview.
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Figure A.6: Daytime Image and Spectra at SSO (unaligned filters)
19th of October exposure 2 seconds
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Figure A.7: Daytime Image and Spectra at SSO (aligned filters)
21st of October exposure 2 seconds
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Figure A.8: Light Bulb Spectra Image and Spectra
20th of October exposure 100 seconds



104 APPENDIX A. NIGEL: THE AURORA HUNTER

Figure A.9: Mercury Gas Vapour Image and Spectra
21st of October exposure 600 seconds
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Figure A.10: Dome A Twilight Spectra
This spectrum has been composited from red and blue fibre output that has
been spliced at ∼530nm. Fraunhofer absorption bands due to molecular
oxygen (A-759.4nm and B-687.7nm), Hα (C-653.3nm) and from iron
(G-430.8nm) (Sims et al. 2010). (Data Credit: CCAA, PRIC, UNSW)

Figure A.11: Dome A Nighttime Spectra
This spectrum has been averaged over 86 spectra. This spectrum has been
composited from red and blue fibre output that has been spliced at ∼530nm.
Strong emission lines due to molecular nitrogen (391.4nm and 427.8nm),

excited oxygen atoms (557.7nm, 630.0nm and 636.4nm) and Meinel
rotation-vibration bands of OH (Sims et al. 2010) (Data Credit: CCAA,

PRIC, UNSW)
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Figure A.12: Convolved spectra response for all fibres.
This is the prediced overall response from each of the six fibres considering
the spectral transmission from the optical fibres, Schott filters, spectrograph

and the CCD camera (Sims et al. 2010).



Appendix B

Engine Raw Data

Parameter Definition

RPM Engine Speed (revolutions per minute)
ST Engine Start Time (seconds)
ET Engine Stop Time (seconds)
SL Initial Fuel Level (millilitres)
EL Final Fuel Level (millilitres)

FC(g/h) Fuel Consumption (grams per hour)
Av. Volts Average Voltage Output (volts)
Av. Curr Average Current Output (volts)
Adj. Curr Adjusted Current (Amps)
Power (W) Total Useable Electrical Output (Watts)
EGT (C) Exhaust Gas Temperature (Celsius)

DV Difference in Voltage from no-load scenario (volts)
R(Alt) Alternator Resistance (Ohms)
P(Alt) Alternator Power Output (Watts)
Total P Total Power from Electrical and Alternator Output (Watts)
Efficiency Fuel-to-electricity efficiency (g/kWh)
Pm[Pa] Internal Pressure Estimate (Pascals)
Eff(load)† Load Efficiency
Alt Eff† Alternator Efficiency

Table B.1: Legend for Table Values
Table of parameters that define the column titles of Tables B.2-B.13

†Additional legend values for one of the test runs for an engine speed of
2200rpm (see Table B.7).
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Table B.2: Engine Data - 1600rpm
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Table B.3: Engine Date - 1800rpm
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Table B.4: Engine Data - 2000rpm
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Table B.5: Engine Data - 2100rpm
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Table B.6: Engine Data - 2200rpm (First Test)
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Table B.7: Engine Data - 2200rpm (Second Test)
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Table B.8: Engine Data - 2400rpm
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Table B.9: Engine Data - 2600rpm
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Table B.10: Engine Data - 2800rpm
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Table B.11: Engine Data - 3000rpm
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Table B.12: Engine Data - 3200rpm (First Test)
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Table B.13: Engine Data - 3200rpm (Second Test)
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Appendix C

Published Papers

The following papers on which Hengst is first author are included in their

published form:

• A small, high-efficiency diesel generator for high-altitude use

in Antarctica, 2009, S. Hengst, D. Luong-Van, J.R. Everett, J.S.

Lawrence, M.C.B. Ashley , D. Castel and J.W.V. Storey, International

Journal of Energy Research, 34, 827-838

• PLATO Power–a robust, low environmental impact power

generation system for the Antarctic plateau, 2008, S. Hengst,

G.R. Allen, M.C.B. Ashley, J.R. Everett, J.S. Lawrence, D. Luong-Van

and J.W.V. Storey, Proc. SPIE, 7013, 70124E–70124E-10

Refereed papers on which Hengst is a co-author are:

• The PLATO Dome A site testing observatory: power gener-

ation and control systems, 2009, J.S. Lawrence, M.C.B. Ashley, S.

Hengst, D.M. Luong-Van, J.W.V. Storey, H. Yang, X. Zhou, and Z.

Zhu, Review of Scientific Instruments, 80, 064501-1064501-10

• The PLATO Dome A Site-Testing Observatory: Instrumenta-

tion and First Results, 2009, H. Yang, G. Allen, M.C.B. Ashley, C.S.

Bonner, S. Bradley, X. Cui, J.R. Everett, L. Feng, X. Gong, S. Hengst,
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J. Hu, Z. Jiang, C.A. Kulesa, J.S. Lawrence, Y. Li, D. Luong-Van,

M.J. McCaughrean, A. Moore, C. Pennypacker, W. Qin, R. Riddle, Z.

Shang, J.W.S. Storey, B. Sun, N. Suntzeff, N.F.H Tothill, T. Travouil-

lon, C.K. Walker, L. Wang, J. Yan, J. Yang, D. York, X. Yuan, X.

Zhang, Z. Zhang, X. Zhou and Z. Zhu, Z., Publications of the Astro-

nomical Society of the Pacific, 121(876), 174-184

Conference papers on which Hengst is a co-author are:

• Performance of the autonomous PLATO Antarctic Observa-

tory over two full years, 2010, D.M. Luong-Van, M.C.B. Ashley,

X.Cui, J.R. Everett, L. Feng, X. Gong, S. Hengst, J.S. Lawrence,

J.W.V. Storey, L. Wang, H. Yang, J. Yang, X. Zhou and Z. Zhu,

Ground-based and Airborne Telescopes III, Proceedings of SPIE, 7733,

77331T-77331T-8

• Optical sky brightness at Dome A, Antarctica, from the Nigel

experiment, 2010, G. Sims, M.C.B. Ashley, X. Cui, J.R. Everett, L.

Feng, X. Gong, S. Hengst, Z. Hu, J.S. Lawrence, D.M. Luong-van,

Z. Shang, J.W.V. Storey, L. Wang, H. Yang, J. Yang, X. Zhou and

Zhenxi Zhu, Ground-based and Airborne Telescopes III, Proceedings

of the SPIE, 7733, 77334M-77334M-9

• Dome A site testing and future plans, 2010, X. Gong, L. Wang,

X. Cui, L. Feng, X. Yuan, M.C.B. Ashley, G. Allen, C.S. Bonner, S.G.

Bradley, J.R. Everett, S. Hengst, J. Hu, Z. Jiang, C.A. Kulesa, J.S.

Lawrence, Y. Li, D.M. Luong-van, M.J. McCaughrean, A.M. Moore,

C. Pennypacker, W. Qin, R. Riddle, Z. Shang, J.W.V. Storey, B. Sun,

N. Suntzeff, N.F.H. Tothill, T. Travouillon, C.K. Walker, J. Yan, H.

Yang, J. Yang, D.G. York, X. Zhang, Z. Zhang, X. Zhou, Z. Zhu, EAS

Publications Series, 40, 65-72
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• PLATO–a robotic observatory for the Antarctic plateau, 2010,

M.C.B. Ashley, G. Allen, C.S. Bonner, S.G. Bradley, X. Cui, J.R. Ev-
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A small, high-efficiency diesel generator for high-altitude
use in Antarctica

Shane Hengst1,�,y, D. M. Luong-Van1, J. R. Everett1, J. S. Lawrence1,z, M. C. B. Ashley1,
D. Castel1,2 and J. W. V. Storey1

1School of Physics, University of New South Wales, Sydney, NSW 2052, Australia
2Institut Supérieur de l’Électronique et du Numérique, 20 rue Cuirassé Bretagne, CS 42807-29228 Brest Cedex 2, France

SUMMARY

We have characterised a small, high-efficiency diesel generator selected to power remote experiments on the Antarctic
plateau at altitudes of up to 5000m. We describe the design of an environmental chamber to simulate these high
altitudes and present an experimental investigation of the engine operation at high altitude on Jet A-1, comparing this
to the engine’s performance at sea level. Although attention must be paid to the provision of adequate cooling, no
modification to the engine itself is required. Our final system provides very high reliability and produces 1500W of
electrical power with a fuel consumption of 280 g kWh�1. A bank of ultracapacitors is used to start the engine in the
cold environment of Antarctica. We describe the low-temperature operation and survival tests that we performed on the
ultracapacitors and the engine. Copyright r 2009 John Wiley & Sons, Ltd.

KEY WORDS: diesel engine; high altitude; antarctica; remote generation

1. INTRODUCTION

The Antarctic plateau is a vast, largely unexplored
region in East Antarctica. Most of it is at an
elevation of over 3000m, with Dome A being
the highest point at 4093m. Scientific interest in
the Antarctic plateau is growing, both for the
historical climate information that can be gained

from deep ice cores [[1], references therein], and
the potential it offers for new astronomical
observatories with ‘space-like’ observing condi-
tions [[2], references therein]. Permanent stations
now exist at the South Pole (on the edge of
the plateau), Vostok and Dome C, with new
stations under construction at Dome A and
Dome F.
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To facilitate the exploration of these, and other
high Antarctic sites, we have developed a system of
small, high-efficiency diesel generators. Six of these
generators are installed in PLATO, the PLATeau
Observatory [3–5], a robotic observatory that was
deployed to Dome A, in January 2008 by the Polar
Research Institute of China. PLATO is measuring
the atmospheric conditions at Dome A in order to
gather information for future large astronomical
telescopes. PLATO also provides a scientific
platform for small telescopes and other experi-
ments [6,7]. The PLATO facility itself is composed
of two modules, each built into a 10-foot shipping
container: an instrument module with a flexible
computer-controlled system for the instrument
suite [8]; and an engine module that provides the
primary power during the winter months [9].

There are five astronomical instruments on
PLATO, each of which is designed to run on less
than 100W (average) power. Electrical power is
also required for heaters to keep the instruments
warm and to provide additional heat to the in-
strument module itself. Yang et al. [3] present a
detailed description of PLATO and first season
(2008) results for the above-mentioned instru-
ments. Lawrence et al. [5] present a detailed de-
scription of PLATO’s power generation and
control systems, together with an overview of the
system performance for 2008.

PLATO must operate unmanned throughout
the year because of the remoteness of Dome A.
Except for a period of a few weeks in January each
year when the annual servicing missions take
place, communications with the observatory are
only possible via the Iridium satellite network.
Thus, the power generation system needs to be
maintenance-free for a period of 11 months.

During the summer months, when the sun is
above the horizon, PLATO can be powered largely
by an array of solar panels. However, moving into
winter there is progressively less sun available and
for approximately 3.5 months of the year the sun is
continuously below the horizon. Unlike the Ant-
arctic coast, where wind turbines can provide large
amounts of power, the plateau is remarkably free
of wind. Dome A has possibly the lowest average
wind speed of any place on earth [10], making
wind power impractical.

Several other possible power sources are dis-
cussed in Lawrence et al. [11]. Perhaps the most
promising in the longer term are fuel cells. These
have been tested in an Antarctic environment [12]
but the technology is still relatively immature. In
addition, the energy density of the most suitable
fuel, methanol, is less than half that of jet fuel.

These arguments lead to the selection of diesel
engines to augment the solar power. Six 4-volt
320 AHr lead-acid batteries are used to provide
temporary energy storage. To provide redundancy
and increase the flexibility of PLATO’s power
system, six independent engines are used in
PLATO [5]. The factors leading to the choice of Jet
A-1 fuel are described in Section 2.3. However, in
principle almost any hydrocarbon fuel could be
used, including bio-diesel or other renewable fuel.

Dome A, the highest point on the Antarctic
plateau has a physical elevation of 4093m above
sea level. However, the low temperatures in Ant-
arctica lead to a reduced atmospheric scale height;
i.e. the atmospheric pressure falls off more rapidly
with altitude than at a temperate site. Thus, the
average pressure at Dome A is about 575 hPa [10]
(roughly half that at sea level), corresponding to a
pressure altitude of 4530m. The average sum-
mertime temperature at Dome A is about �351C,
dropping to as low as �901C in winter. This is well
below the freezing point of any commonly avail-
able fuel. The design philosophy of PLATO is
therefore for the engines to keep themselves and
their fuel warm throughout the year using waste
engine heat. The engine must be able to start
reliably from cold in the summer time, but there-
after the engines are in a warm, highly insulated,
temperature-regulated environment. However,
should all the engines fail during the winter, they
may need to survive temperatures as low as �901C
before the service crew arrives the following
January.

The development of the PLATO engine system
therefore consisted of the following steps:

� Selection of an appropriate engine and alter-
nator.

� Selection of an appropriate fuel.
� Measurement of the engine performance at high

(simulated) altitude.
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� Design and testing of a low-temperature start-
ing system.

� Verification of the survival of the engine system
at extreme low temperatures.

These steps are detailed in the following
sections.

2. DESIGN OF THE GENERATOR SYSTEM

2.1. Design criteria

2.1.2. Engine selection. For our purposes, only a
small amount of power is needed (�1.5 kW)
making turbocharging unnecessary. The simplest
and lowest cost choice is thus that of naturally
aspirated single-cylinder diesel engine.

The engine we selected is a commercially
available Hatz 1B30 single-cylinder, naturally
aspirated diesel four-stroke with a displacement
of 347ml. It is a direct-injection, air-cooled
engine with a bore of 80mm and stroke of
69mm, and a compression ratio of 21.5. The
design speed of operation is 1500–3600 rpm.
At 3600 rpm the engine can produce 5000W at
sea level. However, the minimum brake specific
fuel consumption (BSFC) is at 2200 rpm, and
the engine wear rate is much reduced at this
lower speed. Allowing for the lower atmospheric
pressure at Dome A, we expect a maximum
power output of �2 kW at 2200 rpm. In practice,
we would plan to run the engine at still
lower power levels, partly to ensure complete
combustion and reduce pollution to an absolute
minimum.

The choice of an air-cooled engine was
also motivated by the desire to keep everything
as simple as possible. The standard engine-cooling
fan was retained, and the warm air passing
over the cylinder head allowed to circulate
within the engine module. The overall
internal temperature of the engine module is
regulated by a separate thermal management
system [8].

2.1.2. Engine lubrication. The crankcase oil selected
was Mobil 1 Delvac 5w-40, chosen for its low pour
point of �451C and for its recommended use in

high performance applications of heavy-duty diesel
engines [13].

For operation in PLATO, each engine’s run-
ning time is much longer than the manufacturer’s
recommended service interval of 200 h. In order to
achieve this, the engine lubrication system has
been extensively modified. Each of the two banks
of three engines has a 60 l external oil tank. Oil
from the tank is continuously pumped into each
engine with a Thomas Magnete LHP27 metering
pump at a rate of approximately 11 ccmin�1

at 3Hz. At each crankcase, a simple overflow pipe
is used to return the excess oil to the storage tank.
Large-area filters are used to clean the oil.

2.2. Electrical output

Although small generator sets are already com-
mercially available, including some with diesel
engines, they are normally directly coupled to
50/60Hz alternators producing a nominal 220/
110V AC. There are two main reasons why we
chose not to take this path.

1. Such engines must run at 3000 or 3600 rpm, at
which speed BSFC is considerably higher and
the life of the engine is greatly reduced.

2. The alternators used are normally relatively
inefficient, especially where voltage regulation
via a slip-ring field excitation is used.

Given that PLATO would be operating alone
for 11 months, we decided to deploy two different
types of generator in order to maximise the chance
of success. The generators chosen were

� A three-phase brushless bearing-less alternator
made by eCycle. These units are lightweight and
compact, with the NdFeB permanent magnet rotor
mounted directly onto the crankshaft. The output
of the alternator is rectified with an IR 70MTKB
diode bridge. The manufacturer quotes an effi-
ciency of about 90% under our operating condi-
tions, not including the losses in the diode bridge.

� A DC servo motor MSS-22 made by Mavilor.
This disc motor has very high efficiency (both as
a motor and as a generator) as it does not suffer
from iron loss.
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During engine testing, only an eCycle alternator
was used, as its compact design made it easier to
install in the test chamber. For these tests we used
a unit with a voltage constant of 40Vkrpm�1.

2.3. Fuel selection

The high cost (typically $4–$10 kg�1) of transport-
ing fuel to and across Antarctica implies that the
optimum strategy is to use a fuel of the highest
possible energy density. Similarly, the environ-
mental issues associated with transport logistics
tend to outweigh the environmental effects of
burning the fuel itself, leading to the selection of
diesel or jet fuel—the highest energy-density fuels
that are readily available. Jet fuel is cleaner
burning and has a significantly lower freezing
point (or, more accurately, pour point) than even
SAB (Special Antarctic Blend) diesel, and was
therefore chosen for our application.

There are many types of jet fuels available [14].
The most common is Jet A-1, a kerosene grade
that contains a complex mixture of higher-order
hydrocarbons. Jet A-1 (and its US counterpart
Jet A) is widely used for commercial aircraft with
turbine engines, while JP-8 is used for military
aircraft. JP-8 is essentially Jet A-1 but with three
additives to reduce ice build-up, corrosion and
electric charge [15]. We chose Jet A-1 because of its
ready availability in Antarctica.

The use of jet fuel in diesel engines is not unu-
sual. NATO’s Single Fuel Concept (SFC), for ex-
ample, specifies JP-8 (or NATO code: F-34) as the
single fuel to be used for all of their land and air
military transports. Also, Jet A-1 has previously
been used for a bank of six diesel engines for the

winter operation of the Italian Antarctic coastal
station at Terra Nova Bay [16].

As Jet A-1 is primarily used for turbine engines,
it is usually combined with additives before use in
compression-ignition engines. Diesel oil has a
typical cetane index of about 55, corresponding to
a shorter ignition delay than Jet A-1 (or JP-8,
which has a cetane index closer to 47). Jet A-1 will
thus perform better as a diesel fuel if it is mixed
with a cetane enhancer and an oil to improve its
lubrication properties. However, as the Hatz 1B30
is already specified for use with Jet A-1, we elected
not to add a cetane enhancer. We mixed the fuel
with �2% fully synthetic ‘Racing 2T’ two-stroke
oil to provide lubrication for the fuel pump and
the injection system [17]. In order to keep the
fuel warm during the winter months, the fuel in
PLATO is kept inside the well-insulated engine
module in a 4000 l aluminium tank. The tank is
reinforced by aluminium webs that also act to
conduct heat to the fuel at the bottom of the tank.
Fuel is pumped from the bottom of the tank with a
Thomas Magnete LHP27 metering pump and
passes through a large-area filter on its way to the
engine.

In Table I we present typical values of the basic
properties of Jet A-1, automotive diesel and SAB.
There is no specified value for the cetane index of
Jet A-1, but it is assumed to be similar to that of
JP-8. Jet fuel properties also vary from source to
source [26].

2.4. Engine starting

The Hatz engine is electromechanically started in
the usual way, with a solenoid engaging the starter

Table I. Fuel properties of Jet A-1, Automotive Diesel and Special Antarctic Blend (SAB) [18–24].

Fuel
Density at

151C (kg l�1)
Energy density

(MJ kg�1)
Cetane
index (–)

Max. viscosity
(mm2 s)@401C

Freezing
point (1C)

Flash
point (1C)

Auto-ignition
point (1C)

Jet A-1 �0.81 42.8 (min) �47� �2 o�47 438.0 �240
Diesel 0.85 (max) 45.6 �55 �6 o�35 460.0 �240
SAB Diesel �0.82 46.4 �51 �7 o�35 461.5 �240y

�Cetane Index (CI) quoted for Jet A-1 is actually the CI for JP-8 [25].
ySince Diesel and SAB Diesel are chemically similar then the auto-ignition temperatures are also similar.
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motor pinion with the ring gear on the crankshaft.
The peak current required is 300A at 12V, and the
motor will normally start within 1–2 s.

In order to improve the reliability of starting at
low temperatures, we use ultracapacitors in place of
the usual lead-acid battery. This is because
the internal resistance of lead-acid batteries rises
rapidly with decreasing temperature, whereas
ultracapacitors can deliver thousands of amperes
even at �401C. The ultracapacitors are type
BCAP3000 manufactured by Maxwell under the
trade name Boostcap; each capacitor is about the
size of a soft-drink can and is rated at 3000F, 2.7V.

For PLATO, two banks of ultracapacitor are
used: one of 500F (6� 3000F capacitors in series)
and the other of 1000F (12� 3000F capacitors in
series-parallel). The capacitor banks are charged
with a 12V DC/DC converter that is current-lim-
ited to 9A. Each of the capacitors is shunted with a
simple clamp circuit that limits the voltage across it
to a conservative value of 2V. The clamp circuit
must be able to pass the full charging current (9A)
from the time it turns on for as long as it takes for
the sum of the voltages across the capacitors to rise
to the value set by the DC/DC converter—in this
case 12.0V. In addition, the circuit creates a shunt
current path of 45mA. This is ten times the leakage
current of the capacitors, and thus helps to equalise
the voltage across each one. This shunt current will
also discharge the capacitors with a time constant
of 19 h after the system has been powered down.

3. COLD TEMPERATURE TESTS

Several important cold-temperature tests were
carried out to ensure that the system would operate
satisfactorily in Antarctica and would survive both
the low temperatures that would be experienced
during transport and the even lower temperatures
that would occur during winter in the event of a
power failure. The tests were carried out in a
Forma Scientific Model 8558 laboratory freezer.

3.1. Fuel separation

Because of the possibility that the fuel for PLATO
will freeze at least once before being used by the
engines, it was important to determine if this

would cause any separation of the Jet A-1 and
oil. A sample of the fuel mix was placed in
the laboratory freezer and cooled to �901C.
The freezing point of the fuel mix was determined
to be about �571C, somewhat lower than
the nominal Jet A-1 freezing point. Upon thawing,
the fuel mix showed no visible stratification
between the jet fuel and the two-stroke oil.

3.2. Engine survival

The engine manufacturer, Hatz, Germany, speci-
fies that the Hatz 1B30 engine has a minimum
storage temperature of �46oC. However, with the
possibility of the engine experiencing much lower
temperatures than this in Antarctica, it was
important to determine what, if anything, would
happen if it were exposed to extreme cold.
Problems that might be anticipated include per-
manent distortion of metal components and
cracking of elastomeric seals. A 1B30 engine was
frozen to �901C overnight in the laboratory
freezer and then allowed to stand at room
temperature to thaw. Once thawed, the engine
was found to restart successfully and to perform
well. No oil leaks or other issues were discovered.

3.3. Ultracapacitor current delivery

A BCAP3000 ultracapacitor was charged to 2.0V
and discharged at various currents (5, 62.5 and
121A) while monitoring the charge and discharge
time. This test was carried out as a function of
temperature, with little change in behaviour being
evident between room temperature and �401C. At
�461C the ultracapacitor made an abrupt transi-
tion from capacitor to insulator, presumably
because the electrolyte froze.

The internal resistance of the ultracapacitor was
measured at �401C by measuring the change in
voltage across its terminals when the current
drawn from it was switched from 0 to 107A. The
resulting value of 0.19milliohm is consistent with
the data sheet value of 0.29milliohm 735%.

3.4. Ultracapacitor and clamp circuit survival

A BCAP3000 ultracapacitor was tested at room
temperature then frozen to �901C. Upon thawing
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the capacitor was found to have the same
capacitance and discharge current capability as
before. The clamp circuit was similarly (mis)
treated, and was also found to perform flawlessly
on thawing to �401C. This gave us confidence that
the ultracapacitor bank would survive a winter
without heat, and be capable of starting the
engines the following spring.

4. ENGINE TEST RIG

4.1. Mechanical

In order to simulate the low atmospheric pressure
of Dome A in the laboratory, an environmental
chamber was designed and built with the cap-
ability of maintaining a constant pressure down to
half an atmosphere with the engine running at full
power. The chamber consists of a base plate and a
bell-jar made from mild steel. The base plate is a
circular disk, 30mm thick, with an outer diameter
of 1100mm. The bell-jar has a wall thickness of
5mm, with a welded dome-shaped top and a
welded bottom flange. Two lifting hooks were
welded on either side of the bell-jar to accom-
modate a crane. The bell-jar is sealed over the base
plate via an O-ring. See Figure 1.

An 8m3min�1 Longtech LTV-100 Roots blower,
driven by a Teco CNS-C4088 15kW three-phase

electric motor, extracts air from the chamber and
vents it outside the building. The flow rate was
chosen to be an order of magnitude greater than
the rate at which the engine consumed air, so
that the engine exhaust was well diluted before
reaching the Roots blower. Air was continuously
introduced into the chamber via an air-filter box
and butterfly valve. The butterfly valve was
manually adjusted to set the desired pressure
within the chamber.

The engine was attached via rubber isolation
dampeners to the base plate of the chamber. See
Figure 2. The eCycle alternator was directly
attached to the engine crankshaft, and the three-
phase electrical output coupled via a diode bridge
to a pair of resistor load banks. The engine
breathed the reduced pressure air from inside the
chamber, while the exhaust exited via a diffuser
that allowed the exhaust gases to be well mixed
with the main airflow before reaching the Roots
blower.

A motor-driven lead screw was attached to the
engine governor lever in order to control the speed
of the engine. The actuator was mounted on the
engine plate and was electrically controlled via a
switch that was external to the chamber.

Fuel consumption was measured using an ex-
ternally mounted graduated cylinder, which delivers
fuel via a fuel line that passes through a seal in the
base plate to the engine. By having the fuel-feed
system mounted externally to the pressure chamber,

Figure 1. Engine test rig. The air flows through the air-
filter box to the environmental chamber. The rate of
airflow is controlled by the butterfly valve. The Roots
blower runs at constant speed, pumping air from the

environmental chamber.
Figure 2. Engine mounted on base-plate of the environ-

mental chamber with peripherals.
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less vibration was coupled to the graduated cylin-
der, thus allowing a more accurate reading of the
fuel level. The graduated cylinder could be read by
eye to 70.5ml. Typical consumption during a run
was 60ml, leading to a formal error in the amount
of fuel consumed of 72%.

4.2. Data acquisition

Several sensors were placed on and around the
engine to monitor various engine parameters. The
processed signals from the sensors were fed into a
desktop PC running Windows XP.

K-type thermocouples were used to measure the
temperatures of the ambient air, oil sump, cylinder
head, exhaust gas, alternator and the intake air.
Two Motorola MPX4115AP pressure sensors with
a specified accuracy of 71.5% were placed inside
the chamber. Output from the thermocouples,
pressure sensors, and the resistor load bank
sensors were all processed by ADAM modules
connected via a serial device server (Moxa NPort
5410) to the Desktop PC. The formal accuracy of
the temperature measurement is about 0.11C and
that of the voltage and current 0.1%. The engine
speed was also monitored by a tachometer directly
connected to the serial device server. All
information received from sensors was then pro-
cessed and logged in real time by the National
Instrument’s software package, LabVIEW. Virtual
Instrument (VI) software created in LabVIEW
allowed all parameters and data to be displayed on
the computer monitor in real time and also stored
to an output file. The output ‘�.csv’ file was
packed by the VI with the first column being
allocated to time and subsequent columns being
the calibrated sensor values.

The file was loaded into Matlab to produce
plots of the engine sensor values as a function
of time (see Section 4.3). Matlab was used to
calculate the means of the pressure, voltage, cur-
rent and engine speed over the duration of the
run. These average values were imported into
Microsoft Excel to calculate the overall BSFC.

4.3. Test procedure

The engine was started and stopped at a variety of
simulated altitudes. It was found to start reliably,

from ambient (typically �251C), at altitudes of
more than 5000m. Tests of starting at low
temperatures were not performed, as the concept
of PLATO is that one engine is always running,
and thus keeps the other engines warm.

The majority of tests were conducted at a fuel
injection timing of 181 crank angle before top dead
centre (CA BTDC). Tests were made under
otherwise identical conditions at both sea-level
atmospheric pressure (1000 hPa) and at a pressure
of about 540 hPa (hereinafter described as ‘at
altitude’). The corresponding pressure altitude is
5000m, which is well above that of Dome A. Each
test was allowed to go for no more than 10min in
order to avoid possible overheating of the engine
within the chamber.

The engine speed was set at discrete intervals
from 1600 to 3200 rpm and the load varied from
50W up to 3 kW. At each setting, the following
parameters were recorded:

� Fuel consumed
� Load-bank voltage and current
� Exhaust gas temperature

A typical data set for an engine test is presented
in Figures 3–5. This particular engine test was
conducted at a simulated altitude of 4500m and at
a crankshaft speed of 2200 rpm. The engine run-
time was 390 s (5.5min).

The ambient temperature inside the chamber
was observed to increase by about 101C during the

Figure 3. Ambient temperature (solid line) and air
pressure (dotted and dot-dashed lines) inside the

chamber during a typical test run.
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operation of the engine. This increase in intake air
temperature resulted in a small decrease in power
output from the engine as the run progressed and a
slight increase in the chamber air pressure (see
Figure 3). However, the engine governor was able
to keep the engine speed very constant, as shown
in Figure 4.

The cylinder head, generator, oil sump and ex-
haust gas temperatures (Figure 5) were also
monitored so that the observer could initiate an

immediate shutdown of the engine and the Roots
blower in the event of a serious system failure.

The Hatz engine is supplied for the EPA market
with an injection timing of 181 CA BTDC, and
for the non-EPA market with 131 CA BTDC.
Although we expected the advanced injection
timing would give better performance at altitude,
we nevertheless conducted a further set of tests at
an injection timing of 131 CA BTDC. These tests
were conducted at a fixed engine speed of
2200 rpm.

5. RESULTS AND DISCUSSION

5.1. Engine map data and engine efficiency

Figures 6 and 7 are smoothed engine contour
maps at sea level and at altitude, respectively. Each
contour map shows exhaust gas temperature and
the total power as a function of current (y-axis)
and engine speed (x-axis). The current is directly
proportional to the torque developed by the
engine.

The engine maps of Figure 6 and 7 show a
greatly increased exhaust temperature at altitude.
This is to be expected: for a given power output
and rpm, a specific amount of thermodynamic
work has to be performed each cycle. At altitude,
only 54% of the mass of air is present in the

Figure 4. Engine speed during a typical test run showing
the stability of the engine governor.

Figure 5. The exhaust gas temperature (left scale, solid
line), and other engine temperatures (right scale) during
a typical test run. The engine temperatures are: the
cylinder head (dot-dashed line); the generator (dashed

line) and the oil sump (dotted line).

Figure 6. Sea level engine map, showing the exhaust gas
temperature (1C, thick line) and power output (W, thin
line) as a function of current (y-axis) and engine speed

(x-axis).
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cylinder compared to sea level, and so this air must
undergo a greater temperature excursion to per-
form the same work. In addition, the amount of
air available for cooling is also reduced by nearly
50%.

In Figure 8, the power that was recorded was
the electrical output power from the alternator,
and thus included the alternator and rectifier
losses. BSFC figures (in g kWh�1) are therefore
an overall fuel-to-electricity efficiency. At an

engine speed of 2200 rpm, the engine efficiency
changed remarkably little between sea level and
at altitude. However, as the engine speed was
increased above 2600 rpm the engine became
progressively less efficient at altitude than it
was at sea level (see Figure 9). At our preferred
engine speed of 2200 rpm and a power output
of 1500W, the engine’s BSFC at altitude is
280 g kWh�1.

5.2. Injection timing

In Figures 10 and 11 we present the results of
tests at an injection timing of 181 CA BTDC
(‘Test A’), 131 CA BTDC, then again at 181 CA
BTDC (‘Test B’). The engine speed was fixed at
2200 rpm.

From Figure 10 it was clear that at 2200 rpm
the injection timing has little effect on the fuel
consumption. However, as seen in Figure 11, the
engine ran hotter at 131 CA BTDC than at 181 CA
BTDC both at sea level and at altitude. At
altitude, the exhaust gas temperature could
be as much as 651C hotter with the less advanced
timing.

This increase in exhaust temperature is likely to
be because of a slower combustion due to the re-
duced air density. Heat that is liberated towards
end of the expansion stroke does no useful work

Figure 8. Brake specific fuel consumption (g kWh�1)
as a function of power at a fixed engine speed of

2200 rpm.

Figure 9. Brake specific fuel consumption (g kWh�1) for
a fixed power output of 1500W as function of engine

speed.

Figure 7. At altitude engine map, showing the exhaust
gas temperature (1C, thick line) and power output (W,
thin line) as a function of current (y-axis) and engine

speed (x-axis).
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and only serves to heat up the exhaust valve and
pipe [27]. Nevertheless, it is surprising that the
injection timing has such a profound effect on
the exhaust temperature, while having little or no
effect on the fuel consumption.

6. CONCLUSION

Little modification to the Hatz 1B30 engine was
required for it to start and run satisfactorily at an

altitude of up to 5000m. Because the maximum
power output at a given speed was reduced in
direct proportion to the air pressure, so the
maximum fuel delivery must also be correspond-
ingly reduced. However, because the air is less
dense, there is less working fluid available to do
the thermodynamic work and less cooling is
available, and so the temperature rise (cylinder
head, exhaust gas, etc.) is greatly increased for a
given power output. By advancing the start of the
fuel delivery timing there is more time for

Figure 10. Brake specific fuel consumption at sea level (left) and at altitude (right) at fuel injection timings of 131 and
181 CA BTDC.

Figure 11. Exhaust gas temperature at sea level (left) and at altitude (right) at fuel injection timings of 131 and 181 CA
BTDC.
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combustion early in the power stroke, liberating
useful work and minimising this increase in
exhaust gas temperature.

Allowing for an alternator efficiency of ap-
proximately 90%, we find that BSFC of the engine
at sea level is consistent with published data.
Furthermore, little loss of efficiency, if any, is en-
countered when the engine is running at high al-
titude.

An ultracapacitor starting bank has been shown
to provide ample cranking current at temperatures
as low as �401C. Both the engine and the starting
bank survive temperature cycling to �901C with
no discernable ill effect.

The PLATO power generation system is an
innovative and scalable system that can be imple-
mented for remote sites anywhere on the Antarctic
plateau and at other high-altitude locations up to
5000m.
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