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Abstract

Interplanetary travel has always fascinated the human mind, especially the exploration of new
environments to understand their habitability and whether they have hosted life in the past or
present. The primary purpose of this thesis is to provide an overview of a mission to the planet
Mars. Initially, an introduction of the possible forms of energy is shown, thanks to which a
spacecraft can be powered. Subsequently, the focus is on energy production using Radioisotope
Thermoelectric Generators (RTGs). For interplanetary and deep-space missions far from the
Sun, it is inefficient to design a power system based on solar energy due to the solar radiation’s
weakness. Several missions have been implemented using a radionuclide power system such as:
Cassini, New Horizons, Galileo, Ulysses, Pioneer 10&11, Voyager 1&2, MSL/Curiosity, Per-
severance, etc. The use of MMRTGs has several advantages such as: 1) their power production
does not depend on the spacecraft orientation and shadowing; 2) they guarantee the independ-
ence of distance from the Sun; 3) they provide low power levels, but for an extended period, and
are not susceptible to radiation damage. The two most used radionuclides, Plutonium-238 and
Americium-24, are discussed in more detail below, with their respective half-life and specific
powers. Chapter 3 presents the MSL-rover’s ten scientific instruments that work in synergy
to acquire information about the geology, atmosphere, environmental conditions, and potential
biosignatures on Mars. Each instrument’s power consumption and the range of operating tem-
peratures are described in detail to size the batteries and the thermal control system. Chapter 4
explains the reason for choosing a particular electrochemical cell, rather than others, in a spe-
cific configuration to enable the rover to supply payloads even in the highest power-demanding
situation. The analysis leads to the solution proposed by NASA JPL, with all the parameters
within the mission requirements, but with a slight variation in the number of strings in parallel,
due to the conservative choice to consider higher power consumption. In the last chapter of the
thesis, the thermal control system is sized (knowing the operating temperature ranges of each
scientific instrument onboard the rover), trying to determine the volumetric flow rate required

to keep the rover’s avionics within the allowed temperature limits.
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Introduction

The generation, management, and distribution of electricity on board a spacecraft are among the
most critical prerogatives take into account during the design phase. All essential subsystems
absorb a certain amount of energy to function correctly, and an anomaly in the energy distribu-
tion system can compromise the entire mission.

Since the launch of the first satellite (Sputnik 1 - 1957), the power required on board has in-
creased dramatically, from about 1 W to thousands of watts, depending on the field of applica-
tion, due to an increase in the operations to be carried out and the complexity of the devices on
board. The most suitable energy source for a spacecraft depends on the mission’s duration and

the power required.

Purposes definition

This thesis aims to analyse the Mars Science Laboratory rover’s storage system, comparing
different space batteries to choose, through a series of requirements, the most suitable one to
perform the required tasks during the entire duration of its mission to Mars. The battery has
a narrow survival temperature range, and to ensure its survival in the severe Martian environ-
ment, it is essential to study a heating and cooling system in the event of strong solar activity
associated with strong internal dissipation of the on-board avionics during a task requiring high
power consumption or to survive all night at temperatures well below 0 °C. Therefore, the bal-
ance temperature without active control of the internal temperature in the worst cold and hot
conditions is analysed, demonstrating the necessity of a Mechanically Pumped Single-phase
Fluid Loop (MPFL) to monitor the internal temperature of the rover. The work has divided into

6 chapters analysing the different steps followed to study the subsystems mentioned above:

Chapter 1: Structure of an energy system This chapter introduces the state of the art of
the spacecraft energy system, defining each component’s function. Besides, the most important
energy conversion mechanisms adopted in the design phase are described. The last section
shows that it is unthinkable to use systems that depend on the Sun for interplanetary missions,
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so it is necessary to find a solution to the problem, developing techniques that exploit nuclear
energy to produce energy. This last section is important because it allows the introduction of

the second chapter.

Chapter 2: Radioisotope Power Systems This chapter introduces methods that exploit ra-
dioisotope decay to produce enough energy to power the spacecraft. After an overview of the
systems used in the past for interplanetary missions, attention is focused on the electrical pro-
duction system (i.e., Multi-Mission Radioisotope Thermoelectric Generator), adopted for the
2011 (Mars Science Laboratory) and 2020 (Perseverance) missions, explaining its components

and operating principle, also describing the advantages and disadvantages of using this techno-

logy.

Chapter 3: Mars Science Laboratory rover After introducing the structure of a spacecraft’s
energy subsystem and analysing how the MMRTG works, the focus is on NASA’s Mars Sci-
ence Laboratory mission, describing in detail each of the payloads that make up the rover,
which investigates the Martian climate and geology and whether it has ever offered favour-
able environmental conditions for microbial life. For each component, the focus is on energy
consumption and operating and survival temperature, so that the energy storage (batteries) and

thermal control subsystems can be sized.

Chapter 4: Electrical energy storage subsystem The information derived from the analysis
of the power requirements of each payload of the MSL rover allows the dimensioning of the
batteries, thus allowing the calculation of the number of cells for the series circuit and the
number of cells for the parallel circuit to guarantee the correct nominal voltage and the proper
operating current. This chapter compares different space batteries with the same input data to
select the most suitable one to support mission’s entire duration and understand what motivated
NASA JPL to choose a specific battery rather than another.

Chapter 5: Heat transfer This chapter describes the heat transfer laws between two thermo-
dynamic systems at different temperatures. Heat transmission can occur in three ways: thermal
conduction, convection, and thermal radiation (in the form of electromagnetic radiation). On
Mars, all three modes occur because its atmosphere, although rarefied, consists mainly of car-
bon dioxide. The section on heat transfer by conduction focuses on wheels and suspension’s

thermal conduction, an essential study for defining the balance temperature.

Chapter 6: Thermal Control System All the previous chapters are preparatory to the draft-

ing of this chapter, which concerns the preliminary study of the thermal control of the rover,
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so knowing all the thermal input and output powers, it is evaluated whether there is a need for
active temperature control through the use of an MPFL or whether there is a need to use simple
thermal control methods based on a passive connection between the inside and the outside. The
analysis is carried out under worst-case hot and cold conditions, referring to the MSL rover

landing point’s latitude and longitude.

Conclusions The final part of the paper presents more efficient methods for managing the
rover’s internal temperature, which consists of creating a rover model so that it can be math-
ematically approximated. An alternative to the analytical approach is advanced software that
allows the creation of models and combinations (in any configuration) of built-in objects of

finite difference, finite element and lumped capacity.



1. Structure of an energy system

A satellite consists of several systems designed to meet specific requirements defined by the
type of mission. All satellites require a standard set of subsystems classified into two groups:
the Payload, which is the most important subsystem, and its requirements broadly define and
size the spacecraft, so precisely, it consists of communication equipment in commercial satel-
lites or scientific instruments in research ones; and the Bus, which represents all the remaining
equipment grouped in different functional systems that support the payload. Of all the sub-
systems on board a spacecraft, the one that needs the most attention is the energy system that
generates, stores, regulates, transforms, and distributes electrical energy to each spacecraft sub-
system. Therefore, it is fundamental for the mission’s success, and its functions represent the
heart of the entire spacecraft. It allows to supply and distribute electrical energy to the single
equipment in the various phases that characterise the whole mission (launch, transfer into orbit,

or to planets, and duration in orbit or on the surface of planets).

1.1 State of art of an energy system

Technological growth has allowed the rapid development of energy systems, the backbone
of each of which is shown in Figure 1.1. The basic components of the spacecraft energy system
are:

1. Primary energy source: solar radiation, chemical fuel, radioisotopes, and nuclear react-

ors;

2. Energy conversion: may be photovoltaic, fuel cell, thermoelectric, all those appropriate

mechanisms necessary to convert energy, to be used appropriately it on board;

3. Energy management: to work around the point of maximum power, it is essential to use

appropriate devices, which manage the charge and discharge of batteries (if a secondary
energy source is available) and which control the bus voltage to keep it as close as possible
to the reference value;

4. Rechargeable secondary electric energy source: the use of rechargeable batteries, which

differ from each other by the respective elements present in the battery cathode and anode,
makes it possible to achieve medium-long term missions. A different result is observed
in terms of energy density (Wh/1) and life cycle';

'Tt is the maximum number of charge and discharge cycles that a battery can perform up to the minimum
voltage (cut-off voltage).
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5. Payload: the set of hardware and software that allow interacting with the subject of the

mission, which is the primary focus of interest for the mission;

6. Subsystems: single, predefined operating environment through which the system coordin-
ates the workflow and resource use. They support the payload, allowing it to work in the

on-design parameters, and ensure the mission’s correct execution.

Energy
conversion

Power regulation
and control

Y

y ¥
Primary energy Rechargeable )
source secondary electric
energy source

Energy source

Phgﬁl"nfﬁﬂ'.a" Energy Electric
Thermal conversion energy

Figure 1.1: Structure of the energy system of a spacecraft.

1.2 Energy conversion mechanisms

As mentioned in Section 1.1, several energy sources can be used to provide power to a
spacecraft. The technologies used to convert the source’s energy form into usable onboard
power depend on its energy source. For a given mission, the spacecraft level optimization study
is ruled by choosing the best combination of essential components. Figure 1.2 shows that the
use of batteries and Fuel Cells is limited to short-term missions. Simultaneously, Radioisotope
Thermoelectric Generators (RTGs) or Photovoltaic Thermoelectric Generators (PTGs) are pre-
ferred as the primary energy source for medium to long-term missions. The latter are entirely
inefficient as sun’s distance increases since solar radiation’s intensity decreases with the square

of the distance.

1.2.1 Solar energy

Solar energy is the cleanest and most abundant renewable energy source available. Photovoltaic

and solar dynamic generators can harness it.
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Photovoltaic generation A photovoltaic cell is an energy harvesting technology that converts
sunlight into usable current electricity through the photovoltaic effect.

This effect was discovered by the French physicist Antoine Henri Becquerel in 1839. Later in
1905, the German physicist Albert Einstein elaborated the physical-mathematical formulation
of photoelectric conversion based on Max Plank’s guantum theory. Einstein proposed that light
is not a wave propagating through space. Still, it consists of discrete packets of energy (known
as photons). When they strike a metal surface, they transfer their energy to the inner electrons
ejected from atom with a kinetic energy proportional to the difference between the incident
photon frequency and the metal threshold frequency. However, if the incident photons had a
frequency less than the threshold no electrons are ejected.

Bell Laboratories produced the first silicon (Si) solar cell in 1954, and it was mounted in the
Russian satellite, Sputnik 1, launched in 1957.

A photovoltaic cell consists of a P-N junction of two semiconductor materials suitably doped?
to increase electrical conductivity and exploit the entire spectrum of incident solar radiation
(Figure 1.4).
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Figure 1.4: Spectrum of incident solar radiation.

Figure 1.5 shows the schematization of a solar cell: the photosensitive N-region, doped with
excess electrons, generates a force, as a result of the electric field created, which produces a
flow of electrons that moves from the N-region to the P-region through the union.

Dynamic Power System Solar energy can be used in systems other than photovoltaic panels.

An example is the use of a Solar Dynamic Power System to collect solar radiation (in the form

ZP-type semiconductor is formed adding trivalent impurity to an intrinsic semiconductor, to create a large
number of holes which can accept one electron, are known as acceptor impurities; N-type semiconductor is formed
adding pentavalent impurity to an intrinsic semiconductor, to provides a large number of free electrons, are known
as donor impurities
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Figure 1.5: The schematized structure of a photovoltaic solar cell [1].

of heat) using a concentrator to generate steam from a working fluid, which drives a turbine,
which in turn moves a rotary alternator to produce electrical power. According to the implemen-
ted thermodynamic cycle, the working fluid can be a liquid or an inert gas®, such as a mixture
of He and Xe (PM = 40).

Therefore, the dynamic energy production follows one of these thermodynamic cycles: Rankine
(if the working fluid is a liquid), Stirling, or Brayton. The State-of-the-art SD system imple-
ments a Brayton cycle engine (Figure 1.6): from the receiver, the gas expands through a tur-
bine, cools through a heat exchanger, and is pressurized in a compressor before being reheated.
Furthermore, the waste heat is partly dissipated in deep space through a radiator panel and par-
tially transferred to a liquid coolant. SD technology offers potential advantages in weight and
efficiency, but is not yet proven in space flights. The system is adequately developed for use
soon. They are expected to have lower specific mass, lower cost for reasonably high powers in
the range of 10-100kW and long missions application, especially high-power LEO missions.
Moreover, this system, compared with the Solar PV-Battery system, offer several benefits:

e High efficiency of the engine, about 20-40%, as compared to silicon solar cells, approx-
imately 15-20%;

e Longer life cycle and less reduced end-of-life performance degradation;

e Reduced costs thanks to the elimination of costly semiconductor PV cells and batteries;

3Inert gas minimizes corrosion and sloshing problem due to the transport
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Figure 1.6: Schematization of a Solar Dynamic power system (on the left) and the Brayton
cycle (on the right) [2].

e The receiver’s high energy storage efficiency is about 85-90%, compared to 70-75% of
the battery.

Reliability and long life are limited by mechanical parts fatigue and thermal degradation, due
to high operating temperatures.

1.2.2 Chemical energy

Chemical energy is the energy stored in the bonds of molecules and atoms. Thus, it is the sub-
stance’s capacity to undergo a change of composition, releasing energy (exothermic reaction)

or requiring energy (endothermic reaction).

Batteries A device that stores energy in an electrochemical form is generally called an accu-
mulator or battery, and it is the most widely used energy storage technology.

The batteries can be used as a primary power source, where the electrochemical reaction is irre-
versible (they must be replaced when the energy supplied is exhausted), for short-term missions
or as a secondary power system with an efficiency greater than 70% for long-term missions.
In the second case, the electrochemical reaction is reversible. After a discharge, it can be re-
charged and used simultaneously with a power generation system that uses an external source,
such as solar energy.

The battery’s operating principle is based on the Nernst’s Law, that is the capacity of some
metallic materials to gain or lose electrons when put in contact through an insulating separator,
known as electrolyte, which allows the mass transfer (cations and anions) between the elec-
trodes. The internal schematization of a typical electrochemical cell is shown in Figure 1.7.

The battery consists of one or more electrochemical cells connected in a series—parallel circuit
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Figure 1.7: Structure of an electrochemical cell [2].

pattern to obtain the required current and voltage.

During the discharge phase, the more electronegative electrode (anode) loses electrons under-
going oxidation*, which means the oxidation state> of atoms increases. In contrast, the more
electropositive electrode (cathode) gains electrons undergoing reduction, that is, oxidation state
of atoms decreases, consequently between chemical species of the anode and cathode, redox
reactions OCcCur.

During the charging phase, the electrodes regenerate, which means that opposite reactions oc-
cur: the previously anode oxidized, undergoes a reduction and, in turn, the cathode is oxidized.
The theoretical cell capacity, denoted by C, is the cell’s ability to transform a certain amount of
matter into electrical energy, respecting Faraday’s first law®. It is defined as the ampere-hours
(Ah) charge transferred by a steady current of one ampere flowing for one hour at room tem-
perature.

Furthermore, the theoretical voltage depends solely on the electrochemical reduction potential
at 25 °C of the elements or molecules at the anode and cathode obtained by developing Nernst’s

equation. Different technologies of rechargeable batteries are shown in Table 1.1.

Fuel Cell Figure 1.2 shows that it is impossible to supply energy to the loads for a few days
or weeks through primary batteries; for this reason, fuel cells are used. The operating scheme is
shown in Figure 1.8. Fuel cells consist of an anode, a cathode, and a solid or liquid electrolyte,
allowing ions to move between the fuel cell’s two sides. They generate electricity from the
reaction of hydrogen (H,) with oxygen (O,) to form water’, through a static process that is
the reverse of the water electrolysis. However, this process is free of combustion because the
hydrogen does not burn as in the internal combustion engine. Still, they cannot store electrical
energy, so they must continuously supply fuel during the entire mission.

The hydrogen—oxygen fuel cells use hydrogen as fuel, oxygen as oxidant, and an aqueous acid

*An oxidized element loses mass. Consequently if it is reduced, it becomes more massive.

SThe charge that the atom would take if the binding electrons were assigned to the more electronegative atom.

%0One gram of equivalent mass, known as equivalent weight (atomic weight divided by the number of valence
electrons), can develop an amount of charge equal to 96 487 C or 26.8 A.

"The water can be used to regenerate fuel cell through an electrolyzer or to support the crew on any manned
missions.

10
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Table 1.1: Different technologies of rechargeable batteries [2].

Energy Power
Technol Specific Energy Specific Power Cycle Operating
cchnolfogy energy density power density life range
(Wh/kg) (Wh/)  (W/kg)  (W/) °O)
NiCd 40-50 50—100 150—-200 300-500 1000—2000 -20 to 50
NiH, 45—65 35-50 150—-200 200—300 2000—4000 -10 to 50
NiMH 50-70 140—180 150—200 300—500 1000—2000 -10to 50
Li-ion 90—150 150-250 200—220 400—500 -000Vs0%DOD) 444 g0
40000 40% pop)
Li-polymer  100—200 150—300 > 200 s 400 P900esmpod) 40 80
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Figure 1.8: Proton Exchange Membrane Fuel Cell (PEMFC) schematization [3].
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solution as electrolyte.

Anodic oxidation reaction: 2H, —— 4H"'+4¢"
Cathodic reduction reaction: 0, +4H " +4e- — 2H,0

Their net reaction is 2 H, + O, —— 2 H, O with energy release in the process.
The cell voltage of 1.23V is constant, and it depends solely on the oxygen electrochemical
reduction potential at 25 °C, because that of hydrogen is, by convention, zero. However, even if
the Carnot cycle® does not limit the conversion efficiency, the space-qualified fuel cell efficiency
is around 10%. Table 1.2 shows different technologies of fuel cells.

Table 1.2: Various fuel cell performance compared [4].

Fuel Cell type Typical Unit Sizes (kW) Electric Efficiency

AFC < 100 ~ 70%
PEMFC 0.1-500 ~ 50%
PAFC 5-200 40—45%
MCFC 800—2000 50—-57%
SOFC 2.5—100000 45—50%

1.2.3 Nuclear energy

For interplanetary and deep space missions, far from the Sun, it is inefficient to design a power
system based on solar energy due to solar radiation’s weakness. In Figure 1.9, is shown that for
missions to the inner planets, characterized by higher solar flux, solar power generation is suit-
able. The main concern is to protect the spacecraft from high temperatures. For missions to the
outer planets and deep space, it is essential to adopt different and reliable technologies, but at the
same time efficient, mainly because in this case, it is necessary to protect the spacecraft from
shallow temperatures. For long-term and deep space missions, Radioisotope Thermoelectric
Generators (RTGs) or Nuclear Reactors must be used as power generation systems. For mis-
sions either too far or too close to the sun, RTGs becomes a strong candidate: the radioisotope
decay of the fuel produces heat, which flows through devices made of two dissimilar materi-
als®, which in turn, when held at a different temperature, generate an electric potential difference
linearly proportional'” to the temperature difference (Figure 1.10). These devices, called Ther-

mocouples, are connected in a series—parallel combination to obtain the desired voltage and

8This static process is isothermal, and the thermal-to-mechanical conversion is avoided.

°In space power application are semiconductor materials, one P-type and the other N-type (par. 1.2.1).

10A proportionality constant, which depends on the material properties, known as the Seebeck coefficient., and
the higher it is, the higher the voltage.

12
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Figure 1.9: The more suitable power generation system based on the mission objectives [5].

current (Section 2.2) and are used to generate usable electric power due to the thermoelectric

effect, known as Seebeck effect. The thermal power radiation decreases proportionally with the
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Figure 1.10: Thermoelectric converter [2].

residual mass, which decays following an exponential trendline and at a rate characterized by
the half-life!! (4 ,) of the sample used.

The advantages of an RTG are the high reliability because there are no moving parts and the
use over a long period. However, the power density of the radioisotope used inside is reason-
ably low; for this reason, the RTG is not feasible to build high power radioisotope generators.
Therefore, it is regularly used for interplanetary missions requiring power levels of several hun-
dred watts. Suppose the power demand increases in the 30 to 300 kW range. In that case, it
is considered the use of a nuclear reactor with the disadvantage of installing a heavy radiation
shielding to protect electronic components because the safe nuclear fuels affect the mission’s
budget.

"'"The time interval required for the initial substance quantity (such as a radioactive material) to be reduced by
half; it is, essentially, an indication of how fast that process proceeds.

13



2. Radioisotope Power Systems

As already mentioned in Chapter 1 (Section 1.2.1), solar power is an excellent source to gener-
ate electricity onboard the spacecraft for most of the Earth or lunar orbits and places that offer
adequate sunlight and natural heat. However, for interplanetary missions far from the Sun, a
photovoltaic generator is not very efficient. For this reason, visiting the coldest and darkest
places in the solar system could be impossible or extremely limited without the use of nuclear
power. For those missions, an on-board nuclear energy source, known as Radioisotope Ther-
moelectric Generator (RTG), is used to generate usable electricity from the heat produced by
the natural radioactive decay of some nuclei.

Besides, the RTG can be used to charge a set of lithium-ion batteries used to power a load
(e.g., Quadcopter), as they have a high power density (Table 1.1). The first launch of an RTG-
equipped spacecraft into Earth orbit was the Transit 4A with SNAP 3B (powered by 96 g of
plutonium-238) and occurred in 1961, which provided the opportunity to explore the solar sys-
tem for more than 50 years.

2.1 RPS missions

So far, over 45 RTGs have powered more than 25 US spacecraft, including the Apollo,
Pioneer, Viking, Voyager, Galileo, Ulysses, Cassini, and New Horizons space missions, as well

as many civil and military satellites:

e In 1969, Nimbus Il was launched equipped with the SNAP-19B RTG, which provided

an electrical power output of 28.2 W at the start of the mission;

e In 1972-1973, the Pioneer 10 (1972-2003) and Pioneer 11 (1973-1995) space probes
were launched carrying a SNAP-19 RTG, which provided an electrical output of 40.3 W;

e In December 1972, the Apollo Lunar Surface Experiment Package (ALSEP) was launched
and installed on the lunar surface for all Apollo missions from Apollo 12 to Apollo 17
(in Apollo 11 the instrumentation consisted of a prototype of the ALSEP, called the Early
Apollo Scientific Experiments Package), intending to study the lunar surface even after
the astronauts returned to Earth. It was equipped with a SNAP-27 RTG, which was able
to provide about 70 W of electrical power at the start of the mission;

e Laterin 1975, the Viking 1&2 landers and rovers were launched depending on RTG power
sources (SNAP-19 RTG), which provided an electrical power output of 42.6 W
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e In 1977, the Voyager 1&2 space probes were launched, which sent images of distant
planets (Jupiter, Saturn, Uranus, Neptune). They have operated for more than 43 years
since launch and are expected to send signals powered by their RTGs until 2025. They
are powered by a Multi-Hundred Watt (MHW) RTG that provides 158 W of electrical

power;

e Galileo, launched in 1989, carried two General Purpose Heat Source (GPHS) RTGs of
292 W each and operated for nearly 14 years;

e Ulysses was launched in 1990 to study the heliosphere! and was equipped with a 292 W
GPHS-RTG;

e In 1996, three RTGs (each with 2.7 grams of plutonium dioxide-238) were deployed on
the Mars Pathfinder lander, producing about 35 W of electrical power and 1 W of thermal

power;

e The Cassini spacecraft, launched in 1997, was equipped with three GPHS RTGs, and
each provided, also, 292 W of power, carrying 18 GPHS modules totaling 33 kg of plutonium-
238 oxide onboard while exploring Saturn (1997-2017).

e New Horizons, launched in 2006 to study Pluto and its moons, was equipped with a single
292 W GPHS-RTG;

e In November 2011, the Mars Science Laboratory rover (explained in detail in the next
chapter), named Curiosity, was launched on Mars. It was equipped with a Multi-Mission
RTG (MMRTG) and uses eight GPHS units with a total of 4.8 kg of plutonium-238
dioxide as the source of the constant supply of heat, producing about 110 W of electrical
power at the beginning of its life to control the various subsystems, and its total weight is
about 5 times that of its predecessors (Spirit and Opportunity?);

e In July 2020, the Perseverance rover was launched on Mars to follow the work of its
"twin", Curiosity, which arrived on Mars eight years earlier and is still active. Its main
task is to find traces of ancient microbial life forms and gather information on Mars’
climate and geology by studying rock samples and regolith. Like Curiosity, Persever-
ance uses 4.8 kg of plutonium-238 dioxide to produce about 110 W of electrical power at
launch, which are essential for powering the batteries, and which in turn allow the rover

to carry out all the required activities.

IThe heliosphere is the region of space influenced by the Sun and its magnetic field.

The rovers previously sent to Mars, which are Sojourner (Mars Pathfinder, 1997), Spirit and Opportunity
(Mars Exploration Rover A, 2004-2011; Mars Exploration Rover B, 2004-2019) did not use MMRTGs, but solar
panels and batteries, with limited power and lifetime.
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2.2 State of the art of an MMRTG

The Multi-Mission Radioisotope Thermoelectric Generator (MMRTG) (Figure 2.1) is a
type of Radioisotope Thermoelectric Generator (RTG) developed and provided to NASA for
civil space applications by the U.S. Department of Energy (DOE). The first MMRTG was
mounted on the Curiosity Mars rover, which was launched in the Mars Science Laboratory
(MSL) mission on 26 November, 2011, and landed on the surface of Mars on August 6, 2012
[6]. An MMRTG produces almost 2000 W of power at the beginning of life. Still it is not very

Multi-Mission
Radioisotope
Thermoelectric
Generator

(expanded view) _ GPHS (General Purpose
_—— Heat Source) module

Stack of eight
GPHS modules

Thermoelectric module
(thermocouples)

Radiator fins

Figure 2.1: Multi-Mission Radioisotope Thermoelectric Generator [7].

efficient in converting heat into electricity: the most used combination of materials, such as
plutonium-238 with Si—Ge TE cells, give about 7% conversion efficiency of the total generated
power, about 110 W. The Heat Rejection System (HRS) uses some of the remainders to keep
electronics warm to maintain temperatures in the operating range. Some of the waste heat is
dissipated back to space or planet’s surface via a radiator. An MMRTG is made up of different

parts, each of which performs several functions:

e GPHS modules;
e Cooling tube;
e Heat Source liner;

e Heat distribution block;
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Loading cover;

Mounting end cover;

Insulation;
e Fins;

Thermoelectric modules.

GPHS module The General Purpose Heat Source (GPHS) module is the fundamental build-
ing block for the MMRTG, and it is designed to survive launch accidents because these modules

contain and keep safe fuel, such as Plutonium-238. In Figure 2.2 are shown all constituent parts
of a GPHS module:

Fueled Floating

GIS Ca Clad Memb Fuel .
P " a \ embrane Pellet Graphite Impact

Shell (GIS)

Aeroshell

ciap __6'5 - @ Q

CBCF
Disk ]
/ 3
Carbon Bonded !
Carbon Fiber CBCF
(CBCF) Sleeve Disk

Aeroshell Lt

Lock Screw
Individual

General Purpose Heat
Source Module

Figure 2.2: Illustration of a GPHS module [7].

o Fuel Pellet: the fuel is produced into ceramic pellets® of Plutonium-238 dioxide, ***Pu0Q,,
encapsulated in a protective casing of a ductile, high-temperature iridium-based alloy,
which blocks the alpha particles emitted in the decay, known as Fueled Clad. Besides,
thanks to the ceramic compound, even if the pellets undergo high forces to break them, it

will break into large blocks rather than dust that could be inhaled;

¢ Graphite Impact Shell: fuel clads, in turn, are encased and protected by graphite sleeves;

3Increase the melting point (Section 2.3.1) in case the cooling system fails.
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¢ Aeroshell: the mentioned above elements are, in turn, enclosed and protected within
nested layers of high stiffness and high chemical resistance carbon-fiber material, known
as Aeroshell, which forms one of the eight GPHS modules that power an MMRTG.

Thermoelectric Modules These solid-state devices convert heat flux into usable electricity,
when any two dissimilar materials are maintained at different temperatures, through the Seebeck
effect (Section 1.2.3). A pair of conductive materials joined in this way is called Thermocouple.
A typical MMRTG has 16 thermoelectric modules connected in electrical series, and each mod-
ule contains 48 thermocouples in an electrical series-parallel configuration for fault tolerance,
increasing reliability. A thermocouple has a "hot shoe" and a "cold shoe", which is, in turn,
separated into two parts: N-Leg and P-Leg (Figure 2.3a). The thermocouple’s hot shoes is
pressed by a spring loading system, mechanically integrated with the cold shoes (Figure 2.3b),
to the heat distribution block typically made of AXF-5Q Graphite, while cold shoes touching
the outer shell of the MMRTG and its convecting-radiating fins. The N-Leg Cold Shoe con-
sists of PbTe (Lead Telluride) alloy named TE1010, while the P-Leg Cold Shoe is made up of
PbSnTe*/TAGS®. Moreover, the P and N-Leg elements are suitably doped in order to increase
and optimize the electrical conductivity. Besides, P-Leg is divided into two parts optimized to
stay in contact with the hot and cold parts respectively, which typically operate at the temperat-
ure of 520 °C, for hot shoes, and 75 °C for the cold shoes [8].

“N” Leg Cold Shoe—~—___ _

TE1010 Element /U )

2
N TE2003 Element
Hot Shoe ~ ~
L[ Anodized Al Plate

P Leg Cold Shoe RO )
/ AGSElement

Heat
(a) Ilustrative diagram of a thermocouple, with
details on the different materials that make up (b) Ilustration of the assembly of thermoelec-
the "hot shoe" and a "cold shoe". tric modules.

Figure 2.3: Thermoelectric modules of an MMRTG [9].

Cooling tube A fluid heat exchanger is used to dissipate the waste heat. Aluminium tubes
(Al 6063) are used in MMRTGs that are designed to work in both vacuum and atmospheric
conditions. The temperature can not fall below —269 °C (4 K) to not create strong temperature

gradients in the materials.

4TE2003 element.
>The alloys (GeTe),.(AgSbTe,); ., typically known as TAGS-z, are among the best performing p-type thermo-
electric materials; the optimal composition value commonly used in MMRTG thermocouples is « = 85 (TAGS-85).
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Insulation The thermocouples are surrounded and protected by insulating materials that min-
imize waste heat to the outside and reduce the sublimation rate of the thermoelectric materi-
als. Different solutions have been proposed, such as using a Sol-Gel coating® of aluminium
oxide (Al,0O3), titanium oxide (TiO;), or silicon (SiO,): these materials strongly reduce the
sublimation rate, but the coating is non-uniform and does not reach the required density to stem
sublimation of the thermocouples material and to ensure good insulation. An Auger Electron
Spectroscopy’ (AES) indicates that Al,O3 provides the most favourable results of all the coat-
ings and that Ge thermocouple component is the migrating species.

The problems of Sol-Gel process can be solved using the Afomic Layer Deposition (ALD) tech-
nique, based on a gas phase coating process which allows angstrom level precision, ensures very
thin films and uniform coating; this process must be repeated for either 200 or 400 ALD cycle,
to produce a thickness of 30/40 nm of Al,O5. Therefore, the ALD-Al,O; coating is typically
used, because it leads to a significant reduction of the diffusion of Germanium (Ge), Tellurium
(Te), and Silver (Ag) from the TAGS surface [10].

Fins As mentioned above, the MMRTG produces 110 W to power the electronic systems, the
remaining part is used to create the correct thermal operating environment, and some of the
waste heat is dissipated to the outside. The only way to increase the heat flow is to increase
the exchange surface area and to do so it is essential to install finned walls on the surface to be

cooled, or if necessary to be heated. In Figure 2.1 are shown the technical specifications of an
MMRTG.

2.2.1 Advantages and disadvantages of MMRTGs

As mentioned in the Table 2.1, over a period of time the available power supplied by the MM-

RTG decreases exponentially according to the law:

—0.693
P, = Pyexp <— t) 2.1

T1/2

where F; is the power at time ¢ after the initial time ¢, [11].
For a deep-space mission, two fundamental requirements: half-life of the isotope and its power

density; for these reasons, often, depending on the duration of the mission, one isotope is chosen

%The Sol-Gel process involves the transition of the system from a liquid phase (Sol) to a solid phase (Gel)
employing chemical reactions of hydrolysis and condensation of the metal precursors. Thanks to this technology,
ceramic materials based on inorganic oxides are obtained, such as Al,O3, TiO,, Si0;, ZrO,.

It is a surface-sensitive analytical technique that utilizes a high-energy electron beam as an excitation source
and when the previously excited atoms can relax, they release quantum energy, leading to the emission of Auger
electrons (Appendix A), so with the kinetic energies of the ejected Auger electrons, it can be identified surface
elements within the top 10 nm of the piece.
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Table 2.1: Technical specifications of an MMRTG.

Number of GPHS modules 8
Thermoelectric materials (T'AGS)
N-Leg Lead telluride (PbTe, TE1010)
TAGS
PolLeg PbSnTe (TE20003)
Number of thermocouples 768
Beginning of life (BOL) power [W] 110
Estimate EOL power at 14 years [W] 98.48
BOL system efficiency 6%
Load voltage [V] 30
Fin-root temperature [°C] 157

rather than another (Table 2.2). Thus, for many missions Plutonium is used exclusively.

Table 2.2: Radioisotopes that can be used in an MMRTG. Polonium-210 provides a high power
density (due to its high decay rate), emits almost only alpha a-particles (gamma emissions are
insignificant), but is not widely used due to its very short half-life. Strontium-90 has a lower
power density than plutonium, which translates into a lower temperature and, in turn, lower
RTG efficiency, and also decays by [3-emission (with low gamma emission), but the advantage
is that it is highly available and cheap, being a high-yield waste product of nuclear fission.
Plutonium-238 and Americium-241 are explained in detail in the next section.

Material Shielding Power density (W/g) Half-life (years)

238py Low 0.57 87.7
0Sr High 0.46 28.8
210pg Low 140 0.378 (138 days)
4 Am Medium 0.104 432.7

Advantages The advantages of MMRTGs compared to other systems concern:

e Power production does not depend on the spacecraft orientation and shadowing: for this

reason, they are suitable for missions with long eclipse periods;
e They guarantee the independence of distance from the Sun;

e They provide low power levels, but are not susceptible to radiation damage for an exten-
ded period.

Disadvantages In addition to the advantages, disadvantages must also be considered:
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They affect the radiation environment of the spacecraft;

The installation of the radioactive source requires careful handling procedures due to the

risk of radiation;

The high thermal gradient is essential for better energy conversion, however, this affects

the thermal environment and vehicle configuration;

They are an interference source for plasma diagnostic equipment.

2.3 Radioactive decay
The atomic nuclei can be divided into two groups:
e Stable nuclei: nuclei that remain the same for a very long period;

e Unstable nuclei: nuclei that are susceptible to decay or change by emitting particles gen-

erically known as radiation.

Among the periodic table elements: some are natural, and others are built in the laboratory.
The element to which an atom belongs defines the number of protons in the nucleus, which,
in turn, determines the number of electrons orbiting around the nucleus, and finally the atom
chemical reactivity, which means how the atoms react with each other. Two nuclei belonging
to the same element (i.e., the same proton number), may have a different number of neutrons,
so they are isotopes (Appendix A) of a given element, which is commonly distinguished by the

atomic species, and by the number of nucleons (i.e., neutron and proton present in the nucleus).

~

For example:
¢ H with 1 proton —— 'H (Protium, hydrogen stable isotope);
o H with 1 proton and 1 neutron —— 2H (Deuterium, hydrogen stable isotope);

o H with 1 proton and 2 neutrons —— >H (Tritium, hydrogen unstable isotope).

As mentioned above, there are stable and unstable isotopes of an element and up to Pb (Lead,
Z = 82), each element has at least one stable isotope, with the two exceptions, Technetium
(Z = 43) and Promethium (Z = 61), that do not have any stable nuclide. Besides, from the

83rd element of the periodic table all isotopes of all elements are unstable®, and consequently,

8The instability of a nucleus depends essentially on the number of neutrons, because the protons present in the
nucleus are subject to a significant electrostatic force, which means that particles with the same charge at a distance
of 10~1% m (1 A) should violently repel each other. This practically never happens because the protons are nucleus
components and between them acts a very intense attractive force, known as Strong Nuclear Interaction, which
balance the electrostatic repulsion. Actually, the nuclear interaction is not able to balance the electrostatic repulsion
without the presence of neutrons, which stabilize the nucleus and do not have electric charge, in fact they contribute
to increase nuclear interaction and minimize instability.
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they decay by emitting ionizing radiation. The distinction between stable and unstable nuclei is
not so marked; in fact, some stable nuclei have a high half-life and can be considered practically
stable. In Figure 2.4 the graph shows the relationship between protons and neutrons in order to
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Figure 2.4: Isotope graph by type of nuclear decay.

have a stable nucleus. The distribution of stable nuclide coincides with the straight line Z = M
up to the atomic number Z = 20 and then deviates from linearity as Z increases; in fact, if
the atomic number increases, the number of neutrons that allow stabilizing the nuclide also
increases. The area around the nuclide stability line consists of unstable isotopes that spontan-
eously decay to corresponding more stable nuclides. Each radioactive isotope has preferential
decay methods’:

e Decadimento «;
e Decadimento 57
e Decadimento

e Decadimento 7.

For more details read the appendix A.

22



Chapter 2 2.3. Radioactive decay

2.3.1 Plutonium properties

Plutonium is a radioactive chemical element with the highest atomic number present in nature,
even if in small quantities. It was produced and isolated on December 14, 1940, bombarding
with deuteron (nucleus of a deuterium atom, *H) Uranium-238 atoms. Initially, Neptunium-
238 was synthesized, and, consequently, a beta decay forms Plutonium-238 (94 protons + 144
neutrons). It produces mainly a-particle radiation'® (helium atoms), which is relatively easy
to shield against (can be blocked by simple barriers, such as a thin paper sheet) and few ~y-
radiation, making it not dangerous for humans and easy to handle. Like many radioactive
isotopes of heavy metals, it is highly reactive and toxic, which means that it can cause cancer

if inhaled or ingested due to contaminated substances. In Table 2.3 is shown that plutonium-

Table 2.3: Properties of pure Table 2.4: Plutonium dioxide fuel form
plutonium-238. properties.
3Py properties 23pu0, fuel form properties
Molar mass 238 g/mol! Molar mass 276.06  g/mol’!
Density 1980 kg/m’ Density 960 kg/m’
Melting point 912.55 K Melting point ~ 2933.15 K
Half-life 87.7 years Half-life 87.7 years
Specific power 570 W /kg Specific power 400 W /kg
Mode of decay  a-particle -
a-energy decay 5.45 MeV
p-energy decay  0.011 MeV
v-energy decay  0.0018 MeV
Specific activity 630 GBq/g

238 has a relatively low melting point, and to solve this, it is used in a ceramic form (Table
2.4), also to reduce the possibility of dispersing the fuel in a launch or re-entry accident and to
avoid inhaling microscopic particles. However, pure ***Pu spontaneously oxidizes to **Pu0,
in an atmosphere of oxygen, takes on a yellow cast, but plutonium dioxide is mainly produced

through the calcination'' of plutonium oxalate, obtained during the reprocessing of nuclear fuel.

19Two methods can measure the energy of the a-particles: the first concerns absorption in thin mica of known
thickness; the second concerns differential analysis, by electronic means, of the pulses produced by the a-particles
in an ionisation chamber. The values from the two methods check closely at 5.45 MeV=£0.05 MeV, obtained from
direct comparison with standard samples of other alpha activities of known energies.

!Calcination refers to heating a solid to high temperatures in air or oxygen; in fact, when the plutonium (IV)
oxalate, Pu(C,04),-6 H,0, is ignited or calcined in air up to 300 °C, it decomposes, producing oxides of carbon,
and leaving plutonium dioxide, PuO,, as a residue [12].
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Plutonium production As mentioned above, 2*Pu can be produced from 2*°U (Figure 2.5)
or directly from 2*’Np (Neptunium-237, half-life 2.144 - 10 years), which is a by-product of
nuclear reactors. Production of ***Pu is a complex process, but it is possible to summarize this

process in some essential steps:

1. Processing of materials before irradiation: in this phase, the **’Np residues are purified

and modeled to optimize the geometry to improve the production process, which means
to create suitable *’Np targets;

2. Irradiate the targets: in this phase, the targets are irradiate with a neutron beam in a nuc-

lear reactor to transform >*’Np into 2**Pu;

3. Processing of materials: which means extracting, separating and purifying >**Pu, and the

remaining *’Np, which in turn, can be recycled and used to make more targets. Besides,

the 2*®Pu is processed to make fuel pellets for GPHS modules.
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Figure 2.5: **Pu production.

NASA relies on DOE’s Idaho National Laboratory (INL) and Oak Ridge National Laboratory
(ORNL) to produce ***Pu, specifically in two LWR reactors: the Advanced Test Reactor (ATR)
at INL and the High Flux Isotope Reactor (HFIR) at ORNL, which give the United States the
possibility of having access to the production of 2*®Pu up to one kilo per year. Otherwise,
if the targets are positioned correctly, annual production could increase considerably, for this
reason, around the reactor cores, there are numerous empty cylindrical inlets placed in suitable
positions, where targets can be inserted and irradiated. Moreover, in the ATR there are nine flux
traps'?, six of these are dedicated full-time to the DOE’s Office of Naval Reactors, so the target
must be placed in other available positions, but if all the core positions were occupied by the
target, the ATR could produce about 5 kg per year [13]. While HFIR can perform about 2 kg per

12Flux-trap type reactor consists of an annular fuel region surrounding a fuel-free moderating region; this config-
uration allows for moderating the fast neutrons leaking from the fuel to produce an area with high levels of thermal
neutron radiation at the centre of the moderation region, ideal for isotope production with minimal impurities.
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year of 2*Pu using standard target designs and reactor operating conditions. The plutonium-
238 productions is limited by the lack of neptunium in nature. It is found in trace amounts in
uranium ores. However, the United States can produce almost 5 kg per year for more than 50

years, reprocessing the cold war nuclear weapons by-products.

2.3.2 Americium properties

Americium (ysAm) is a radioactive chemical element of the actinide series and can be produced
in large quantities in the form of the isotope **'Am (95 protons and 146 neutrons). It is a
synthetic white-silvery metal element more highly electropositive than uranium, neptunium, or
plutonium. It can be prepared only by the action of powerful reductants on anhydrous amer-
icium salt at high temperatures. Moreover, the **'Am is another energy source (Table 2.5),
favoured by the European Space Agency, though it has high levels of relatively low-energy
~-radiation.

Americium-241 production The target materials which have been successfully used in the
production of these isotopes are 2**U, 2’Np and ?*’Pu. The energetic helium bombardment of
2380 leads to the formation of plutonium isotopes of mass numbers between 236 and 241, of
which 2*®Pu, 2*Pu, 2**Pu are known to be beta-stable. >*'Pu is shown to be unstable and decays
with the emission of S3-particles, leading to the production of ! Am. Moreover, the helium
and deuteron bombardment (Figure 2.6) of *’Np and **Pu are capable of forming americium
1sotopes directly. Still, the use limits of these mainly concern the emission of electromagnetic

radiation, such as X-ray or y-radiation [14]. Americium fuel in ceramic form or oxide can

Table 2.5: Physical property of americium **!AmO, [15].

2AmO, properties

Molar mass 241.06 g/mol!
Density 1200 kg/m’
Melting point 2373.15 K
Half-life 432.7 years
Specific power 104 W/kg
Mode of decay  a-particle + EMW -
a-energy decay  5.4857 MeV
~v-energy decay  0.0596 MeV
Specific activity 128 GBq/g

be produced economically at high isotopic purity by the AMPPEX process (Figure 2.7) de-
veloped by the UK’s National Nuclear Laboratory, using stored plutonium (produced during

the reprocessing of civil fuel). In fact, spent civil reactor fuel can be reprocessed to extract the
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Isotope transitions of Plutonium
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Figure 2.6: Synthesis and production of **!AmO, [16].

plutonium isotopes by separating other fission products, such as uranium, and to store them
for future utilisation in mixed oxide fuel to power either MMRTGs or nuclear reactors. The
fuel extracting method is based on the dissolution of both plutonium and americium isotopes
in nitric acid, enhanced by utilising a silver Il based solvent extraction method. The process
allows the separation of >*! Am from the plutonium and the introduction of oxalic acid leads to
americium oxalate precipitation with, subsequent, calcination into an oxide ceramic powder of
AmO,; and other oxides, including Am,0O3 [17]. Space agencies want to replace Plutonium-238

with Americium-241 for several reasons:

1. It has a reasonably high half-life, that is 432.2 years;

2. Although the power density is one quarter that of plutonium-238, despite this, however,
small amounts of the isotope are required; for example, generation of 5 W of power re-
quires either 62.5 g of **Pu or 250 g of **' Am;

3. 2*!Am is available at around 1 kg per year;

4. The fuel form of **'Am, in ceramic form, can be produced economically and at high
isotopic purity by separation from stored separated plutonium produced during the repro-
cessing of civil fuel [18].
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The low power density, about one-quarter of >*®Pu, and the emission of vy-radiation limit its

wide use. However, a protective tungsten shield is used to minimize any ~y-photon emissions,

but the advantages listed above guarantee a manageable impact on system mass and reasonably

suitable production route.
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Figure 2.7: AMPPEX process [17].
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3. Mars Science Laboratory rover

The objective of this chapter is to describe all the instruments installed on board the Mars
Science Laboratory rover' to focus attention on energy consumption, that data will be taken up
in the next chapter to make a power budget in order to calculate the flow rates needed to dispose
of excess heat (keep the electronics warm or reject it outside).

The instruments of the Curiosity rover are state-of-the-art tools for acquiring information on
the geology, atmosphere, environmental conditions and potential biosignatures on Mars; for
mobility, sampling and photography; for sharing and communicating these information with
the NASA Deep Space Network.

3.1 Instrument investigation

The MSL rover’s scientific instruments are ten in number, and weigh around 75 kg (10
times more massive than those of previous Mars rovers) and working in synergy to achieve the
same goal, which as mentioned above is to assess whether the Martian environment was ever
habitable to life. Each performs specific functions in order to assess three conditions necessary
for life: liquid water, specific chemicals and a source of energy. The body of the rover (Warm
Electronic Box) is made of aluminium, measures about 163 by 117 by 46 centimetres and is
painted white to keep the internal temperature under control and to reduce disturbance caused

by reflected sunlight in the cameras (Figure 3.1).

Brush |
sieves |

SAM /- ;
(Chémistry | | CheMin MARDI
| and Isotopes) (Mineral logy) | | (fmaging) |

Figure 3.1: Location of the ten scientific instruments on the MSL rover and the respective
electronics inside the rover that enable them to function. The other instruments that are not
among the scientific payloads are also indispensable for the success of the mission [8] [19].

The winning name "Curiosity" was submitted by 12-years-old Clara Ma of Lenexa, Kansas [8].
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3.1.1 SAM: Sample Analysis at Mars

The Sample Analysis at Mars (SAM) consist of three different instruments whose main goal is
to find various compounds of the element carbon (including methane) and the abundances of
other lighter elements (like hydrogen, oxygen and nitrogen) potentially associated with life, in
order to explore ways in which they are generated and destroyed in the Martian ecosphere and
to evaluate whether Mars could have supported life in the past or present.

SAM tools

SAM is a suite of three instruments (Figure 3.2): a Quadrupole Mass Spectrometer (QMS),
which separates elements and compounds by mass for identification and measurement; a Gas
Chromatograph (GC), which heats rocks and soils until they turn into vapor, then separates
escaped gasses into various components for analysis; a Tunable Laser Spectrometer (TLS),
which can measure the abundance of isotopes of carbon, hydrogen, and oxygen in atmospheric
gases. Usually, QMS and GC operate together for separation (GC) and identification (QMS) of
organic compounds [20].

. Solid sample
Quadrupole mass inlet tubes
spectrometer

Electronics

~ sample manipulation system

Figure 3.2: Component locations and sample inlets of the SAM instruments [8].

Gas Processing System The Gas Processing System (Figure 3.3) manipulates the gases sampled
from the atmosphere or extracted from solid samples. In addition, before their analysis by one

29



Chapter 3 3.1. Instrument investigation

of the other SAM instruments, they are separated or enriched in trace species to improve sens-

itivity and accuracy in composition measurements. Additionally, it includes:

e 2 non-renewable helium reservoirs: Helium is used as a carrier gas to move sample gases
through the GC system and to transfers evolved gases to both the QMS and TLS;

e 1 Low-Pressure Oxygen Gas Reservoir for combustion experiments;

e | Calibration Gas Cell, which contains a mix of four primary gases and traces of four
higher-molecular-weight compounds (CO,, N,, Ar, XEr, '?Xe, PFTBA, IFN, DFBP and
PFBP);

e 2 Turbomolecular Pumps (wide-range pumps) to move gases through the system: in the
nominal mode of operation WRP1 is dedicated to pumping the QMS and WRP2 serves

to evacuate the manifolds and the TLS, but they are also used for redundancy;

e 14 Manifolds, many Transfer Tubes wrapped with heaters, 2 High-Conductance Valves
(HC1 and HC2) and 52 Micro-Valves (are shown in Figure 3.3 as numbered grey squares)

welded directly to the manifolds to save mass;

e A Hydrocarbon Trap used to trap and transfer organic compounds to the GC system and,
in addition, it can be cooled below room temperature to more efficiently trap species of

interest and it can separate heavier from lighter noble gases;

e 2 Getters used to remove all active gases from the manifold, except CH4 and the noble

gases, and to pump them from the QMS at those times when the WRPs are not used;

e A Scrubber System that can remove CO, from the gas phase (the most abundant gas
in Mars’ atmosphere) and enrich other gases which are absorbed much more weakly.
Additionally, this system is used to trap trace atmospheric water for subsequent thermal
release and TLS analysis of its D/H ratio [21].

Quadrupole Mass Spectrometer The Quadrupole Mass Spectrometer (QMS) uses electric
and magnetic fields to separate charged particles according to their mass-to-charge ratio (m/z),
specially it is sensitive to molecular masses over the range 1.5-535.5 Da, with a resolution of
0.1 DaZ.

QMS scan begin after gas is introduced from the manifold to the ion source of the mass spec-
trometer through the valve V11 and, additionally, it can operate continuously, detecting the

2The dalton (Da) or unified atomic mass unit (u) is a unit of mass defined as the twelfth part of the mass of an
unbound neutral atom of 2C in its nuclear and electronic ground state.
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Figure 3.3: Schematic diagram of the SAM Gas Processing System [8].

number of ions every 0.02 seconds. It measures a single mass-to-charge ratio at a time: a spe-
cific mass range is chosen by changing the voltage of the power supplied to the spectrometer
and if the mass range is very small, so small voltage steps are taken each time to reach max-
imum resolution, taking much longer. Alternatively, it can sweep an entire mass range using
larger voltage steps. More specifically, a quadrupole consists of four parallel metal rods. Each
opposing rod pair is connected together electrically, and a radio frequency (RF) voltage with a
DC offset voltage is applied between one pair of rods and the other in order to achieve mass
separation (Figure 3.4). The voltages +(Vje + Vi - cos(wt)) and —(Vge + Vi - cos(wt)), where

Quadrupole

lon Source

== Resonanceion —-—-. ;l)onn-resonance

Figure 3.4: QMS operating model.
o= is the frequency of V., result in a two-dimensional quadrupole field of the form:

p(z,y) = (Vac + Vac cos(wt)) (2% — y*) / Rj

where R, is the distance from the z-axis to the nearest rod surface, while = and y are the axes

crossing both the z axis and nearest point of the adjacent rods [21]. The resulting electric field
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forces the ions to follow a different oscillating trajectory for each m/z value. Only ions of a
certain m/z ratio will reach the detector for a given ratio of voltages, other ions have unstable
trajectories and will collide with the rods. This permits selection a particular ion with a specific
m/z ratio by continuously varying the applied voltages. The instrument operating temperature
range of —40-50 °C.

Tunable Laser Spectrometer The Tunable Laser Spectrometer allows to measure only three
specific gases (CHy4, Hyy and CO;) and high-precision ratios of their isotopic species in C, H,
and O. The method is a direct and non-invasive simple technique that can measure a precision
of 2 parts per billion by volume the '*C/'2C and D/H isotope ratios in CHy; the *C/'?C and
160/'70/'80 isotope ratios in CO,; the D/H and '°0/!70/'30 in H,O0.

TLS consist of three chambers separated by windows: a fore-optics chamber containing lasers
and mirrors, a sample cell and a detector chamber (Figure 3.5). It works by filling a cylindrical
sample cell with gas, and then shooting into the sample cell two semiconductor continuous-
wave laser, which can scan over specific wavelength regions, depending on gas abundances and

isotope ratios:

e A Near-Infrared (NIR) tunable diode laser at 2.78 um for CO, and H,O, which operates

at room temperature with a single stage TEC;

e An Interband-Cascade (IC) laser at 3.27 um for CHy, which operates at -28 °C with a
two-stage TEC.

Mirrors at both ends of the cylinder allow IR light to bounce back and forth so many times giving
the trace gases more opportunities to absorb IR light at wavelengths specific before it reaches
the detector. By measuring the laser light intensity after it exits the cell, TLS can measure the
abundance of gases. Therefore, the TEC temperature settings of the 2.78-micron laser (NIR)
can be tuned to sequentially access two regions: one for carbon dioxide at 2.785 pm and the

other for water at 2.783 pm.

Gas Chromatograph The Gas Chromatography distinguishes among different compounds
by separating a gas mixture into its individual constituents, which are sent over time to the
QMS. GC assembly consist of six complementary chromatographic columns, each tube (wound
into coils) i1s 30m long, but only 0.25 mm in internal diameter and provides a wide range of
detection capability for both hydrocarbons and atmospheric gases. The inside surface of each
column is coated with a different substance, which can grab hold of different gas molecules,
depending on the greater or lesser affinity, and release them (Figure 3.2). In theory, each of the
columns is designed to work on different ranges of molecular weights, even if there is significant

overlapping of roles in many of the columns (such as GC1, GC2 and GC4). Nevertheless, each
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Figure 3.5: Diagram of the Tunable Laser Spectrometer. The TLS Herriott Cell is designed
to provide 81 passes (16.8 m) for CH4 measurements and 43 passes (8.93 m) for CO, and H,O
measurements. TLS can also avoid the mass interferences of QMS (e.g. CO, CO,, N,, N,O,
CH;D, "*CH,, HDO, H}’0, *CO, and "OCO) or the need to convert CH4 to CO, for isotopic
analysis. Unluckily, the TLS has no capability for noble gas measurements, because IR spec-
troscopy relies on changes in molecular dipole moments with vibration [8].

column is independently heated by the PID heater circuit provided by the SAM electronics
and only one column can operate at a time. Three of the six columns (GC4, GC5 and GC6)
have injection traps to pre-concentrate the analytes and to release them after being flash-heated
(at 350 °C) as quickly as possible in the GC columns to increase the separation power of the

chromatograph [21].

Solid Sample Inlet Tubes The Solid Sample Inlet Tubes consists of dual inlet funnels and
tubes that direct the sample into the SAM Sample Manipulation System carousel. When SAM
is ready to accept a solid sample, it positions a sample cup under an inlet tube, then the rover
opens an inlet cover® and vibrates the SSIT using piezoelectric actuators (Figure 3.6) to prevent
the incoming sample from sticking to the tubes.

The system is designed to ensure that at least 98% of the sample passes through the tubes and
enters the waiting sample cup.

Sample Manipulation System The Sample Manipulation System is an electromechanical
system with robotic features. It is an under-actuated (2 actuators, 3 degrees-of-freedom) sys-
tem, which consists of a double-ringed carousel with 74 sample cups and is responsible for the
sample handling. Thus, a solid material from SAM’s sample inlet device is delivered through
one of the two SSIT into any of 74 sample cups, this last sample cup selected is transported
to a pyrolysis oven, which is designed to bring the sample to a maximum temperature of 900—
1100 °C to release gasses for QMS, TLS, and GCMS analysis.

3 A part of the Sample Acquisition, Processing, and Handling (SA/SPaH) system.
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Figure 3.6: Model of the two SAM inlet funnels and tubes that transport the sample to the SMS
cups. The tubes are 4.1 mm in diameter and are large enough to house any particles that have
passed through the 1-millimetre sieve in CHIMRA. The heaters warm tubes to up to 120 °C
[21].

Figure 3.7: Double-ringed carousel with 74 sample cups [21].
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Electronics and usage time Many of SAM’s components require heating to relatively high
temperatures for operation, not only the ovens, but also tubes and manifolds operate at a tem-
perature of 135 °C in order to prevent sample from sticking to them; trap has to be flash-heated
to 350 °C. These temperatures are all quite high, but other components (electronics, pumps)
need to operate at lower temperatures. Thanks to the help of heaters, heat pipes and the Heat
Rejection System (HRS), SAM, with more than 60 temperature sensors, is able to manage all
these temperatures for cooling and heating equipment.

During SAM thermal vacuum qualification, the results measured after a full EGA/GCMS/TLS
sequence of operations (lasting almost 6 hours) in a cold RAMP (—30 °C) interface environment
are shown in Figure 3.8. The complexity and high energy consumption of SAM experiments
require prior planning, because a typical evolved gas analysis can take three sessions (precon-
ditioning, sample preparation and delivery, and heating and evolved gas analysis) from 4 to 6
hours and can leave the rover with a relatively low battery state of charge. Therefore, SAM
experiments are carried out over weekends, so that a weekend sol is used to recharge batteries.

SAM has 8 electronics modules and can operate autonomously, turning itself off after finishing
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Figure 3.8: Energy consumption for each of the three MSL power buses during SAM thermal
vacuum qualification [21].

an experiment, even while the rover is asleep. Total data volume for a single experiment is
expected to be as much as 30 MB, which are stored in a 64 MB flash memory array.

35



Chapter 3 3.1. Instrument investigation

/ SAM - Power consumption \
The interface with the rover takes place via 5 independent power feeds with 28 V as
nominal voltage. The first Bus provides power to the instrument control functions,
QMS and WRP system; the second one to TLS, GC, pyrolysis subsystem and regulated
heater system. The remaining Busses (3, 4, and 5) provide power to switched resistive
heater loads. The maximum possible power from all busses is approximately 990 W.
Idling operating mode: 25'W (all on Bus 1);

K Worst case power consumption: 1050 Wh. /

3.1.2 CheMin: Chemistry and Mineralogy

The Chemistry and Mineralogy instrument, located inside the main body of the MSL rover,
identifies and characterizes past or present habitable environments by directly measuring the
chemical and mineralogical composition of sediments and rocks on Mars, responding to the
main objectives of the Mars exploration (Figure 3.9). The CheMin consist of two powerful ana-
lytical laboratory techniques: the X-ray Diffraction (XRD) and the X-ray Fluorescence (XRF).
However, ChemCam and APXS identify the elements present in a target sample, while CheMin
identifies how these elements are bonded together into minerals*, depending on the physical and
chemical conditions they have experienced and, in addition, integrating the analyses of these
scientific instruments of the same samples maximizes the obtainable information by combining
specific mineralogy with results from EGA/GCMS/QMS/TLS. There are differences between

the various instruments in the size of the analysable samples [22]:

CheMin analyse only drilled or scooped samples smaller than < 150 ym;

SAM can analyse the same sample size as CheMin, but it can also accommodate sizes

smaller than 1 mm;

APXS can analyse 1.7 cm diameter areas on unmodified or brushed rock or soil;

ChemCam can provide elemental compositional data on spots up to 7 m distant and from
200 to 400 um in diameter and excavate several hundred micrometers into a sample.

As mentioned before, CheMin has 27 sample cells and can analyse as many as 74 samples

of less than 150 um? in diameter delivered by the SA/SPaH system during the nominal prime

“Minerals are natural crystalline materials of uniform inter-atomic structure with a well-defined chemical com-
position, which can provide important information to the environment in which a rock formed. CheMin has found
in Mars rocks: Olivine, Pyroxene, Feldspar, Quartz, Magnetite, Hematite, Iron sulfides, Jarosite and Calcium
sulfates [22].

>The requirement of less than 150 um powder is defined as the maximum crystal size that provides good dif-
fraction.
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Figure 3.9: Chemin’s position inside the main body of the MSL rover and its three-dimensional
model [23].

mission (sample cells can be reused for additional analyses). The X-rays, through the lattice
structures of minute crystals, generate a concentric ring diffraction pattern (this patten identifies
the minerals present), which is recorded by a CCD detector. The impinging X-rays enables
measurement of the elemental composition of the sample, producing X-ray fluorescence in the
sample.

The CheMin X-Ray Source CheMin has a micro-focus X-ray tube that produces a collimated
X-ray beam using a cobalt anode. The beam-defining aperture on the Co anode is 50 um in
diameter and produces an X-ray cone with an energy of 6.925keV. A pinhole plate intersects
the beam creating a 70 um wide collimated beam of X-radiation directed at the centre of the
sample cell, illuminating only 2% of the entire material volume. After passing through the
sample cell, the direct beam falls onto a beam trap mounted on the edge of the CCD detector.
Additionally, the X-ray power supply is enclosed in a housing pressurized with a mixture of

sulfur hexafluoride and nitrogen gas® [22].

The CheMin Sample Handling System The CheMin sample handling system consists of: a
funnel’; a sample wheel, which holds 278 reusable sample cells, mounted in pairs, and 5 refer-
ence standards, which are covered with high-efficiency filters to prevent their powder content
from falling during wheel rotation; a sample sump, into which material is discarded after ana-
lysis (Figure 3.11). CheMin receives the sieved and portioned perforation powders from the
SA/SPaH system (through the CHIMRA assembly) and vibrates three piezoelectric actuators

This mixture must have a lower condensation temperature than the minimum expected in the rover body, to
ensure that the gas never liquefies.

"The funnel contains a 1 mm mesh screen to prevent larger grains from entering the CheMin sample processing
system. Grains that do not pass through, remain there for the entire duration of the mission, although, in theory, no
material is expected because the sample is pre-sieved to be less than 150 um in the CHIMRA sorting chamber to
prevent clogging of the funnel screen [22].

8 Fourteen have Kapton windows, which last longer but produce a peak in the diffraction patterns that could
interfere with the detection of some clay minerals, and thirteen have Mylar windows, which exhibit a very flat
diffraction background across, providing cleaner results, but are easily scratched and can be damaged by acidic
samples [22].
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Figure 3.10: Geometry of the CheMin instrument [22].

around the funnel at a frequency range close to the resonance frequency of the sample cell to
prevent sample sticking. CHIMRA provides a maximum of 76 mm? of sample material entering
through the rover deck (the CheMin inlet is protected by a cover to avoid contamination and
clogging) and funnel into a sample cell with an active cell volume of 10 mm? and a 400 mm?
miniature funnel-shaped reservoir above the cell, which holds excess material not used during
analysis. Vibration dynamics are extremely important: the vibrations of the two sample cells
in each pair balance each other, which means that little vibrational energy is transmitted to the
rest of the instrument, but if the vibration happen at too low an intensity, phase separation may
occur as a result of differences in size, density or shape between the individual mineral grains.
To prevent this problem, CheMin periodically shakes the cells at increasing amplitudes to break
up agglomerations and re-homogenise the material in the sample chamber. CheMin accepts
from SA/SPaH and analyses samples with no more than 5% internal contamination between
samples, mainly due to previous samples stuck in the funnel or left in previously used analysis
cells (CheMin is capable of reusing each cell two to three times and performing 74 or more
analyses during an extended mission). The cells are emptied after each analysis by turning the
sample wheel 180° and vibrating the cell, so sample material is poured into a sump at the bot-
tom of the instrument. Additionally, aliquots of a sample material may be poured directly to the
sump through a shunt in the wheel or enter a previously used and appropriately cleaned sample

cell, to reduce contamination, before receiving a second sample portion for analysis.

The CheMin Detector, XRD and XRF CheMin uses a 600x 1182 pixel E2V CCD-224 frame
transfer imager, of which 600 x 582 pixels is the active area for data collection, which is typically

exposed to X-ray photons for 5 to 30 seconds and can be quickly transferred to a 600600 pixel
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Figure 3.11: On the left: schematic diagram of the CheMin sample wheel. In green are shown
the twenty-seven cells that can be reused for analysis and in red those that contain standard
materials useful for calibration. The sample cells are filled at the top and dumped at the bottom.
Middle: The CheMin sample wheel. The wheel is shown inverted in this image. On the right:
assembled cell, ready for testing (yellow Kapton window on left and clear Mylar window on

right) [22].
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shielded area, the so-called transfer frame®, to allow continuous data collection without the
use of an X-ray shutter or electronically beam-suppressing device. The 40 um square pixels
of the active area are unusually large for a CCD, compared to the 14 ym of ChemCam’s RMI,
because when an X-ray photon impinges on the sensor it deposits thousands of electrons in
an area tens of microns in diameter, so the large pixel size allows almost all of this charge to
be captured in one pixel, rather than being spread over several pixels, so each time an X-ray
photon hits the detector, not only the position but also the energy of the photon is recorded.
In addition, a filter is placed in front of the CCD sensor to prevent it from being exposed to
visible-wavelength photons (possible in the case of X-ray-induced optical fluorescence of the
sample) during analysis, so a 150 nm aluminium film supported by a 200 nm polyimide film is
suspended on a frame placed in front of the detector. When the X-rays reflected by the crystal
lattice of the atoms in the sample constructively interfere (1°° necessary condition) and the
incidence (6;) and reflection (6,.) angles are equal (2" necessary condition), diffraction peaks
are produced at different angles to the beam direction (Bragg diffraction). The diffraction angle
260 (0; + 0,) depends on the wavelength of the X-rays and the spacing between the atoms in
the crystal lattice according to Bragg’s law: 2d sin § = n\. Thus, according to this expression,
the CheMin detector can record X-rays diffracted at 26 angles over the range 5°—50°, with an
angular resolution of 0.30°—0.35°.

CheMin can store about 22 hours of data, up to 2730 images, which, since they cannot be
transmitted to Earth, are processed by the rover’s main computer, which composes 10 to 200
individual exposures into a single image, to form a smaller frame (minor frame) consisting only
of pixels whose values correspond to the energy of the X-ray source (6.925keV). Thus, the
CCD sensor is used to measure the charge generated by each photon (and hence its energy) and
the diffracted X-rays hitting the detector produce a two-dimensional image (2-D diffractogram)
that forms the diffraction pattern. Adding up the pixel values around the concentric circles of
the 2-D image produces a 1-D model (1-D diffractogram), which is used by the CheMin team
for mineral composition analysis. The individual peaks in the 1-D pattern can be diagnostic of
specific minerals, because each mineral has a set of peak positions and intensities that determine
its crystal structure, so all peaks are used to determine mineral abundances.

CheMin’s X-ray fluorescence (XRF) detector is descoped from the instrument for economic
reasons and perceived risks. The energy of the fluorescent X-rays depends on the elements
present, in fact many X-rays are diffracted with the same energy as the cobalt source, while
others of lower energy come from the X-ray fluorescence. The instrument is not sensitive to
elements of mass less than potassium (Zx = 19) as a result of the sample self-absorption, the

aluminized light shield and the Mars atmosphere absorption [22]. Limited XRF data from the

9The CCD’s frame-transfer region, protected by a metal bar, has pixels that are much smaller than those in the
active region because they are designed only to hold the charge associated with an X-ray photon and not to absorb
it.
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CCD detector are provided when available and are useful in discriminating mineral phases,
although data on the chemical composition of minerals are, purely, qualitative. A cryocooler,
attached to the back of the CCD by a heat belt, brings the temperature of the detector to almost
48 °C below the temperature of the Rover Avionics Mounting Platform (RAMP), between 0 °C
and 26 °C during the mission, which is used as a heat sink by the cryocooler. Thus, the CCD
detector operates between —48°C and —22 °C; in addition, dark currents!® on the CCD are

minimised by cooling.

Number of Counts

30 305 31 315 32 325 33 335 34
Degrees 20

Figure 3.12: On the left: 2-D image of the diffraction pattern showing the results of the first
analysis of Martian soil. The image reveals the presence of crystalline feldspar, pyroxenes and
olivine mixed with some amorphous (non-crystalline) materials. The soil sample was taken
from inside the Gale crater, where the rover landed [24]. Top right: Quantitative analysis of
minor frames in the standard 88:12 Beryl:Quartz mixture (by weight) [25]. Minor frames were
quantified using Rietveld refinement, which uses a non-linear least-squares algorithm to refine
a theoretical line profile until it matches the measured profile; it becomes important when re-
flections are strongly overlapping. XRD highlights the maxima of Quartz 101 (26 = 31.17°) and
Beryl 112 (26 = 32.04°) showing the analyses of 50 minor frames summed individually. How-
ever, the reduction in intensity of the Quartz 101 peak during the analysis clearly shows a phase
segregation problem. Bottom left: the CheMin CCD, in which the active region (the exposed
part in the centre) can be seen, while the frame transfer region of the CCD is the shielded part
to the right of the active region [22].

Usage time Each CheMin analysis can take up to 10 hours (typical overnight analysis) and re-
peated over two or more Martian nights to improve counting statics, (most sample are analysed

10Electric currents flowing through photosensitive devices.
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for a total of 20—40 hours) although useful data can be obtained in about 2—3 hours. Actually,
CheMin can continue to analyse a sample until a new sample is delivered for analysis, at which

point the instrument usually dumps the old sample to receive the new one [8].

/ CheMin - Power consumption [26] \
The MSL rover power system provides CheMin with 2 A and 4 A switches to supply
the instrument with suitable current.

K Normal operating mode: 719 Wh. /

3.1.3 ChemCam: Chemistry and Camera

The Chemistry and Camera (ChemCam) instrument mast package consists of two remote sens-
ing instruments: the Laser-Induced Breakdown Spectrometer (LIBS), which measures ele-
mental composition and a Remote Micro-Imager (RMI), which places the LIBS analyses in
their geomorphological context. In addition, the mast package can be tilted or rotated for an
optimum view of the targets. Both instruments, working together, can analyse a large number
of samples and identify the chemical and mineral composition of rocks and soils, also help de-
termine which targets are of sufficient interest to use the analytical laboratory tools for further

testing. From a distance of up to 7 meters by firing a target, ChemCam is able to:

e Use multiple laser pulses to clean dust off of rock samples;

e Rapidly identify the kind of rock being studied and provide detail on its minerals and
microstructure by measuring the elemental composition of the resulting plasma'!; non-

etheless, it is not able to analyse how the elements are arranged into minerals;

e Provide visual assistance during drilling of rocks and measure the abundance of all chem-
ical elements in order to recognize ice and minerals with water molecules in their crystal

structures.

Remote Warm Electronics Box - RWEB

The Mast Unit (MU) is located inside the RWEB (Figure 3.13). The maximum tolerable thermal
excursion for the instrument health is between —40-35 °C. Thermostats inside the EBOX ac-

tivate survival heaters every night in order to maintain a minimum temperature of —40 °C. The

"Extremely hot gas made of free-floating ions and electrons
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Remote Micro-Imager

Figure 3.13: On the left the ChemCam on the Curiosity’s Remote Sensing Mast and on the right
the ChemCam Mast Unit [8] [27].

instrument is designed to be used over the range —20-20 °C, so it often needs to be warmed-up
to reach the lower operating temperature (—30 °C) or the optimal one at —15 °C.

LIBS The ChemCam laser is a Q-switched'? compact laser developed for planetary applica-
tions. The LIBS laser is designed, starting from the commercial ones, respecting two require-
ments: smaller mass (by a factor of 10) and volume, in order to allow it to operate without
active cooling and to improve its stability and reliability. The architecture of the laser is based
on: a Diode Pumped (DP) oscillator, based on a Nd:KGW!? rod longitudinally pumped by a
diode stack, manufactured to optimize the emitted power around -5 °C; two slab DP amplifiers,
which improve the output energy of the oscillator while maintaining good beam propagation
characteristics. The RTP Pockels cell receives a 950 V pulse with a rise time of less than 20 ns
and energies greater than 30 mJ are obtained at the laser output. The components are protected
and sealed by hermetic titanium covers, filled with dry air to mitigate the risks of contamination
on the stacks and on the optics.

The laser operates in a burst mode, so the repetition rate (fj,.; between 1-10 Hz) and the num-
ber of shots (/Vgots) per burst need to be adjusted respecting precise constraints: if fi.., is equal
to 10 Hz (high repetition rate), a cooling time of 5 min, between two bursts sets of 100 shots, is
essential to limit internal self-heating; while if f... is equal to 3 Hz (medium rate), it has been

2Giant pulse formation or Q-switched: is a technique by which a laser can be made to produce a pulsed output
beam, this allows to generate light pulses with a much higher peak power than that produced by the same laser in
continuous wave mode.

13 Neodymium doped Potassium-Gadolium Tungstate (Nd:KWG): the efficiency of such laser is 3-5 times better
than that of the Yttrium-Aluminium Garnet (YAG) lasers.
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demonstrated that 3000 shots are possible around -15 °C without stopping. When the temper-
ature is too low, the laser diodes must be warmed-up with a ramp rate less than 5° per minute.
In addition, the laser can modulate its output energy to a lower value (up to 50% of its nominal

value) in order to avoid saturating the LIBS signal.

Table 3.1: Laser performances and mechanical specifications. The M? factor, known as Beam
Quality Factor (BQF), is a common measure of the laser beam quality: it is defined as the Beam
Parameter Product (BPP) divided by MA/m, which is the BPP for a diffraction-limited Gaussian
beam (M? = 1) with the same wavelength. However, the far-field half-angle beam divergence
is® = M?. 2 where wy is the beam radius at the beam waist [27].

W0 ’
Parameter Value
Wavelength 1067 nm (NIR)
Energy > 24mJ [—20°C, +20°C], > 30mJ for one T’
Stability Shot to shot < 2% rms
Pulse duration < 8ns
Beam quality M? <3
Repetition rate 1-10 Hz
Functional T range [—30°C, +30°C]
Beam diameter 2.5 < ¢ <3.5mm
Overall mass <600g
Volume ¢ < 60mm, L <220 mm
Pointing stability Static < 0.3 mrad, Dynamic < 0.3 mrad
Pointing direction Static < 50 prad, Dynamic < 50 prad
Maximum sustainable shots 20 million over lifetime

RMI The Remote Micro-Imager is a heritage unit from the Comet Infrared and Visible Ana-
lyser (CIVA) camera system onboard the Philae lander on ESA’s Rosetta mission, which con-
sists of 9 identical imagers: seven panoramic cameras, one in a microscope and one for an ion-
mass spectrograph. The RMI design is based on the TH7888A CCD image sensor (technical
specifications in Table 3.2). RMI is able to capture black-and-white and has an auto-exposure
feature. The RMI allows to provide context imaging for LIBS shot points at a better resolu-
tion than that achievable with the Mastcam-100. Nevertheless, the RMI camera head has the
following additional characteristics:

e Fast acquisition of two images using internal DRAM to store the first one before transfer;

e Readout register and memory zone cleaning before imaging performed by taking two or

more images with minimum integration time.
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Table 3.2: CCD technical characteristics: the frame transfer time from imaging to memory zone
is equal to 2.1 ms and the adjustable CCD integration time (i.e. successive frames may need to
be integrated in the CCD camera to improve the SNR in the image) is over the range 1ms to
655 [27].

Parameter Value

Type Frame transfer with memory zone
Size 1024 x 1024 useful pixels

Pixel 14 x 14 ym

Image zone 14.34 x 14.34 mm

Sensitivity range (QE > 5%) 450-950 nm

Pixel saturation charge 220 000 electrons

Maximum continuous frame rate 1 image per second

Autofocus laser For autofocus operations, ChemCam uses a second laser with a wavelength
of 785 nm, mounted to the back of the secondary mirror. The focus mechanism translates
the secondary mirror over 15 mm and consist of a moving microstage and a 2-phase stepper
motor (Table 3.3), which moves the moving part thanks to a screw-nut coupling. The distance
to the target is estimated using Navcam stereo ranging and this value is passed to ChemCam
unit as part of the instrument’s commands. Then, the autofocus laser illuminates the target,
at that distance, at 638 different test focus steps and a photodiode records how the reflected
light intensity varies with focus. Generally, the intensity followed a bell-shaped curve (graph
depicting the normal distribution), but this data is sometimes affected by noise and the top of
the curve is sometimes flat, so the electronics determine the best-focus position, for LIBS and

imaging, by finding the axis of symmetry of that intensity curve [8]. If the autofocus laser fails,

Table 3.3: Autofocus laser technical characteristics: the switch from one operating mode to
the other takes place automatically onboard and in case of a fault, a boost mode is also defined
(0.8 A and 50 Hz for a maximum torque) [27].

Parameter Value
Step per round 200
Operating current 600 mA
Holding torque 13mN/m
Detent torque 2mN/m

100Hz at T" < -20°C

Stepper motor operating range 150 Hz at T > -20 °C

it can be used a new autofocus capability using the RMI, which takes nine to eleven images to
perform a simple algorithm in order to measure image contrast, selecting the highest-contrast

one, and to determine the in-focus distance. RMI takes about two minutes to autofocus.
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The ChemCam Body Unit

The analytical part, Body Unit (BU), is located in the rover body and consist of an optical
demultiplexer (DEMUX), three spectrometers (SPECTRO), a digital processing unit (DPU)
and a communication interface with the rover (COM). The MU is electrically connected to the
BU by a fiber optic (FIBER) cable 5.743 m long and electrical harness (HARNESS). A set of
calibration targets (CCCT) is also included on board. The block diagram is shown in Figure
3.14.

Remote Front-End Electronics |
Micro-lmager (RMI) — I

Spark e
—— lelescope I LIBS Target is
§§ & Mast 1-7 m Away
S—i-lh: 1
e e

1
| Thermo-Electric Cooler }'--— Power
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— -~ Spectrometers (3) - -

— ,
) =
T
—

DEMULTIPLEXER

Data —
Law Voltage Processing r— Command
Powe_r Unit Interface Telemetry
I Supplies pi

Figure 3.14: Block diagram of ChemCam Mast and Body. Mast Unit: LASER + TELESCOPE +
RMI + FOCUS + FPGA + POWER-1; Body Unit: DEMUX + SPECTROS + DPU + POWER-2
+ COM + TEC; MU — BU: FIBER + HARNESS [27].

ChemCam spectroscopy Light is transmitted into the rover along the fiber optic cable and
enters an optical demultiplexer (Figure 3.14), which allocate the plasma light to several spec-
trometers depending on their wavelength, so the demultiplexer splits off the incoming light into
three bands first the UV and then the VIO ranges with dichroic mirrors and finally an aluminized
mirror (at the left side in the Figure 3.15) to reflect the remaining light to the longest-wavelength
spectrometer.

The three spectrometers are called:
e Ultraviolet (UV), 240.1-342.2 nm;
e Violet (VIO), 382.1-469.3 nm;

e Visible and near infrared (VNIR), 470.0-906.5 nm.
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The light passes through a 1 mm tall slit attached to the end of the fiber bundles to enter a spec-
trometer and then bounces off a 25 mm diameter collimating mirror and a holographic grating
(2400 Ipmm for UV and VIO, 600 Ipmm for VNIR) that spreads the light out by wavelength.
Then another collimating mirror delivers the split light to a CCD, which has 2048 pixels across
the active area. Because the UV and VIO spectrometers cover narrow wavelength ranges: 20
pixels per nm in the UV range and 23 pixels per nm in the VIO range, there is higher spectral
resolution at shorter wavelengths. The wider wavelength range of the VNIR spectrometer cov-
ers only 4 pixels per nm producing a lower spectral resolution.

ChemCam also has the capability (but is not required) to provide passive spectroscopy data of
Martian rock target simply by observing the radiation emitted by the plasma.

Usage time Potentially the greatest energy consumption is required to preheat the shaft mo-
tors, if the analyses are carried out before the mast is naturally heated by sunlight: this can
consume up to 100 Wh, depending on the duration of the heating. The duration and energy

required to perform various ChemCam tasks are as follows [29]:

1. RMI pre-image + LIBS + Post-image (warm/coldest) with TEC: 11.6 Wh (warm) and
21.2 Wh (coldest);

2. RMI pre-image + LIBS + Post-image (nominal) with TEC: 13.8 Wh;
3. RMI pre-image + Depth Profile (900 laser pulses) + Post-image: 24 Wh;
4. 7 targets (RMI + LIBS as in 2) with TEC: 40.3 Wh, duration 1.0136 h;

5. 20 targets (RMI + LIBS as in 2) with TEC: 96.2 Wh, duration 2.86 h.

Each additional ChemCam target requires an incremental duration of approximately 7.5 minutes
and 4.4 Wh.

/ ChemCam - Power consumption \
The instrument power is measured under various conditions to analyse its operation at
extreme voltages and temperatures.

Idling operating mode: 11.8 W (BU: 7.2 W, MU: 4.6 W);
Maximum power operating mode: 64.7 W (BU: 20.8 W, MU: 43.9 W), firing the laser
at 10 Hz (this state lasts few seconds). If the instrument fires the laser at a lower rate
(1 Hz) it uses only half of this power.
K The TEC works independently by drawing a constant 13.5 W. j
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Figure 3.15: Top left to right: interior of the optical demultiplexer, where light enters through
the fiber bulkhead on the right and exits via the three fiber bundles at the top; spectrometer
aperture slit. In the middle, a spectrometric optical bench with ray-trace diagram. Below, the
ChemCam spectrum: the instrument measures intensity of UV, VIO and VNIR light emitted
when it fired its laser at Martian rock target [27] [28].
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3.1.4 APXS: Alpha Particle X-ray Spectrometer

The Alpha Particle X-ray Spectrometer determines the relative abundances of different ele-
mental composition of rocks and soils, in order to characterize the geological context of the
rover surroundings, by emitting a-particles (see Appendix A) and X-rays, which interacting
with atoms in the surface material knock electrons out of their orbits, producing an energy
release, due to the emission of X-rays, that can be measured with detectors.

APXS instrument APXS consist of three important part: a sensor head mounted on the ro-
botic arm and separated from the turret by three springy wire rope assemblies to prevent vi-
brations caused by drilling and CHIMRA sample processing; an electronics unit in the rover’s
body; and a calibration target (Figure 3.16).

The MSL APXS takes advantage of a combination of the terrestrial standard methods Particle-
Induced X-ray Emission (PIXE) and X-ray Fluorescence (XRF) to determine elemental chem-
istry. It uses curium-244 sources for X-ray spectroscopy to determine the abundance of major
elements down to trace elements from sodium to bromine and beyond. The sensor head contains
six 2*Cm'* sources: three of them are covered in a titanium foil and emit a-particles, which
eject inner-shell electrons of the target atoms, resulting in characteristic X-ray photon emission
when they fall back to their ground state, this process is called Particle-Induced X-ray Emission
(PIXE). While, the other three are more thoroughly sealed and emit only X-rays over the range
14-18 keV, which achieve the same effect as before, in this case the process is called X-ray
Induced Fluorescence (XRF).

PIXE process is a more efficient for low-Z elements (from sodium to titanium), while XRF
process is more effective for high-Z elements (from chromium to strontium). The sensitivity
of PIXE and XRF processes is shown in Figure 3.17. In addition, APXS uses a Silicon Drift
Detector (SDD) to detect X-rays induces by radioactive source (Figure 3.17). With a half-life
of 18.1 years, the degradation of ***Cm should not have a significant impact on APXS use over
the course of the mission. The atoms of each element emit X-rays with a specific frequency
after being excited. Knowing that, the energy emitted by each atom can be determined by the
frequency or wavelength of the radiation, so with this process the APXS can detect the elements
present (Figure 3.18). Thanks to the analysis derived from observations of samples of known
composition on Earth, it is possible to convert the X-ray spectra into elemental abundances. Be-
fore making an APXS measurement the rock surfaces are brushed off using the Dust Removal
Tool (DRT") in order to study the outermost composition of rocks. This approach improves

APXS’s ability to sense the abundances of lighter elements in the rock rather than the dust.

4 Curium-244.
ISA wire brush designed to clear dust and regolith fines from rock surfaces and to clean the rover’s sample
observation tray.

49



Chapter 3 3.1. Instrument investigation
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Figure 3.16: Parts of APXS and their location in the rover [8] [30].
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Figure 3.17: On the left: the cross-section of the APXS sensor head. On the right: the sensitivity
of PIXE and XRF mode [30].
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Figure 3.18: APXS spectrum measured on MSL on sol 322 of the rock sample Aillik: analyzing
the height of peaks in the spectrum allows the APXS team to measure the composition of the
rock. Curiosity’s APXS can get a quick-look measurement of the major elements in only 20
minutes, and high-quality analysis in about 2 hours [31].
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Changes and improvements Curiosity’s APXS has fundamental improvements over the ones
of Spirit and Opportunity:

e The activated Peltier cooler for SSD allows APXS: to operate at ambient temperatures
up to -5 °C, whereas before the limit was -40 °C; to significantly expand the operating
window for APXS analyses during the daytime as well (before only at night-time), even
if operating at night improves data quality; to improve the resolution (FWHM!'6.) of less
than 150 eV during night.

e Having discarded the alpha channel (Curiosity does not detect backscattered alpha particles)
allows the X-ray detector to be much closer to the surface (19 mm compared to 30 mm
for the others) and this, in turn, allows to: increase the sensitivity of the instrument by a
factor of 3; reduce the spot size of an APXS measurement; decrease data acquisition by a

factor of 5.

e The addition of standard XRF 2**Cm sources increases the sensitivity for high-Z elements
by a factor of 2.

e The energy range is extended up to 25 keV, while before it was 17 keV.

Electronics and usage time The APXS will take measurements both day and night by de-
ploying and placing the sensor head towards a desired sample, in contact (when the targets are
not irregular surfaces), with the sources typically less than 20 mm from the surface. The op-
erating temperature is over the range -130 °C to -5 °C (actually up to 10 °C but with degraded
resolution). The emitted X-ray spectrum of the major elements is evaluated in only 10 minutes
(quick-look), while for high-quality results it takes from 2 to 3 hours, without the need of fur-
ther interaction by the rover. The longer the instrument is held in place on the surface of a rock
or soil sample, the more clearly its signal can be determined. At the end of the measurement,
the APXS uses only 32 kilobytes of memory to store up to 13 consecutively taken spectra and

engineering data.

APXS - Power consumption

It is also cheap in terms of power, especially if used overnight, when its detector doesn’t
need to be cooled.

Normal operating mode: 8 W, including 3 W of the activated Peltier cooler.

16Fyll Width at Half Maximum: a quantity frequently used to characterize the resolution and corresponds to the
percentage ratio between the width at half maximum and the value of the centroid of the peak. For example, in a
Gaussian distribution the FWHM is related to the standard deviation according to the relation, FWHM =2.355¢.

52



Chapter 3 3.1. Instrument investigation

3.1.5 MAHLI: Mars Hand Lens Imager

The Mars Hand Lens Imager (MAHLI) uses a 2-megapixel color camera with a focusable macro
lens to observe textural, structural, and morphological details in geologic materials, so to ac-
quire images in order to examine the grain size, the structure and mineralogy of rocks. Ad-
ditionally, images from MAHLI is used to help select materials to be sampled or analyzed by
the other instruments (particularly APXS, CheMin, and SAM). At the minimum working dis-
tance, MAHLI can take images with a pixel scale/spatial resolution of 13.9 um per pixel, so a
1600x1200 pixels image covers an area of about 2.22x1.66 cm. Some MAHLI characteristics

are shown in the Table 3.4.

Instrument Description

MAHLI has three hardware elements: a Camera Head, mounted on the turret at the end of
the robotic arm; a Digital Electronics Assembly (DEA), located inside the rover’s environment

controlled body; a Calibration Target, mounted on the robotic arm shoulder azimuth actuator.

MAHLI ——
camera head |= A&

Figure 3.19: Location of MAHLI hardware aboard the MSL rover [32] [33].
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Camera head The Focal Plane Assembly (FPA) is designed around a Kodak KAI-2020CM
CCD without a cover glass. The sensor has 1640x 1214 pixels'” and the photoactive area is
16001200 pixels. The sensor has red, green, blue (RGB) filtered micro-lenses arranged in
a Bayer pattern'®. The optics are an all-refractive design consisting of a group of stationary

elements, a group of focus elements and a stationary sapphire window (Figure 3.20). The lens
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Figure 3.20: MAHLI optics with focus group shown in minimum working distance focus posi-
tion [33].

is designed to focus on subjects and acquire images at working distances between ~20.5 mm
and infinity (specs in Table 3.4). The opto-mechanical assembly includes the dust cover, which

Table 3.4: MAHLI instrument characteristics [33].

Parameter Subject at working distances Subject at infinity
Depth of field 1mm —

FOV diagonal 34.0° 38.5°

FOV horizontal 26.8° 31.1°

FOV vertical 20.1° 23.3°
IFOV 402 prad 346 yrad
Focal ratio /9.8 /8.5
Effective Focal Length 18.4mm 21.4mm

when the instrument is not in use, protects the front optical element (the sapphire window) and
the LEDs from dust contamination. The same motor that used to focus, opens and closes the

dust cover. Additionally, it is a stepper motor with up to 16100 step positions:

17Pixel size: 7.4x7.4 um.

I8 A Bayer pattern is a chequerboard of colored pixels: in every 2-by-2 array of pixels, two corner pixels are
covered by green filters, one is covered by a red filter, and one by a blue filter. The CCD sensor that detects each
pixel in the image is covered by this grid of filters, so that the three colour components of the entire scene are
obtained in a single exposure, then the electronics merge the separate sets of colour pixels into a single colour
image.
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e From 0 to 1460: the lens is at its minimum working distance and the cover remains closed;

e Between 1460 and 4490: the lens moves focus over the entire range, from ~20.5 mm
working distance to infinity;

e ~5100: at this point, the cover begin to open;

e Between 12570 and 15600: the cover is fully open, the lens moves focus respectively

from infinity to the minimum working distances.

The empirical relationship between focus group stepper motor count and working distance is as
follows:

d=(af " +b+cf +df?*+ef?)”

in which d is the working distance, f are the focus motor counts and from « to e are empirical
number, specifically:

a = 0.576786;

b= —11.8479;

c=2.80153-1073;

d = —2.266488 - 1077;

e = 6.26666 - 10712,

In addition, MAHLLI has the ability to make videos thanks to the fact that its electronic design is
shared with Mastcam and MARDI, but it rarely uses this ability. Moreover, the Camera Head is
connected to the electronics through 12.7 m of cable harness and operates, between -40-40 °C,
using regulated 5 V and +15 V power provided by the DEA. In addition, the output signal from
the CCD is AC-coupled and amplified, then it is digitized to 12 bits at a maximum rate of
10 megapixels per second. Camera head functions are supervised by a Field-Programmable
Gate Array (FPGA), which generates the CCD clocks, according to commands from the DEA,
reads samples from the ADC (Analog-to-Digital Converter) and performs digital CDS'; finally
transmits the pixels to the DEA.

Digital Electronics Assembly (DEA) The MAHLI DEA is packaged with the MARDI and
Mastcam DEAs to save mass (Figure 3.21). The electronics are laid out on a single rectangular
PCB. The DEA is the interface between the Camera Head and the rover avionics. All data
interfaces use LVDS (Low-Voltage Differential Signaling) and each rover interface includes
two flow-controlled serial links (Figure 3.22):

e 2Mbit/s: from the rover to the DEA;

9Correlated Double Sampling
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Figure 3.21: DEA package for MAHLI, Mastcams and MARDI: each instrument is a separated
unit [33].

e 8 Mbit/s: from the DEA to the rover.
MAHLI interfaces includes two serial link as well:

e 2 Mbit/s: to transmits a command from the DEA to the MAHLI,

e 8/60/120 Mbit/s: to send an image data from the Camera Head to DEA on a selectable
rate 6-bit parallel link.

The DEA provides an image-processing pipeline (a chain of data-processing processes) that
includes 11-to-8-bit companding? of input pixels, horizontal sub-framing, and optionally lossy
or lossless predictive compression. The DEA memory subsystem consist of 128 MB of SDRAM
and 8 GB of non-volatile NAND flash memory. The SDRAM is typically used to store file
system information, but can also be used as a small image buffer too.

Calibration Target MAHLI’s calibration target is attached to the robotic arm shoulder azi-
muth actuator (Figure 3.19) and is mounted vertically on the rover, theoretically to prevent dust
accumulation and keep it relatively clean. The target consist of machined titanium to which are
affixed eight elements: three color sample (red, green, blue), two gray swatches and one fluores-
cent swatch that glows red (at a wavelength of 626 nm) when struck by the MAHLI ultraviolet
LEDs (at a wavelength of 365 nm). Machined elements include a stair-stepped target designed

to monitor camera focus and resolution performance over time.

20The dynamic range of a signal is compressed before transmission and is expanded to the original value on
reception.
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Figure 3.22: Schematic operation diagram of MAHLI electronics [33].
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Figure 3.23: Flight MAHLI calibration target [33].

57



Chapter 3 3.1. Instrument investigation

Using time MAHLI is regularly used to inspect the rover hardware: mainly the rover wheels,
because the mastcam can only partially see the right side wheels and the left side ones not at all.
In addition, it monitors dust accumulation on the REMS UV sensor, on the ChemCam windows

and has been used as a diagnostic tool for the condition of the REMS wind booms.

/ MAHLI - Power consumption \
MAHLI

Idling operating mode: 1.8 W;

Imaging power operating mode: 3.5W.

DEA (including Mastcams, MAHLI, and MARDI)

Idling operating mode: 6.4 W,

K Imaging power operating mode: 9.0 W. /

3.1.6 Mastcams: Mast Cameras

The primary objective of the Mastcam investigation is to acquire and use images of the en-
vironment in which the MSL rover operates in order to characterize and determine details of
the history and processes recorded in geologic material at the MSL landing site. The science
objectives of Mastcam investigation are:

e Observe landscape physiography and processes in order to provide a data of the topo-

graphy, geomorphology, and geologic environment of the landing site;

e Examine the properties of rocks and fines in order to determine texture, structure, morpho-
logy, stratigraphy, mineralogy, the processes that acted on these materials and individual
grains within them (including mechanical and physical properties) and finally, the results

of the interaction between the rover and Martian surface;

e Document atmospheric and meteorological events and processes in order to provide in-
formation on dust particle (size and composition), clouds, dust-raising events and depos-

ition of fines by observing parts of the sky using color filters;

e Support and facilitate rover operations, sample extraction and documentation in order to
ensure the overall scientific success of the mission, acquire images that help determine

the position of the Sun and the characteristics of the horizon;

e View frost, ice and related landforms in order to characterize them, (if present) and de-
termine its morphology, texture and thickness and observe changes over time.
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Figure 3.24: Mastcam on the MSL rover’s Remote Sensing Mast [34] [35].

Mastcam components

The Mastcam instrument consists of: two Camera Heads located on the mast, which have differ-
ent focal lengths and different science color filters (Figure 3.24); an electronic assembly (Figure
3.21) located inside the rover; a calibration target on the rover deck. Both Mastcams can acquire
panoramic, color and multispectral images, mainly they are able to acquire stereoscopic obser-
vations to create and enhance the illusion of depth. The Mastcam-34 has shorter focal length,
lower angular resolution, and wider FOV than the Mastcam-100, which has longer focal length,
higher angular resolution, and narrower FOV; more information on the two Mastcam are shown
in Table 3.5.

Table 3.5: Mastcam instrument characteristics [36].

Parameter Mastcam-34 mm Mastcam-100 mm
Stereo separation 24.64 cm

FOV diagonal 20.6° 7.0°

FOV horizontal 15.0° 5.1°

FOV vertical 15.0° 5.1°

IFOV 218 prad 74 urad
Focal ratio f/8 /10
Effective Focal Length 34.0 mm 99.9 mm
Focus range 0.5 m to infinity 1.6 m to infinity
Exposure range 0-838.8 s in 0.1 ms increments

5.9-7.7 fps (1280 % 720)

Video frame rate 3.9-4.7 fps for full frame
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Camera Head The 2-megapixel Mastcams head contain electronics, a detector, a filter wheel
assembly, a focus mechanism, and an aluminium sunshade that comprises nearly two thirds of
the length of the cameras; each head contains two stepper motors, one to drive the filter wheel
and one to drive the focus mechanism. The two Mastcams are angled inward by 2.5° (1.25°
each) in order to ensure that the small FOV of the Mastcam-100 is entirely contained within the
wider FOV of the Mastcam-34 for any subject located farther than 1.4 m away from the rover.
The optical axes cross at a distance 2.8 m from the cameras, at a point on the ground 2 m away
from the rover.

The optics for each Mastcam is an all-refractive focusable design:

e Mastcam-34 has six fixed elements and three in a single movable group. In addition, the
front has a protective sapphire window (Figure 3.25 above);

e Mastcam-100 has five fixed and three in a single movable group, also in this camera the
front has a protective sapphire window (Figure 3.25 below).

Mastcam-34
4sapph|re window &

==

— stationary group focus group

Mastcam-100
_Asapphlre window

stationary group focus group

Figure 3.25: Mastcam optics and ray-trace diagrams [35].

The Mastcams have the same detectors (Kodak KAI-2020CM CCD with 1640x 1200 pixels) as
MAHLI and MARDI and use the same focus mechanism as MAHLI. The sides and corners of
the images are partially occluded by the sunshade and are affected by vignetting effect, which
exists because the shapes of their openings were built before the descope of zoom capability,
initially Mastcam only planned to produce 1200 x 1200 pixel subframes. Most images taken for
science purposes crop the image to 13441200 pixels, operationally called a “full frame”
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Color imaging and Focus Like MAHLI and MARDI, each pixel of the Mastcams is also
covered with a red, green, or blue filter in a Bayer pattern and each Mastcam eye is equipped
with an 8-position filter wheel, because the Bayer color filters on the detectors attenuate infrared
wavelengths (Figure 3.26). Each eye’s filter wheel has, in turn, one filter with a neutral-density
(ND?!) coating, which enable the Mastcams to directly observe the Sun through a blue (right
eye) and infrared (left eye) filter (in Table 3.6 are shown the MSL Mastcam spectral filters and
bandpasses). Moreover, each Mastcam can be manually focused, that is the lens focus group
is commanded to move to a specified motor count position to acquire an image. The cameras
can also be commanded to use the same focus setting as the previous image. The empirical
relationship between focus group stepper motor count and distance to a target is as follows:

in which d is the distance between the camera and the focused target in meters; 7" is the

Mastcam-34: d = 363.64/ (2427.50 — f34)
Mastcam-100: d=3322.3/(3491.9 — 2.58 - T — fi00)

temperature of the camera in degrees Celsius; f34 and f1qo are the focus motor counts reported
by the Mastcam-34 and Mastcam-100 cameras, respectively [35].

Table 3.6: Mastcam spectral filters and bandpasses [8] [36].

Filter Mastcam-34 (L) Wavelength Mastcam-100 (R) Wavelength

Position + Bandwidth (nm) + Bandwidth (nm)
590 =+ 88 575490

0 640 =+ 44 638 & 44
554 + 38 551 £+ 39
495 + 37 493 4+ 38

1 52T £ 7 527+ 7

2 445 + 10 447 + 10

3 751 + 10 805 + 10

4 676 + 10 908 £+ 10

5 867 + 10 937 £+ 10

6 1012 £ 21 1013 £ 21

7 880 + 10 + ND5 442 4+ 10 + ND5

Calibration target The Mastcam calibration target is 8 cm? and has 7 regions useful for cal-
ibration, including 4 color chips at the corners and 3 grayscale rings around the black gnomon.
It is mounted on the rover deck at a distance of 1.2 meters from the cameras and has magnets

that allow the Martian dust to be attracted to them, keeping the centers less dusty than the rest

2IND filters are quantified by their optical density, so N D5 is the minimum for direct eye solar observation
without damage of retina.
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Commercial Digital Camera
On Earth — or Cell Phone Camera

Bayer RGB filter

Optics bonded to a CCD

(simplified)

On Mars

Filter
Wheel

Curiosity Mastcam Camera

M-34 color filters

Clear (nIR cutoff) Green (525 nm) Blue (440 nm) Red (675 nm)

niR-red (750 nm) nIR (865 nm) nIR (1035 nm) Solar (nd 800 nm)

Figure 3.26: The Mastcams use the same type of RGB filter with Bayer pattern as typical
commercial colour cameras, but in addition they have a specialised eight-position scientific
filter wheel (Table 3.6), which can be rotated to choose the wavelength at which the image is
to be reproduced [37]. Below is a series of images captured through each of the eight filters in
the Mastcam-34’s filter wheel. The images show how the camera can take exposures through a
variety of filters to build up a multispectral view. The first image was taken through a transparent
filter and those at the bottom appear grey because the Bayer colour array is essentially equally
sensitive to those wavelengths. The bottom right image is taken through a neutral density filter
that attenuates sunlight to one thousandth of its natural intensity, so it will appear dark except
when looking at the sun [38].
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of the calibration target (Figure 3.27). Due to the position of the target, it is impossible to image
it through both eyes of the Mastcam with a single pointing, in fact the mast head has to rotate
almost 360° in order to be able to correctly aim it with both cameras. Additionally, as men-
tioned in Table 3.5 the Mastcam-100 has a minimum focusing distance of 1.6 m, so its images
of the calibration target are not in focus, but this problem does not affect the calibration target

usefulness.
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Figure 3.27: Mastcam calibration target [8] [39].

4 )

Mastcam - Power consumption
Mastcam-34 mm

Idling operating mode: 1.8 W;
Imaging power operating mode: 3.5W.
Mastcam-100 mm

Idling operating mode: 1.8 W;
Imaging power operating mode: 3.5W. /

o

3.1.7 MARDI: Mars Descent Imager

The Mars Descent Imager (MARDI) purpose was to help identify the landing location site and
provide information about the larger geologic context surrounding the landing site. MARDI
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operated by taking 622 images between heat shield separation and touchdown, producing a 4-
fps video stream of high-resolution and continuing to acquire images until the rover landed.
The video data is stored in digital memory and after a safe landing is transferred to Earth.

During the cruise phase of the mission, MARDI was equipped with an 11.8-watt survival heater
(not sized for use on the Mars surface) to ensure that MARDI would remain within its Allowable
Flight Temperature between -40-40 °C. MARDI was not required to operate after landing,
so was never tested on Earth for survival through Mars temperature cycles, but even if the
MARDI components reach temperatures well below its tested AFT during the mission, both its

electronics and optics were built with the same design rules as Mastcam and MAHLI.

MARDI components The MARDI consists of 2 parts (Figure 3.28): a Camera Head, moun-
ted on the rover body and a Digital Electronics Assembly (DEA), housed inside the warm
electronics box of the rover, with the same design as MAHLI and Mastcam. The Camera Head
also uses a Kodak KAI-2020CM interline transfer CCD with 1600x 1200 photoactive pixels,
which have a size of 7.4 ym (square pixels). The sensor has RGB filtered micro-lenses arranged
in a Bayer pattern to provide an image color similar to that perceived by human eyes (twice
as much green as red and blue). In Figure 3.29 the MARDI optics and the ray-trace diagram.
Some MARDI characteristics are shown in Table 3.7. After landing, the images taken from an
altitude of 66 cm above the ground are slightly blurred (out of focus), because the ability of

MARDI to resolve the ground features is between 2 meters and infinity.

Figure 3.28: The flight MARDI Camera Head on the right and its position on the rover on the
left [39] [36].
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Table 3.7: MARDI instrument characteristics [35].

Parameter Description

FOV diagonal 90°

FOV horizontal 70°

FOV vertical 52°

IFOV 764 purad

Focal ratio /3.0

Effective Focal Length 9.7mm

Focus range 2m to infinity; ~1 mm resolution at surface
Band passes 399-675 nm with Bayer pattern filter

spectral filter

Figure 3.29: MARDI optics and ray-trace diagram [36].

MARDI - Power consumption
Idling operating mode: 1.8 W;
Imaging power operating mode: 3.5W.

3.1.8 RAD: Radiation Assessment Detector

The Radiation Assessment Detector (RAD) is a passive energetic particle detector, which allows
to characterize the full spectrum of the radiation environment at the surface of Mars, including
Galactic Cosmic Rays** (GCRs) and Solar Energetic Particles* (SEPs), which interact with
the atmosphere and penetrate into the soil producing secondary particles, such as v-rays and
neutrons.It was turned on during cruise phase toward Mars to measure radiation in the deep-

space environment, while continuing to function on the surface of Mars. These information

22Probably originate in supernovae: 85-90% are protons and the rest are helium nuclei while electrons and
heavy nuclei cover only 1%[8].

ZDuring big solar event, solar energetic particles can be found, on the surface of Mars, in greater percentage
than galactic cosmic rays, but only for short periods of time. In addition, Mars and the Earth are generally not
affected by the same solar particles, because they have different revolution periods and they typically see the Sun
from different directions.
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are essential to determine the radiation dose rate in order to plan human exploration and assess
the planet’s ability to sustain life. The RAD instrument is mounted just below the top deck

Figure 3.30: The top of the RAD sensor head visible on Curiosity’s body [40].

of the rover with the charged particle telescope pointed in the zenith direction (Figure 3.30)
and consists of the RAD Sensor Head (RSH) and the RAD Electronics Box (REB) integrated
together in a tiny and compact volume (Figure 3.31).
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Figure 3.31: Schematic diagram of the RAD detectors. On the left: cross section view of RAD
showing the sensor head channels above and electronic board layouts below. On the right:
possible colored paths show charged and neutral particles that the RAD can detect: green paths
are considered valid events, while red paths are rejected [41].

RAD Sensor Head (RSH) The RAD sensor head contains multiple silicon detectors arranged
vertically. The view cone is 65° wide, which size is not causal because it is essential to have a
broad view of observation and keep the mass and volume of the instrument as small as possible.
As shown in Figure 3.31, it consists of 3 Solid-state Silicon Detectors (SSD A, SSD B, and
SSD C) of different widths to make sure they detect the same group of particles, a thick Cesium
lodide Scintillator (Csl - D) and two Plastic Scintillators (one marked with the letter E and an-
other with the letter F that encloses D and E). High-energy and low-energy charged particles,
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respectively can penetrate the entire instrument or be partially blocked. Charged particles to
be detected and analysed must pass through the upper detector and register onto the lower de-
tector surface. For example, suppose a charged particle hits only detector A, or any other lower
detector without hitting the upper ones. In that case, it will be rejected from the analysis, so
for this reason, the role of the anti-coincidence shield (F) and the outer rings of SSD B and C
are essential; thus, if the particle triggers detectors D and E without entering the view cone is
discarded from analysis.

RAD can determine the mass, energy and charge of the registered particles, but if any of
these pass all the layers and deposit most of their energy in the detector, in this case RAD
can not determine the mass of these particles; the RAD energy coverage is shown in Figure
3.32. Moreover, neutral particles (y-rays) and neutrons?*, the viewing cone is not an entry re-
quirement, because RAD detects them as detected events in D and E, but not any of the others.
Finally, the high atomic mass of cesium iodide, which constitutes the detector D makes it effect-
ive at detecting y-rays, while the plastic in detector E makes it poorly performing at detecting

~-rays, but efficient at detecting neutrons.

ions (Li-0) B |0
ions (Mg-Fe) _________ESS
neutrons LR
electrons | NN
i I >
0.1 1 10 100 10° 104
Energy (MeV/n)
Fully Analyzed [] Partially Analyzed ] Minimally lonizing Particles

Figure 3.32: RAD energy coverage for both charged and neutral particles [41].

RAD Electronics Box The Front-End Electronics (FEE) consists of a charge-sensitive preamp-
lifier and a shaping amplifier, which changes the shape of the received signal so that it is dis-
played correctly. The electronics are designed to have very low noise and good stability through-
out the temperature range in which the instrument is exposed. Thus, the RAD Electronics Box

(REB) contains three circuit boards:

e RAD Analog Electronics Board (RAE): this board receives the seventeen analogue output
signals produced by RSH. In addition, the Voltage-Input Readout Electronics for Nuclear
Applications (VIRENA), which is a mixed-signal ASIC, provides, for each input channel,
one amplification (with 1x, 2x, 4x, 8x gains), two discrimination levels ("Slow Trigger"
branch and "Fast Trigger" branch referring to the relative timing of the two pulses), and

24Curiosity’s MMRTG generates a lot of y-rays and neutrons, although most of them are at low energies, so
RAD can detect these particles and reject them before they are analyzed.
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two flip-flops (elementary memory devices, used to store status information). Addition-
ally, it has a single multiplexed output for analogue signals, which is connected to an
analogue-to-digital converter (ADC) that is also located on the RAE board (Figure 3.33).
The signals from the A1, A2, B and C detectors are amplified by two independent shapers
in the RSH and each of the two outputs is further divided and amplified in the VIRENA,
so that there are four channels for each of these detectors. Fast triggers for individual
channels can be enabled or disabled, as can the corresponding slow trigger outputs, but
only enabled fast triggers (BU, DH, and EH?) are inspected by Level 1 (L1) and when
one or more fast triggers are triggered, Level 2 (L2) trigger processing is launched, which
looks for specific (configurable) combinations of slow triggers. The BU fast trigger en-
ables L2 triggers for charged particles and silicon dosimetry, while the DH and EH fast
triggers enable neutral particle detection and E dosimetry. Events are assigned a "hard-

ware priority" by L2, which influences downstream processing [41];

e RAD Digital Electronics Board (RDE): once the analogue signals coming out of VIRENA
have been digitised, they are analysed by the L2 firmware in real time. This analysis is
referred to as Level 3 (L3) and takes place in a virtual microprocessor instantiated in the
RDE FPGA. The L2 trigger assigns a hardware priority value (0 or 1) to each event and
only particle event data marked as high hardware priority is sent from L2 to L3 via a FIFO
(First Input First Output) buffer, and due to its limited space the same proportions of high
and low priority events are not digitised. In any case, the aim is to keep as many rare
events (in particular, heavy ions) as possible, even under high-speed conditions. At the
end of an acquisition period, all data are packed into an observation package and stored

until the rover retrieves them [41];

e RAD Sleep Electronics Board (RSE): the RAD is designed to make observations, with an
autonomously managed wake/sleep frequency, without the intervention of the RCE. This
function is implemented in the RSE Board. While RAD is sleeping?®, the RSE monitors
the line receiving RAD’s commands for activity (these can be orders sent by the RCE or
noise on the line). RAD wakes up from sleep when two events occur (internal sleep timer
expired or receipt of a command) and begins the boot process, only when the RSE applies
power to the rest of the instrument. The RSE provides information to the software indic-
ating if the wake-up is due to a command or due to the expiration of the sleep timer, then
the software through this information decides whether RAD should start an observation,
wait for further commands, or go back to sleep, if no other command is received within

the next 60 s (thus avoiding confusing a random line noise with a command).

ZThere are VIRENA outputs for low gain (L), medium, gain (M), high gain (H), and ultra-high gain (U) [41].
26The sleep circuit is always on, drawing a small current of about 2mA.

68



Chapter 3 3.1. Instrument investigation

FEE | Mixed RTAX 2000 | RS422
L > Mode o FPGAW/
ASIC < <«<—>( 8051 Core
Bl Control RSE
= _)( ) FPGA (Level 3

Data
Processing)

(Level 1 &2
Data
Processing)

&5
@

Csl-D + Photodiodes |7ADC NngM v
BC432M-E +
AC Shield-F +

Photodiodes

Figure 3.33: Block diagram of the RAD Electronics Box (REB) [41].

Electronics and usage time RAD works independently of the rover’s other activities. During
the mission RAD takes observations once per hour for 16 min followed by 44 min of sleep
time. During its sleep period, RAD gathers and stores all observations in a single packet even
if the rover’s main computer is asleep. RAD transfers all the data to the main computer which
sends them to Earth, via telemetry, thanks to the UHF communication. Moreover, each time
RAD wakes up, it performs a 10-second "pre-observation" measurement and if it detects high
particle flux, it changes automatically mode and makes more frequent observation. RAD can
accumulate about 400 kB of data in an ordinary sol*’ and it has 16 MB of a Non-volatile random-
access memory (NVRAM), which is a random-access memory that retains data without applied

power for data storage.

RAD - Power consumption
Idling operating mode: 0.1 W;
Normal power operating mode: 4.2 W.

3.1.9 DAN: Dynamic Albedo of Neutrons

The Dynamic Albedo of Neutrons (DAN) is an active/passive neutron spectrometer that meas-
ures the presence and abundance of subsurface hydrogen in a shallow depth (up to a meter) of
Mars’ subsurface underneath Curiosity’s traverse. The science objectives of the DAN instru-

ment are:

1. Detect and provide a quantitative estimate of hydrogen underground for the entire mission

duration;

27 A solar day on Mars: approximately lasts 24 hours, 39 minutes, 35 seconds.
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2. Examine and model the upper part (up to half a meter) of the subsurface and determine
the possible layering structure of hydrogen-bearing materials in the subsurface;

3. Track the abundance of minerals that have water molecules in their crystal structures and
monitor the variability of neutron radiation during the mission by periodic analysis.

The analysis of neutron data from planetary bodies (such as Mars in this case) is extremely
important, because it provides useful information on the global distribution of hydrogen and
highly absorbent elements in the subsurface. The passive neutron measurements onboard could
be due to two different sources: the nuclear cascades in the subsurface due to GCRs and irra-
diation by the MMRTG, because due to the decay of ***Pu also the MMRTG produces a flux
of neutrons over a wide energy range (from thermal neutrons to fast neutrons), which takes
part in the diffusion and moderation process in the subsurface colliding with atoms in the rocks
and soils surrounding the rover (Figure 3.34). The impact can excite atomic nuclei resulting

‘ thermal
\ and epithermal
\ neutrons cosmic ray

fast
neutron

5 natufai 3

- radioactivity

R

Figure 3.34: Various sources of nuclear radiation from a planetary surface [8].

in a release of nuclear particles and neutrons as they return to their ground states; in addition,
neutrons lose kinetic energy with each collision, but they also can escape before experiencing
enough collisions without losing too much energy (Table 3.8). Hence, the presence of hydro-
gen in soil drastically reduces the kinetic energy of neutrons resulting in the emission from the
surface of more thermal neutrons than epithermal and fast neutrons, this means that the soil is
rich in hydrogen.

The DAN science instrument has two separate units: Pulsing Neutron Generator (DAN/PNG)

and Detectors and Electronics (DAN/DE), which are installed on the rear corners of the rover.
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Table 3.8: Classification of free neutrons according to kinetic energies [42].

Neutron energy Energy Range
Cold neutrons 0—0.025¢eV
Thermal neutrons 0.025 eV
Epithermal neutrons 0.025-0.4 ¢V
Slow neutrons 1—-10 eV
Intermediate neutrons 300 eV—1 MeV
Fast neutrons 1-20 MeV

DAN/PNG: DAN Pulsing Neutron Generator The DAN/PNG is a small nuclear fusion re-
actor capable of producing a-particles with an energy of 3.5 MeV and neutrons with an energy
of 14.1 MeV according to the classical nuclear fusion reaction:

’H+°H — “He +n

This reaction takes place if the relative kinetic energy of deuterium, ’H, and tritium,’H, is about
100 keV to overcome the Coulomb barrier?® and it occurs inside a vacuum tube, which accel-
erates the deuterium ions, produced by the ion source, thanks to an electric potential difference
of 120 keV. The operating temperature covers the range —40 to 50 °C, while the survival tem-
perature —55 to 75 °C.

DAN/DE: DAN Detectors and Electronics DAN/DE unit has two counters filled with *He
at a pressure of 300 kPa, which differ in their shielding: one is enclosed in a lead shield, and
the other in a cadmium shield. One counter is used as a Counter of Epithermal Neutrons (CEN)
and it is covered by an cadmium enclosure, which is a strong absorber of X-rays and neutrons
below the energy of 0.4 eV; the other counter is used as a Counter of Thermal and Epithermal
Neutrons (CTEN) and it is covered by a lead enclosure which does not absorb neutrons, but only
X-rays. Hence, subtracting the counts of the CEN detector from those of the CTEN detector
will yield a count of thermal neutrons.

Moreover, the detection reaction is a capture of a neutron by the nuclei of helium-3 followed by

the production of a proton and a triton? per each detected neutron:
n+°He — p+T*

The operating temperature covers the range —40 to 50 °C, while the survival temperature —55
to 70 °C.

21t is the energy barrier, due to electrostatic interaction, that two nuclei must overcome in order to get close
enough to undergo a nuclear reaction.
2The cationic form of the tritium isotope.
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Usagetime DAN can perform passive neutron detection continuously, without using DAN/PNG,
but can also operate in an active mode generating 13.4 million (~ 107) neutrons with each pulse,
lasting 2—3 microseconds. Additionally, the pulsing frequency is between 1 Hz (single pulse
per second) to 10 Hz. Experiments with the DAN instrument are limited by two factors: the
DAN/PNG has a warranted lifetime of 10 million pulses, so the MSL rover can expect to per-
form approximately 1000 typical active observations over its lifetime; moreover the DAN/PNG
has a clock time limit of approximately 3 years after launch, because the helium generated by

the pulses and the tritium target decay ruin the vacuum inside the ion accelerator.

/DAN - Power consumption \
DAN/PNG

Idling operating mode: 0.1 W;

Power in enabling mode (ready to pulse): 1.4 W;

Power in pulsing mode: 13 W,

DAN/DE
Power at standby mode: 2.8 W (22V) — 3.5 W (36 V);
\Power in passive mode: 3.7TW (22V) — 4.5W (36 V); )

3.1.10 REMS: Rover Environmental Monitoring Station

REMS is a science instrument that measures and monitors six atmospheric parameters: wind
speed and direction, atmospheric pressure, relative humidity, air and ground temperature and
UV radiation. The measurements provide usable information for studies of atmospheric pro-

cesses, so the main scientific objectives concern the study of:

1. Microscale dynamics weather systems (e.g. boundary layer turbulence and heat fluxes);

2. Mesoscale phenomena near the surface that include motions larger than those that occur

within BL turbulence but smaller than the synoptic scale motions (e.g. fronts, jets);

3. Synoptic meteorology that include local hydrological cycle, thermal tides, mean large-
scale circulations, dust storms and low-pressure weather systems (e.g. spatial and tem-

poral variability, diffusive transport from regolith);

4. UV radiation environment: destructive potential of UV radiation, dust UV optical prop-
erties and oxidant production;

5. Local water vapor and dust cycles: subsurface habitability based on ground-atmosphere

interaction.
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REMS consists of four units: two booms (Boom 1 and Boom 2) attached to the rover
Remote Sensing Mast (RSM), the Ultraviolet Sensor (UVS) mounted on the rover top deck,
and the electronics box, Instrument Control Unit (ICU), located inside the rover body (Figure
3.35).

ground temperature sensor
humidity
sensor

air temp
sensor

ultraviolet sensor ’

[Aﬂ

instrument control unit

Figure 3.35: REMS components: the electronics box contains a pressure sensor. Both Boom
1 and Boom 2 have Wind and Air Temperature Sensors, however while Boom 1 has a Ground
Temperature Sensor, Boom 2 has a Humidity Sensor; in the Ultraviolet Sensor the labels identify
the different photodiodes [8].

Instrument Control Unit The Instrument Control Unit (ICU) performs multiple functions:

e Provides the interface with the rover in terms of data, telemetry and power;

e Powers the Sensor Front-End (SFE) electronics to receive the digital data to be managed
and analyzed;

e Processes data from the pressure, humidity and ultraviolet sensor, because they are not
connected to the SFE.

The Sensor Front-End (SFE) ASIC?, in turn, provides the sensor electronic interface for the
air temperature, wind and ground sensor (Figure 3.36), so it receives all the low level analogue

30 Application-Specific Integrated Circuit.
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signals generated on the sensors and converts them into digital signals ready to be transmitted
to the ICU where can be processed and stored.

The ICU also monitors the operating temperature range of each ASICS SFE through a heater
and a thermistor: the heater is powered on when thermistor readings are lower than —55 °C and
the ASIC is powered on when its temperature is higher than —70 °C, becoming functional from
—52°C.

BOOM 1

Rover Electrical Interfaces

I Sensors F-E
ASIC

CPU

BOOM 2

Analog

Pressure
Sensor

Sensors F-E
ASIC

— e R

Figure 3.36: REMS block diagram: both booms include their associated SFE ASICS electron-
ics. In Boom 1, the ASIC electronic manage the WS, GTS and ATS signals, while in Boom
2 it is only responsible for the WS signal, because the HS is connected directly to the ICU.
Moreover, ASIC-ICU communication are digital to minimize external noise effects [43].

Booms The booms are approximately 1.5 m above ground level. Boom length is similar to
the RSM diameter and they are fixed on a part of the mast that does not rotate, so they cannot
change orientation. The two booms are separated in azimuth by 120° to make sure that at least

one would always experience wind and records clean data for any given wind direction.

Wind Sensor The Wind Sensors (WS) are based on hot film anemometry and they are com-
posed of three measuring points around each Boom, which are based, in turn, on tiny titanium
resistors that to keep them at a constant temperature it is essential to supply a certain amount
of power, then an algorithm combines the data from all the six recording points to determine
the true wind speed and direction. The booms are located in different position for two reasons:
resistors strongly depends on the temperature of the instrument, so it is better to have them

separated from the hot rover; it would be more convenient not to obstruct the wind flow.
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Air Temperature Sensor The Air Temperature Sensors (ATS) are mounted on both boom:s,
attached to the lower edge of the SFE ASIC housing, protruding in the direction of the boom
front-end and consist of small rods manufactured with low thermal conductivity material with
two thermistors: one at the tip to measure the ambient temperature and one at the middle to
avoid data contamination due to the rod heating produced by the boom heating itself. The ATS
is capable to measure the air temperature near the booms over the range of 150-300 K with a
resolution of 0.1 K and an accuracy of 5K [43], with the Wind Sensor switched off, but the
electronic circuits located at the base of each boom, must be kept above —70 °C and when a

sensor detects that the temperature falls below, it turns on its heater.

Ground Temperature Sensor The Ground Temperature Sensor (GTS) uses three thermo-
piles to record the infrared (IR) brightness temperature of the Martian surface. The GTS is
located on Boom 1 and it is connected to the Sensor Front-End electronics (Figure 3.36). The
thermopiles look downwards, pointing at the ground to the right of the rover and covering an
area of about 100 m. The sensor includes an active self-calibration system to compensate po-
tential degradation during the mission (e.g. dust amassing on the sensor). The GTS is capable
to record the ground brightness temperature over the range of 150-300 K with a resolution of

2 K, by averaging 1 minute reading, and an accuracy of 10 K.

Humidity Sensor The Humidity Sensor (HS) consist of a polymer film whose electrical prop-
erties change as temperature and humidity change. The polymer film constantly responds to
changes in the environment, but humidity can only be read when the sensor is powered, this
implies a warming up of the sensor itself, which compromises the humidity measurements: the
most accurate are the ones made immediately after it has been powered on.

The Humidity sensor is calibrated to measure from O to 100% RH and can survive even if
the ambient temperature is —135 °C, but below —70 °C the dynamic range becomes too small
for practical humidity observations. Typical sensor accuracy is 2% RH at 0 °C, +4% RH at
—40°C, 8% RH at —70 °C. Mars has little water in its air, but at night the temperature drops
low enough that relative humidity can reach as high as 70%

UV Sensor The Ultraviolet Sensor (UVS) is located on the rover’s deck, has six photodiodes
(Figure 3.35) and UVS sensor signals are transmitted directly to the ICU (Figure 3.36). Due
to its location and direction, the upward-pointed light sensor is exposed to dust deposition and
design constraints ruled out any active protection system. Nevertheless, to mitigate the dust
degradation effect, each photodiode is surrounded by a ring-shaped magnet that creates a mag-
netic field that deflects Martian dust and prevents it from falling in its center. In addition, the
sensor are covered about 10% of the time by shadows (mostly from the rover mast), then these

collected data are simply removed from the dataset. The resolution of the sensor is 0.5% and
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the accuracy better than 5% of the maximum measurable irradiance.

After calibration the measurement range is:

e UVA: 320-380 nm;

UVB: 280-320 nm;

UVC: 200-280 nm;

UVD: 230-290 nm;

UVE: 300-350 nm;

e Total Dose (UVABC): 200-380 nm.

The spectral response’! of the REMS UV photodiodes is shown in Figure 3.37.
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Figure 3.37: Spectral response of the REMS UV photodiodes [44].

Pressure Sensor The Pressure Sensor (PS) is located inside the REMS electronics box (Fig-
ure 3.36) and it is calibrated for Martian pressure range of 4—12 hPa and operational temperat-
ure over the range —45-55 °C. The sensor has two transducers, one highly stable and the other

highly reactive to pressure changes, both of which record useful measurements for this reason

310n the ordinate axis it is represented the spectral responsivity, which is the ratio of the generated photocurrent
to incident light power, expressed in A/W, when the photodiode is used in photoconductive mode.
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they can be used in turn, thus providing some redundancy and improved reliability.

Its measurement range goes from 1-1150 Pa with an end-of-life accuracy of 20 Pa, a resolu-
tion of 0.5 Pa and a response time of the overall pressure measurement system of 1 second. In
addition, the measurements of the last few minutes are taken into account, because the sensor

provide better readings after warming up.

Usage time REMS performs regular observations for approximately 5 minutes of every hour,
all the time, gathering data at a sampling rate of (1 Hz) or better, depending on the objective.
The sensors become operational each hour and after monitoring and storing data, they go into
standby mode regardless of the rover’s operations. REMS operation is designed assuming a
total of three hours of operation (limited by power availability) each day, two hours for 5-minute
hourly observations, and the third hour can be pre-scheduled and programmed as a continuous
block. Another option implemented in the REMS flight software is a simple algorithm which
provides the opportunity of managing some of the regular observations autonomously when an

atmospheric event is detected.

(REMS - Power consumption \
Stand by: 402 mW;

Start-up idle: 4620 mW;

ASIC heating: 8744 mW;

Humidity regeneration: 5479 mW,

GTS calibration: 5174 mW;

Data download: 4760 mW,

All sensors measuring (without ASIC heating): 5432 mW;

\All sensors measuring (with ASIC heating): 10 082 mW. )

3.2 Telecommunications

The MSL rover receives commands directly from Earth and returns most of its data through
relay orbiters (MRO, Odyssey and MEX??). One of the primary limitations of deep-space mis-
sion is the telecommunications bandwidth: Curiosity is capable of sending only 500 Mbit data
per sol, because the data volumes transmitted depend on many factors (orbiter range and el-
evation and pass duration). The rover usually receives the daily commands sequence directly

from Earth via an X-band transmission between a Deep Space Network dish and the high-gain

¥MEX, used only in the EDL Sequence, does not receive any data, but records the presence of MSL’'s UHF
Stream as a function of time, indicating up to which point UHF is available, meaning the rover is operational. If
the stream will be present up to the surface, MEX will register that and provide time-stamped data to confirm that
the Rover is on Martian soil; MEX can register also if the UHF stream be interrupted before landing.
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antenna (Figure 3.38) and overnight typically wakes up from sleep to return more data. Earth

It Return Link
X—ham;]l__.-':_;_,.--"’ MRO —— 100 Mbits/day (optional)
- -t
- = !‘. ) i i
'-__.d:-.‘__a- Yoba band 250 Mbits/day (prime)
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DSN ""—\‘ X-band UHF
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""-u..__.' DTE: low rate, contingency only
MRO/ODY Rk DI —
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Figure 3.38: Schematic diagram of MSL communication operations [45].

is able to receive faint signals from distant spacecraft thanks to the giant radio antennas of
NASA’s Deep Space Network (DSN), which is one of the largest and most sophisticated tele-
communications network with a ground system to transmit to and receive data from the space-
craft (Figure 3.39). The DSN currently includes ground stations, positioned approximately 120°
of longitude®® apart from each other, called Deep Space Stations (DSS), at three Deep Space
Communications Complexes (DSCC) around the world:

e CDSCC near Canberra, Australia;
e MDSCC near Madrid, Spain (Figure 3.39);

e GDSCC at Goldstone in the California desert.

Each site includes several 34-m individual stations, referring to the diameter of the antenna in
meters, and one 70-m station. In addition, individual stations at a site may be arrayed together
to provide more downlink margin (currently being tested for the uplink).

3.2.1 MSL Antennas

The surface telecommunications system uses three antennas: two for X-Band DTE/DFE (Direct
to/from Earth) to communicate directly with Earth, and a UHF antenna for communicating
with a relay orbiter (Figure 3.40). Curiosity has two X-band antennas: the Low-Gain Antenna
(LGA), mainly used for DFE; the High-Gain Antenna (HGA), used for either DTE or DFE.

31n this way at least one station can receive a spacecraft at any time.
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3 °
Goldstone, Madrid,
California Spain

Canberra,
Australia

California Australia
View View

A

Figure 3.39: Locations of the Deep Space Network stations on the left and the Madrid Deep
Space Communications Complex (MDSCC) on the right [46] [47].

In addition, X-band communications happen through one of two redundant Rover Small Deep
Space Transponders (RSDST). Having multiple antennas is essential, because it provides back-

up options in case they are needed.

Figure 3.40: Curiosity’s telecommunications hardware [8].

The X-Band High-Gain Antenna The High-Gain Antenna (HGA) is hexagonal shaped with
a diameter of 0.28 m and can be steered in both azimuth and elevation, in this way the entire

rover does not necessarily have to change positions to communicate data, but the antenna can
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Figure 3.41: High-Gain Antenna located on top of the rover deck [39] [48].

move to point itself directly to any Earth station (Figure 3.41). Curiosity uses its HGA to
receive commands and transmit telemetry to Earth, but it has to be aimed properly and it sits
on a 2-DOF gimbal, with 5° system pointing accuracy>, limited in part by the accuracy of the
rover’s knowledge of its own orientation. The basic telecommunication requirement for surface
operations on the HGA is to provide a downlink at least of 160 bit/s to a 34-meter DSN antenna
or 800 bit/s to a 70-meter one. Running in the other direction, the HGA can receive uplinked
commands at a rate of 1-2kbit/s. A typical daily uplink of command load takes approximately
15 minutes for a total volume of 225 kbit. The characteristics of the HGA are shown in Table
3.9.

Table 3.9: Curiosity HGA characteristics [45].

Parameter Value Conditions

Dimensions 25.5%x29.4 cm

Transmit Gain (dBi) 25.5 0° off bore-sight
24.1 2° off bore-sight
204 5° off bore-sight

Receive gain (dBi) 20.2 0° off bore-sight
19.7 2° off bore-sight
17.3 5° off bore-sight

Loss in gimblas (dB) 1.2

Polarization RHCP

Transmit axial ratio (dB) 3.0 Within 5° from bore-sight

Receive axial ratio (dB) 2.4 Within 5° from bore-sight

Frequency range (GHz) 8.395—8.455 X-band

The X-band Low-Gain Antenna Curiosity uses its omni-directional Low-Gain Antenna mainly

for receiving signals and information in every direction. The antenna transmits radio waves at

3Relative to the peak gain at bore-sight, the downlink gain is about 4 dB lower and the uplink gain about 3 dB
lower.
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a low rate to the Deep Space Network antennas on Earth. Since landing, it is used every rover
morning in the gap between the end of one master sequence and the start of the next, so at
the start of the new master sequence, the rover sends a "beep" from its LGA; ground stations
receive the acoustic signal, indicating that with the new sequence the operations are proceeding
as expected. Apart from this, LGA, which does not require pointing, is also used when the rover
is in safe mode, so command uplink will initially be done via DFE-only® (Figure 3.38) pass
until HGA X-band communication becomes available as rover attitude information improves:
one of the first actions in a safe mode recovery is to command the correct pointing to the HGA

in order to increase the data transmission rate.

Figure 3.42: 3D model of the Low-Gain Antenna and its position on the rover equipment deck
[39] [48].

Ultra-High Frequency Antenna The single UHF quad-helix antenna is connected to re-
dundant Electra-Lite Transceivers (ELT?®), based on the MRO Electra transceiver. ELT is less
massive and consumes less power than orbiting ones, although the Odyssey and MEX radios
are not Electras and do not have the adaptive data rate capability. However, the primary relay
communications is via MRO, with two passes per sol to return scientific data from the surface
and unless there is enough power to support UHF operations with Odyssey during the sun,
communications could also be scheduled through Odyssey to return additional data or when
MRO is not available. Using orbiters to relay messages is beneficial both because of their prox-
imity to the rover compared to the DSN antennas on Earth and because the Earth is within
their FOV for much longer time periods than the rover does on the ground. As defined by the
Consultative Committee for Space Data Systems Proximity-1 (CCSDS?7), standard-26, three
frequency channels are available: When Earth visibility is limited, the UHF system can also
be used to receive commands and the UHF link can operate on one of three frequencies (Table
3.10), but in practice Curiosity almost exclusively uses 401.585 625 MHz [49]. The MRO pass

3DFE-only because the expected downlink capability via the LGA is very low, but uplink capability exists up to
125 bit /s via a 70-m station; during these initial surface operations, downlink will be done at UHF at much higher
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Table 3.10: Mars Reconnaissance Orbiter return link frequency.

Channel Frequency
0 401.585 625 MHz
1 404.4 MHz
2 397.5 MHz

pattern repeats every 17 sols and provides anywhere about 30—60 Mbit per pass, approximately
100-1150 Mbit per sol. The expected average performance per sol is well above the 250 Mbit
(Figure 3.38) requirement total for the two passes.

Figure 3.43: Low mass quadrifilar helix antenna, from left to right: UHF antenna located on the
rover equipment deck, the schematic model and the real size of the built antenna [39] [45] [50].

~

Antennas - Power consumption [45]

X-band RSDST

RX: 11.3W;

RX + Non-Coherent TX (TLM Only: SAFE-MODE): 14.8 W;
RX + Coherent TX (TLM Only: CRUISE-MODE): 14.2'W.
X-band SSPA

Exciter OFF (no RF drive): 45.1 W,

Exciter ON: 62.9 W.

UHF-band - ELT

Stand by mode: 21 W,

Transmitting mode: 69 W.

. J

data rates [45].

3 A telecommunications package that acts as a communications relay and navigation aid for Mars spacecraft
and rovers.

37Link Protocol.
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3.3 Engineering cameras

The engineering cameras are primarily designed to support operational activities of the
MSL rover on the Martian surface, their images provide the first views from the landing and
are used to autonomously detect, monitor and avoid hazards, to support rover navigation, its
localization and positioning of the robotic arm. During a rover traverse, onboard engineering
camera images will be used to assess the viability of the near-field terrain surrounding the

rover. Additionally, the Navcams and Hazcams have identical detectors: each one is a frame-

Table 3.11: Engineering Camera optical properties [51].

Parameter Navcam Hazcam
Operating temperature —55°Cto +55°C

Pixel scale at the center of the FOV 0.82 mrad /pixel 2.1 mrad/pixel
Effective Focal Length 14.67 mm 5.58 mm

Focal ratio /12 /15

FOV horizontal 45.0° 124.0°

FOV vertical 45.0° 124.0°

Focus range 0.5m to infinity 0.10 m to infinity
Entrance Pupil Diameter 1.25 mm 0.37 mm
Hyperfocal Distance 1.0m 0.5m

Spectral range 600-800 nm 600-800 nm

transfer device with a 12.3x12.3 mm imaging region containing 1024 pixels and each one is
12 ym square. It has 3 readout mode: full-frame mode, in which the readout time is 5.4s; 4x 1
binned mode, in which the readout time is 1.4 s; windowed mode with a variable readout time

(proportional to the window size) of less than 5.4 s. For more information see the Table 3.11.

Table 3.12: MSL Engineering Camera configuration [51].

Property Navcam Front Hazcam Rear Hazcam

Stereo baseline 42.4cm 16.7cm 10 cm

Stereo co-alignment < 1° < 2° < 2°

difference

Bore-sight Pointing Azimgth: 0° — 360° 45° l?elow . 45° l?elow ‘
Elevation: —87° — 91° nominal horizon nominal horizon

Height above Mar- 1.9m 0.68 m 0.78m

tian Surface

Rover Compute Element (RCE) The MSL imaging flight software runs on the RCE, which
consist of two functionally identical RCE A and RCE B, each connected to a dedicated set of 6
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engineering cameras (2 Navcams and 4 Hazcams), for a total of 12 cameras. A single RCE can
only interact with the six cameras connected to it, so if the rover wants to acquire images from
the other six cameras, it has to switch to the other RCE, this is because the engineering cameras
are not cross-strapped between the RCEs. During surface operations, one powered RCE works
as the primary computer while the other unpowered RCE works as a backup unit. Switching
from one RCE to the other is only performed if necessary and this rarely occurs during the
surface mission. Also, since the commands are identical for both RCEs, the same command

sequences can be executed on both RCEs.

Navcams The MSL rover has two pairs of black-and-white Navigation Cameras (Navcams)
mounted on the mast, in a fixed position, to support ground navigation (Figure 3.44); these cam-
eras use visible light to capture panoramic and stereoscopic three-dimensional imagery. Each
camera has a 45° field of view and they work in cooperation with the hazard avoidance cameras
(Hazcams) by providing a complementary view of the terrain. The Navcams sit approximately
1.9 m (exact value depends on elevation of RSM head) above the nominal Martian surface when
the rover is level and they are pointed out towards the horizon, but their precise elevation de-
pends upon the tilt of the mast head. They are spaced 42.4 cm from each other, which allows
them to provide depth perception up to a distance of 100 meters. A Navcam shoots 8 images at
intervals of about 13 s, observing for a total of 91s. The images are downsampled by a factor

of two, producing 512-pixel-square images.

Hazcams The MSL rover has four pair of black-and-white Hazcams mounted on the lower
portion of the front and rear of the rover (Figure 3.44); they can be used to capture a three-
dimensional detailed stereo map of the immediate surroundings. The fish-eye Hazcams provide
the rover with situational awareness of the surface both in the front and rear of the rover and
in between the wheels, mainly in areas not visible to the Navcams. As they are fixed (can not
move independently), they have a wide FOV (Table 3.11) to allow a large amount of terrain
to be visible and to protect the rover from accidental impacts against unexpected obstacles and
work in parallel with the software that allows the rover to make its own safety choices. More
information about Engineering Camera configuration are shown in Table 3.12.

Engineering cameras - Power consumption
Navcams - Front and Rear Hazcams
Normal operating mode: 2.15W.
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Navcams

Q RCE-A (2) (top)
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Figure 3.44: In the blue box: positions of Navcam and Front Hazcam Cameras (L and R denotes
left and right). The front Hazcams are mounted near the middle of the front of the rover with
A-side and B-side cameras interleaved, each offset from the next by 8.2 cm, giving a stereo
separation of 16.7 cm (Table 3.12) for each pair. In the green box: position of the Rear Hazcam.
In the red box: allowable elevation manoeuvring range for the RSM head and positive/negative

direction of azimuth and elevation. The last image below represents the normalized spectral
responsivity of Navcam and Hazcam Cameras [51].
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4. Electrical energy storage subsystem

Taking into account what was said about the operation of the batteries in Chapter 1, in the wake
of that chapter an electrical design of the batteries (number of cells in series and in parallel)
on board the Curiosity rover will be carried out, considering the worst-case scenario of use.
Curiosity remains active on average about 6 hours every Martian day to perform the scheduled
activities and as seen in Chapter 2, the MMRTG can only provide 110 W of power, so the rover
is completely dependent on its batteries, spending most of its time in minimum power conditions
and recharging. The power absorbed by each component of the rover (seen in Chapter3 above),
enables a qualitative and quantitative electrical drawing of the on-board battery pack, allowing

the right conclusions to be drawn as to why a specific battery was used rather than another.

4.1 General design procedure

The general procedure followed will be that shown in figure 2, repeated for each distinct
type of electrochemical cell in order to choose the most suitable one for the mission, by means
of a few factors:

1. Ease of construction: comparison between the number of cells in series and parallel, the

fewer, the easier to assemble;

2. Battery capacity: total capacity of the battery, the lower the better for the same amount of
energy supplied;

3. String current: the lower this value, the better, because as the string current increases, the

cross-sectional area of the cables increases, which increases in mass;

4. Volume: depends on the volume provided for the battery pack, it is a decisive factor in

the choice of the electrochemical cell, so it is better to have as low a value as possible;
5. Mass: a higher mass results in a non-negligible increase in costs;

6. Bus margin: it is advantageous to have the tightest possible adjustment margins, in order
to avoid going below the minimum bus voltage, and for this reason it is advisable not to
go beyond 60% Depth of Discharge (DoD");

'Defined as the ratio of discharge capacity (Cy) to electrochemical cell capacity and is an alternative method
of indicating the state of charge (SoC) of a battery (i.e. the capacity removed from a fully charged battery).
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7. Internal losses due to Joule heating: these must be limited so as not to lose useful energy

in heat and must always be below 3% of the power required by the subsystems.

Mission requirements To successfully complete the mission, the battery must meet a number

of requirements and perform certain functions, including [52]:

1. Must not have a drop in performance in the 6—12 months of storage before use;

2. Provide 920 Wh with a voltage greater than 25V and a maximum discharge current of

22 A during the launch phase;

3. Withstand the cruise phase (approximately 9 months, from 26-11-2011 to 6-8-2012) with

a maximum DoD of 30—50% in a temperature range of —20—-40 °C;

4. Support pulses of 30 A, with battery at 100% SoC, for possible "turn to entry" manoeuvres

during the cruise phase;

5. Support short duration 25 A pulses during the last phase before landing: the final sequence
of EDL events;

6. Support the mission during surface life for at least 670 sols of operation.

Operational requirements The operational requirements of the battery on the Mars surface
include the capability of:

e Being charged and discharged over a wide temperature range (—20-30 °C), while being

qualified to survive in a range of —30-40 °C;
e Operating for more than 2000 cycles, in which the DoD shall not exceed 45%;

e Working at a voltage higher than 25 V.

4.2 Definition of worst-case condition

In choosing the worst case, the activities carried out in the various sols are analysed. In
Table 4.1 are shown all the power consumptions of the various instruments onboard the MSL
rover. It should be emphasised that the most power-demanding activities are carried out in
several sols and never at the same time, so as to distribute the power demand, allowing the size
of the battery to be greatly reduced. Analysing the rover’s activity in 3078 sols, it can be seen
that the most alarming couplings for the battery are those shown in Figure 4.2. In the case of a

CheMin analysis, the most stringent condition is considered (i.e. providing good quality results
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Figure 4.1: Procedure for choosing the right electrochemical cell [53].
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Figure 4.2: Pairings more power-demanding on the basis of which the battery is sized.
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Table 4.1: Summary scheme of the power consumption of the various MSL rover instruments.
The usage time of the mobility system is calculated knowing that in 1648 sols the rover has
covered a maximum distance of 142 m [8] (the maximum covered by Curiosity in a single sol)
at an average speed of 4.2 cm/s [19].

Power (W) Usage time (hours)

Science Instruments

SAM 990 4—6
CheMin 719W h 2—3
ChemCam 64.7 + 13.5 (TEC) 2—-3
APXS 8 2—-3
MAHLI 3.5 —
Mastcams 2x3.5 —
MARDI 3.5 —
RAD 4.2 6.4
DAN/PNG 13 —
DAN/DE 4.5 —
REMS 10 2
Telecommunications

X-band - RSDST 14.8 —
X-band - SSPA 62.9 —
UHF-band - ELT 69 —
Engineering cameras

Navcams 4 x 2.15 —
Hazcams 8 x 2.15 —
Driving

Mobility system 500 0.939 (56.349 min)
Sleep/Wake

Asleep 45 — 70 —
Awake 150 —
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in 2 hours). For the SAM preconditioning, a minimum power consumption of 25 W is assumed
and in addition, it is supposed that the instruments inside the green box are always active (even
during an analysis in progress) and contribute to the increase in power demand.

The maximum power consumption during a SAM analysis is 990 W (maximum peak power),
so this is a typical worst case utilisation of power, data and experiment duration resources. For
this reason, the power load of a SAM analysis is used to size the batteries and cables that feed

the various subsystems.

4.2.1 SAM analysis: power-demand

In order to size the batteries, then calculate the number of cells in series and in parallel, it is
necessary to provide an average power value over the time in which this power is absorbed.
To do this it is necessary to examine the curves in Figure 3.8 which can be approximated by
those in Figure 4.3 (through the use of MATLAB® software), which represent the three MSL
power buses that service SAM in a time of about 6 hours. Knowing that the curves can not be
approximated to functions (as they are empirical data), the composite Trapezium rule between
the individual curve points is used to calculate the average power over the whole time interval
efficiently and with small errors. Once the area under the curve is obtained, it is divided by
the whole interval to get an average power absorption value. The values obtained are shown in
Table 4.2. As will be seen in the electrical design in Section 4.4.1, the size of the cable diameter
is extremely important, because the value of the Maximum Allowable Current (MAC) depends
on it, and if it is smaller than it would be in the case of high consumption, it could irreversibly
damage the power transfer Bus. Therefore, in order to overcome this problem, the current value
that is assumed is the peak current (/,.,;) defined as the ratio between the peak power and the
nominal voltage, while the current of the various strings (/ging), for internal dimensioning,
depends on the number of strings in parallel (/V,). The input data enabling the dimensioning of

the entire battery are shown in Table 4.3.

DoD and lifetime cycle In order to comply with mission constraints, DOD is not chosen
above a threshold because battery lifetime depends on its value (Figure 4.4). Since the threshold
is set at 45% (as already mentioned in the mission requirements), it can be observed that the
number of cycles is quite higher than 2000, correctly meeting the requirements. In the following
calculations a DoD of 50% is chosen, corresponding to about 14 000 cycles (curve approxim-
ated with power interpolation, as a - z°). Actually, at the end of the electrical design with the
recalculation of the voltage drop in the cables it will always be lower than the one fixed in the
input data (Table 4.3). The following is a detailed procedure leading to the selection of the most
suitable electrochemical cell. At the end of the chapter, the numerical results and the selection
of a suitable cell will be shown.
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Figure 4.3: Power profile, used for battery design, obtained at the end of a SAM analysis, during
a thermal vacuum test.

Table 4.2: Calculation of the average power in the three buses over a time interval of 6 hours
(duration of an analysis with good results), essential for sizing the battery under normal oper-
ating conditions (of course the appropriate approximations are made at the end of the calcula-
tions).

Bus1 Bus 2 Bus 3

Average power [W] 40.6173  82.4360  65.6895
Total power [W] 188.7427

SIZING BATTERY

Safety factor 1.6

Total sizing power (Preq) [W] 301.9884

SIZING CABLES

Peak power [W] 71.5099 126.4847 189.8709
Total peak power [W] 387.8655

Safety factor 2

Total sizing peak power [W ] 775.73099
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Table 4.3: Input data: an efficiency of 97% is assumed for the cables and the voltage regulator
in the discharge phase (e.g. a Buck/Boost converter). In addition, a cable length to the Buses of
3m is assumed, which allows to calculate the voltage drop and joule losses; P, is considered
to be absorbed by a single Bus, for this reason it is time-averaged; [, . is the current value in

the nominal operating condition.

Number of cycles

1000 000

100 000

10000

1000

Figure 4.4: Lifetime of a lithium-ion battery (at 20 °C), which is expressed in terms of the

Parameter Value
Py [W] 301.9884
Treq [h] 6
DoD 50%
Tlcable 0.97
Nreg 0.97
VBU S [V] 25
VBUSmom [V] 28
VBU Sumax [V] 35
Iy, [A] 10.7853
Lpear [A] 27.7047
Cable length [m] 3

AL

10

40

7

80 90 100
Depth of discharge (%)

number of charge and discharge cycles that can be performed depending on the DoD [53].
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4.3 Conceptual design

The conceptual design calculates the energy supplied by the battery and the conceptual
capacity, which will be used as control data in the electrical design that will be explained later.
The energy provided by the battery to power payloads, enabling them to perform their scheduled
tasks, is obtained from the concept of efficiency because unavoidable losses must be included

in the energy transfer process, during discharge (7,), and in the electrical cables (7).) is:

Wear = = 4.1

where 1 = 14 - 1)¢q, the P, 1s the power required by the rover and 7., is the time in which that
power is consumed. In addition, W, is the energy actually usable by the rover. Knowing that
all the energy needed by the rover in a sol has to be supplied within a specific DoD, the total
energy stored by the battery is inevitably higher:

Wbat . Preq ' Treq

W p— p—
St ™ DoD ~ n- DoD

(4.2)

The conceptual capacity (C,) of the battery is calculated by dividing the maximum stored capa-

city by the minimum BUS voltage (Vs . ) set out in the above requirements:

min

C o stat o Preq : Treq

= = (4.3)
VBUSmin n- DoD - Vpys

Clearly, some of the stored energy will never be used, but it is essential to increase the lifetime
of the battery.

4.4 Electrical design

Depending on the level of DoD, the minimum battery voltage is calculated using the dis-
charge curves (Appendix B), provided by the manufacturer? (Eagle Picher-Yardney Division),
entering the curve with the discharge capacity (C;) obtained from the product of the nameplate
capacity (Cy) of the cell and DoD. Applying Kirchhoff’s second law to the electrical circuit, the

relationship between the nominal BUS voltage (Vpys,,,,.), the number of cells in series (/Vy),

nom

and the minimum voltage of each cell (V. _. , value obtained by entering the discharge curve

with Cj) is obtained. From the above-mentioned expression the number of cells in series is

calculated:
~ VBUS,om + Ve

N
‘/;ellmin

(4.4)

EaglePicher Technologies is America’s leading manufacturer of space, military, medical and aviation batteries
[54].
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where V, is the voltage drop in the cables, which is assumed in the worst case condition of
2V. Following the calculation of Ny, it is verified that the maximum and minimum voltage

of the battery is within the admissible limits. Using Vpys, ., the value of the total capacity of

the battery is recalculated, which is less than the value obtained in the conceptual design, and
thanks to the technical documentation provided by the manufacturer, the number of strings in

parallel (1V,,) is calculated as follows:
C
N = — 4.5
The power and energy values calculated in the conceptual design are used as lower limits in the

electrical design:

I, > 11, (4.6)
Pmax = VBUSmin : [L > Preq (47)
Wl;at = VBUSmin : Np : CN > WSbat (48)

where I, = Nplsring,,- The value obtained from the (4.5) must be iterated under the specific

constraints (4.7) (4.8) (4.6) as shown in the Figure 4.5: The fixed numbers of cells in series

o

|

Take integer part

l

Prax > Preq

Np+1 (ﬁ Wiy > Wsiat
IL = ILnom
Yes
N

Figure 4.5: Algorithm for choosing the number of strings in parallel [53].

and parallel allow the preliminary estimate of mass and volume (these will be corrected later
with the exact value of the battery energy, including the actual voltage drop in the cables) from
the specific energy (Eqy.. [Wh/kg]) and energy density (pspe. [Wh/m?]) provided by the cell

manufacturer: . .
Wi v - Wi

Espec Pspec

M 4.9)
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4.4.1 Internal and external battery sizing

By knowing N, and NV, and the size of the individual electrochemical cell (Table 4.4), the full
size of the battery can be known (Figure 4.6):

Table 4.4: Calculation methodology for battery length and width.

Parameter Value
Width (ch[[) Ns * Weell
Length (Le) Ny - leent

ILnom
I
B - - L 04
I ® ®||®
By
18 oo
<—|c|e||—> l
E | L
| |
® ®|®
| o |9 )
f 1
< Leen >

Figure 4.6: N, x N, matrix: function diagram.

External cable size and losses As already mentioned in Section 4.2, external cables are sized
considering the peak current, in order to prevent high current absorption, even for a short time,
from damaging the cables. The current carrying a cable must be greater than the current flowing
through it under maximum power and rated conditions. A standardised stepped logarithmic
gauge system (AWG) is used to assess the size of the cable and the cross-sectional area of each
gauge determines its current-carrying capacity (Table 4.5):

Inwa > Ipeaw — AWG —— Diameter (mm) —— Section
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Table 4.5: Values are taken for unipolar current (single wire) with temperatures of up to 70 °C.
MIL-STD-975M (NASA) [55].

MAC Copper resistance

AWG single wire Section 70°C

(A) (mm?) (€2/m)
30 1.3 0.05 0.41257713
26 2.5 0.14 0.147348975
24 3.3 0.25 0.082515426
20 6.5 0.5 0.082515426
16 13.0 1.5 0.013752571
12 25.0 4 0.005157214
8 44.0 10 0.002062886
4 81.0 25 0.000825154
0 147.0 50 0.000412577

From the AWG section, the resistance per unit length ( at 70 °C, the last column of Table 4.5)
can be obtained for copper. The losses due to the Joule effect, considering the outward and
return cable (Figure 4.6), are therefore quantified as follows:

Py=2-1r- L%, - I

cable peak

(4.10)

where L. is the distance between the battery and the transmission Buses of the rover, and the
product r by L., is the resistance (measured in €2) of the cables to the passage of current. It
must be verified that P; is less than 3% of the P,.,.
For measuring the voltage drop, the method is the same. It is essential to always check that it is
less than 2 V:
AV =27 L - Leak 4.11)

Internal cable size and losses Also in the case of internal battery losses, the dimensioning
is always in the worst case, as mentioned in Section 4.2. Therefore, this time, the distance
(d) between the electrodes (provided by the manufacturer) must be subtracted for the length
assessment of the internal cables. This allows the internal losses® due to the joule effect to be
calculated correctly:

Py =r.L"

cable

"N, - I?

stringpeak

(4.12)

cable

where L™, is equal to W,.;; — N, -d and I stringpeqs 18 the peak current divided by the respective
number of strings (this value is only used to design the internal cables).

3The voltage drop in the internal cables is negligible.
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4.5 Final check

After correcting the value of the voltage drop (V. = AV) in the cables, the final step

follows by recalculating:

1. The values of the minimum and maximum BUS voltage and check that they are within
the limits (AVL) mentioned in section 4.1:

VBUS,m = Ns - Veenr
VBUSmax = Ns - Ve

—V.>25
— V. < 35

min

ellmax

2. The energy of the battery, expecting it to be greater than that calculated in the conceptual
design:

Wit = VBUSum - Np - On > W,

min

3. The DoD, through the energy value calculated in the previous point:

Wbat
DoD = m
4. Finally, the final mass and volume:
M = Wé:zt V — Wé;t
Espec pspec

4.6 Results

In this section only the most suitable electrochemical cell, with its numerical values of the
various quantities, will be described, which in comparison with the others presented the most
favourable factors among those reported in Section 4.1.

4.6.1 NCP 43-4

In Table 4.6 are shown all the results for the NCP 43-4 electrochemical cell and the dimensions
of the entire battery pack. From the results obtained, it can be seen that the number of strings
(V) 1s higher than the solution proposed by NASA JPL (~1600 Wh, with & cells in series and 2
strings in parallel). This is because, the average power consumption (or duration) in a SAM ana-
lysis is probably lower and especially because the three buses are not dimensioned separately,

but only one power transmission bus is assumed, thus increasing the size of the battery. All
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other values are well within the requirements defined in Section 4.1. The comparison between

the various cells is shown in the Appendix D.

Table 4.6: Summary table with results for the case of batteries with NCP 43-4 electrochemical
cells, the most suitable compared to the others.

NCP 43-4 Battery

CONCEPTUAL DESIGN
W, [Wh] 1811.93
Wiat [Wh] 1925.74
Ws,., [Wh] 3851.48
C. [Ah] 154.06
ELECTRICAL DESIGN
Cx [Ah] 43
Epec [Wh/kg] 153
pspec TWhY1] 378
Weey [Mm] 106.7
leey [Mm] 30.7
Veellmax [V] 4.1
d [mm] 50.8
Ve [V] 2
Vel [V] 3.65
C,4 [Ah] 21.5
N, 8
Ltringnom [Al 3.583
N, 4
BATTERY SIZING
Ween [mm] 853.6
Leey [mm] 122.8
EXTERNAL CABLE SIZING
Lpear [A] 27.7047
AWG 8
Py [W] 9.5002
AV [V] 0.3429
INTERNAL CABLE SIZING
Lstringyea, [A 6.9262
AW G 16
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Py [W] 1.1801
FINAL CHECK
VBU S [V] 28.8571
VBUSmax [V] 32.4571
Wia [Wh] 4963.42
DoD 39%
Mass [kg] 32.4407
Volume [1] 13.1307
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5. Heat transfer

Where there is a temperature difference in a medium or between separate media, a heat transfer

must occur. It takes place through 3 modes:

e Conduction: when exists there is a temperature gradient in a stationary medium (fluid or
solid);

e Convection: occurs between a surface and a moving fluid at different temperatures;

e Thermal radiation: means the transfer of energy in the form of electromagnetic waves,
actually all matter, which is at a temperature above 0 K, in its various forms, emits elec-
tromagnetic energy at different wavelengths, although the most significant energy content
is that relating to wavelengths between 0.1-100 um (UV, VIS, IR) so in the absence of a
medium (e.g. in deep space) is the only way to transfer heat.

Since there is an atmosphere on Mars, although extremely rarefied (due to low gravity), all three
modes of heat transfer can occur.

5.1 Conduction

When talking about thermal conduction, the key concepts of atomic and molecular activ-
ity must be invoked, as it is a transfer of energy from the more energetic to the less energetic
particles of a substance due to collisions between them [56]. The equation governing conduct-
ive heat transfer is Fourier’s law, which makes it possible to quantify the amount of energy

transferred per unit time. For the one-dimensional case the equation is expressed as:

) ox A—— 5.1
Qo A% (5.1)
The Eq. (5.1) does not depend on the material, so the only way to convert it to an equality is to
add the chemical properties of the material, which can be summed up in a coefficient, known as
the thermal conductivity (A [W /mK]). Hence, evaluating the equation in the limit as Az — 0,

it can be rewritten in differential form as follows:

: AT ~ T

The Eq. (5.2) implies that the heat flow (¢, expressed in W /m?) has a directionality (from the

highest to the lowest temperature, hence the minus sign) and is always normal to the traversed
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cross-section. For this reason, in the most general form possible, the heat flux equation can be
rewritten:

or. or. or -

+ = —i——k) :—)\(qx%—i-qyj'—l-qz/%) (5.3)

. yvur— (9T
1 AV )\(8332 Jy 0z

where T'(x,y, z) is the scalar temperature field and i 7, k; are unit vectors of a Cartesian refer-
ence system.
In the case of cylindrical shapes such as wheels, motor and motor housing the Eq. (5.3) be-

comes:

. or. 10T. OT- L
q-—)\VT——)\(WZ—F;a—(D]‘FE )——)\(qTZ+Q<I>]+qZ]{Z> 5.4

From Figure 5.1, developing the terms in series and stopping at the first order (the others

Figure 5.1: On the left: differential control volume for conduction analysis in Cartesian coordin-
ates. On the right: differential control volume for conduction analysis in cylindrical coordinates
[56].

are negligible), the general form of the heat diffusion equations in Cartesian (Eq. 5.5) and

cylindrical (Eq. 5.6) coordinates are obtained:

o (0T o (,0T o (,0T : or

10 oT 1 0 oT 0 oT . oT
; E ()\7‘5) + ﬁ 8_<I> ()\a—q)> + & (/\5) + q = pcpa (56)
or

ot
the time rate of change of the thermal energy of the medium per unit volume, being p the

where ¢, is the rate at which energy is generated per unit volume [W/m?], while pc,%- is
medium density and ¢, specific heat. Starting from Eq. (5.5) and Eq. (5.6), and considering
the one-dimensional case, at steady state and with no internal heat generation, it is possible to

determine the transmitted heat power, which in a Cartesian reference system is the Eq. (5.2"),

'In the one-dimensional case, at steady state and without heat generation in a Cartesian reference system

A
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while in cylindrical coordinates, in radial direction, the expression becomes:

AT 1 Text
= — ith R,=——-—-1
Ry, W YT Lo nrmt

Q (5.7)
where Ry is the conductive thermal resistance within a cylindrical layer. The temperature dis-
tribution inside a body can not be assumed to be uniform a priori, but depends on the Biot
number, which is the ratio of the thermal resistance by conduction R}, to the thermal resistance
by convection R,:

Ry RL

== (5.8)

B
TR A

There are 2 limiting cases:

1. Bi — 0 (perfectly conductive material): in the case where Ry — 0 (R. > Ry) it is pos-
sible to assume the body is all at the same temperature, so there are no thermal gradients

within it: in a thermal transient phase it would quickly rise to the same temperature

2. Bi — oo (perfectly insulating material): in the case where R. — 0 (R > R,), it is
assumed that strong thermal gradients exist inside the body, resulting in a high degree of
inhomogeneity within it.

Conduction through the wheels The geometry of the rover’s wheels, as well as the sus-
pension system (rocker-bogie), by which it is attached to the rover’s body, are complex, so
assumptions are made to simplify the problem:

1. Heat flow passes through the wheels via a passage area that has as its dimensions the arc
of the circumference (r, - 6, assuming it is completely resting on the ground) and the
width of the wheel (W);

2. The wheels are assumed to be a solid cylinder;

3. All the heat flow through the wheel also passes through the suspension system (steady-
state conditions), ignoring the heat dissipated by radiation and convection.

Based on the above assumptions, the model studied is the one shown in Figure 5.2. The heat

flow is calculated using the following equation:

Q - Tgnd - Trov

= (5.9)
=1 4
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Heat exchange
area between
WHEELS and
ROVER

Heat exchange

area between

GROUND and
WHEELS

Figure 5.2: Conduction heat exchange involving the wheel-suspension system. In red is the
exchange area between the ground and the wheel, considering the thermal conductivity of the
aluminium alloy 7075-T7351; and the cross-section of the section in blue represents the ex-
change area between the wheel and the rover, considering the thermal conductivity of titanium.

where R; indicates all the thermal conduction resistances that the heat flow must pass through.
In this specific case, Eq. (5.9) becomes:

: Tond — Trov Tond — Trov
Q - Rg + R - L’whg Lsusp (5'10)
gnd SUSp Notum Ay Nt Aonsy
with:
Lugh = 2 - Ty, With 7, = 0.25m;
Liusp = 0.39m;
_ W .
)\alum =130 K’
)\tit == 17 %,

Awh = Tpp0 - W, with W = 0.40m and 6 = 45°;

2

Asusp = Wrsusp s

with 7, = "2,

5.2 Convection

The convection heat transfer takes place both by bulk, or macroscopic, movement of mo-
lecules in fluids, and by diffusive? molecular motion [56]. When a fluid interacts with the
boundary of a surface, two regions of fluid can develop: one region (hydrodynamic boundary
layer), is generated when the fluid flows over the heated surface, producing a velocity field

that varies between 0 and the velocity of the undisturbed flow (u..); another region (thermal

2Brownian motion of individual particles in the fluid.
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Chapter 5 5.3. Thermal radiation

boundary layer), is generated when the temperatures of the fluid and the surface are distinct,
specifically, if the temperature of the surface (75) is greater than the undisturbed external one

(1), a convection heat transfer from the first to the second can occur (Figure 5.3). Depending

Y i y
" Fluid .
—
> F ____________ I N
e T
Velocity Temperature
distribution distribution

u(y) Tq” T(y)

L— »yu(y Heated e T(y)
surface

Figure 5.3: Boundary layer development in convection heat transfer [56].

on the nature of the flow, a distinction is made between forced convection, when the fluid is
forced to flow over the surface by external devices (i.e. pump, atmospheric wind), and natural
convection, when the movement of the fluid is caused by buoyancy forces induced by density
differences related to temperature variations, by the acceleration of gravity and by the thermal
expansion coefficient of the fluid. Regardless of the nature of the convection heat transfer pro-
cess, the equation governing the phenomenon and defining the convective heat flow emitted by

the transfer wall of area A is the Newton’s law of cooling:

Q=nh(T,—Tx)A (5.11)

where h is the convective heat transfer coefficient [W/ m?K] (Table 5.1). The Eq. (5.11) per
unit area becomes:

. Ts_Too Ts_Too
q: =

o (5.12)

1
h

5.3 Thermal radiation

Heat transfer through thermal radiation occurs through the emission of electromagnetic
waves by matter that is at a non-zero temperature, so it can also propagate in a vacuum without
being affected by any attenuation. Regardless of the form of matter, the emission may be
attributed to changes in the electron configurations of the constituent atoms or molecules [56].
In environments with a rarefied atmosphere, typical of space applications, it becomes the most
decisive heat transfer. The thermal energy emitted by a blackbody® at a certain temperature is

3The three important properties of a blackbody: it absorbs all incident radiation, regardless of wavelength and
direction; for a specific temperature and wavelength, no surface can emit more energy than it; it is independent of
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Table 5.1: Typical values of the convective heat transfer coefficient [56].

Process h
Free convection
Gases 2—25
Liquids 50 — 1000
Forced convection
Gases 25 — 250
Liquids 100 — 20000

Convection with phase change
Boiling or condensation 2500 — 100000

described by Stephan-Boltzmann law and represents the upper limit of the radiant energy flux

emitted by a blackbody in all directions:
q.rad - O-Tgfl (513)

which is the result of the integration of the Planck distribution* (Figure 5.4) with respect to

10— ——| («— Visible light region

5800 K (Solar)
4000 K

10% Locus of
maximum power:

2000 K AT =2897.8 um-K

10* -
1000 K

300K

Eppy W/m?-pm

100

) 100K
1072+

107+

0% L L g
0.01 0.1 1 10 100 1000
Wavelength A, pm

Figure 5.4: Spectral blackbody emissive power as the wavelength varies [57].

the wavelength. In Eq. (5.13) ¢,4q is measured in [W/ m?], T, [K] is the absolute temperature
of the emitting surface and o = 5.67 - 1078 [W/m?K*] is the Stephan-Boltzmann constant. A
blackbody absorbs all the energy impinging on it without reflecting any part of it. Actually, the

direction, although the radiation is a function of wavelength and temperature [56].
“It is the spectral emissive power expression of a blackbody.
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energy flux emitted by a real surface (a grey body) at the same temperature as the blackbody is
lower and equal to:
Graa =€ T, (5.14)

where ¢ is a dimensionless number varying between 0 and 1, and represents the total emissiv-
ity of the body. Under equilibrium conditions the absorbed radiation is equal to the emitted
radiation (Kirchhoff law), so the e must be equal to the absorption factor («) of the incident
radiation, which is the fraction of radiation that is not reflected from the surface’.

If the transfer of thermal radiation occurs between two grey surfaces that are at different tem-
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Figure 5.5: Thermal radiation interactions on a surface [57].

peratures, the analysis becomes more complicated, because part of the radiation not completely
absorbed can undergo multiple reflections. While, assuming that the surfaces are blackbodies,
the radiative fluxes exchanged between a surface of area A; at temperature 7; and the other of
area A; at temperature 7 are expressed by the following relations:

Qij = Ai Fijo T} (5.15)
jS =A; Fj UTf (5.16)
Qi = Qji — Qi (5.17)

where F;; and F}; are the view factors from the emitting surface to the intercepted surface and
vice versa, thus Eq. (5.15) and Eq. (5.16) represent the total radiation fractions. In the case
of grey surfaces (i.e. ¢ # 1) and unit view factor, Eq. (5.17) per unit area can be rewritten as
follows:

G =ejo (T} —1T7) with oy (5.18)

€j €6 €

The Eq. (5.18) shows that the lower the emissivity, the more the transmitted thermal radiation is
reduced, so making surfaces reflective increases the thermal insulation. The effective emissiv-

ity between two surfaces depends strongly on the optical properties of the surface, on mutual

SThe incident radiation that is reflected is equal to 1-¢.
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reflections and on reflections through other neighbouring surfaces, but in the simple case of two

parallel surfaces, separated by a small distance from their surfaces, the ¢;; of Eq. (5.18) is used.

5.4 Mars thermal environment

Once the rover reaches Mars, it is essential to comply the thermal operation requirements
of the different subsystems. The subsystem that must be safeguarded is the electrical energy
storage subsystem (the batteries), which is indispensable for carrying out all the rover’s activ-
ities, so its permissible flight temperatures vary between —20-30 °C, while for the electronics
the permissible range is wider, allowing temperature excursions from —40-50 °C (Table 5.2).
Knowing the Martian environment makes it possible to correctly size the Heat Rejection Sys-
tem, since in the case of high thermal loads it is essential to use a mechanically pumped loops
to control the temperature of the rover (system used for the curiosity rover). Thus, the main
sources of environmental heating are: direct solar radiation; solar radiation reflected from the
planet (albedo radiation); thermal energy radiated from the planet (planetary radiation). The
rover is in thermal equilibrium when the sum of the radiant energy received from the above
heating sources, together with any internal thermal dissipation, is equal to the energy radiated

into Martian environment. This equilibrium determines the physical temperature of the rover.

Table 5.2: Allowable Flight Temperature Limit on Mars surface.

Allowable Flight Temperature Limit [°C]

(RAMP interfaces)
Avionics —40/50
Instruments —40/50
Battery —20/30
SDST/Electralite —35/50
SSPA —35/55

5.4.1 Solar radiation

The fundamental aspects of solar radiation of interest are: the spectral distribution, which can
be considered constant throughout the solar system; the intensity of the radiation, which is
not constant and varies with wavelength, approximating a black body at 5777 K (Figure 1.4);
and the degree of collimation. Most of the solar energy (99%) is between 150 nm and 10 um
wavelength, with a maximum near 450 nm (yellow part of the visible spectrum). The solar
intensity depends on the distance, d, from the Sun and can be calculated from the following

relationship:
P

L= (5.19)
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where P is the total power emitted by the Sun, 3.856 x 102 W [11]. Mars is at an average
distance from the sun of 2.2794 x 10! m (1.524 AU), so the Eq. (5.19) gives an average solar
radiation intensity of about 590.59 W /m?. The thermal power of solar radiation absorbed by a

flat surface of area A is calculated using the following expression:
qun = aIsAsolarFs/r (520)

where « is the absorptivity, since the rover is not a blackbody, but absorbs only a fraction of the
incident energy; and F/, is the view factor between the solar flux and rover’s planar surface,
which varies over time and according to latitude, unlike the other variables that are fixed once

the rover’s geometry and material is selected.

5.4.2 Albedo

The albedo is the fraction of solar radiation that is reflected from the surface or atmosphere of a
planet and its value depends on the local properties of the surface and atmosphere. It is one of
the factors that determine planetary surface temperature. For Mars, it varies from a maximum
of 0.4 in dust-covered surface regions to a minimum of (.15 in regions with volcanic rock basalt
on the surface. However, the average value that can be used for thermal design purpose is 0.29
[58]. Thermal flux due to albedo (b) of solar radiation is:

Qalbedo = baIsAalbedoFs/r (521)

5.4.3 Planetary radiation

As already mentioned in Section 5.3 all bodies with a temperature above absolute zero emit
thermal radiation, so since the planets in the solar system all have a temperature other than
0 K, they radiate heat. Because of its relatively low temperature, Mars radiates all its heat at
infrared wavelengths (for this reason, the radiation is often referred to as thermal radiation). In
addition, Martian atmosphere has an important transparent window at around 14—16 um. Some
of the radiation is reflected, partly absorbed and then re-emitted as IR radiation or blackbody
radiation. For most practical purposes, the ideal temperature at which Mars radiates precisely

all the energy it receives from the sun is assumed to be:

P (1=0)

T 22
1670 d? (5.22)

Teyr =
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Substituting all the values, the T of the planet Mars is about 207.3 K. Thanks to Wien’s
displacement law, which is a direct consequence of Planck’s law®, it is possible to calculate the
wavelength peak (Apear = ¢/Terr, With ¢ ~ 2898 um K, Wien’s displacement constant) which

is equal to 13.8 um. The heat exchange between two radiating surfaces is represented

QIR = Jp Aplanetary (523)

where J,7 is equal to 70.7281 W /m? in the worst-case hot conditions, while J,® is equal to
16.8812 W /m? in the worst-case cold conditions. The same result is approximated by the ex-
pression J, = €, 0 T€4f 7> assuming an emissivity of the planet Mars of 0.71.

Planck’s law describes the spectral brightness of blackbody radiation as a function of wavelength at any given
temperature.

"This value is taken from MCD_v5.3 with climatology maximum solar scenario, at the Curiosity landing site
(latitude: —4.6° N; longitude: 137.4° E), Ls = 225°, and at an altitude of 0.0 m above the Martian surface - 15.0h
(local time) [59].

8This value is taken from MCD_v5.3 with climatology minimum solar scenario, at the Curiosity landing site
(latitude: —4.6° N; longitude: 137.4° E), Ls = 105°, and at an altitude of 0.0 m above the Martian surface - 7.0 h
(local time) [59].
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6. Thermal Control System

In any space mission, keeping the temperature of the subsystems within the allowed limits is
a difficult challenge. Parts exposed to the Sun need to be cooled because temperatures rise
extremely high, while parts not directly exposed to the Sun need to be heated, because temper-
atures can drop dramatically. The vacuum does not conduct heat, so the only way to transfer
energy is through electromagnetic radiation, generated by the thermal motion of particles in
matter. Mars’ thin atmosphere mitigates the strong temperature gradients that would occur in a
vacuum, nevertheless the external parts of the rover are exposed to temperature range between
—123-40°C, so it was designed to handle more extreme temperature changes between —128—
50 °C, regardless of the landing site. Each rover instrument has different thermal requirements:
the on-board avionics are kept between —40-50 °C, although they can actually tolerate temper-
atures between —55-70 °C; other instruments, in particular the ChemCam body, can not stand
heat, so they have a TEC that is used for conducting waste heat to the rover’s Heat Rejection
System (HRS); SAM, too, has components that generate a lot of heat, so it needs built-in coolers
to keep its electronics at safe temperatures. Furthermore, as a result of using the MMRTG, an
advanced thermal control system is required that is able to recover and reject waste heat in order

to keep the on-board electronics within the operating temperature range.

6.1 Rover Avionics Mounting Panel, sensor and heaters

The Rover Avionics Mounting Panel (RAMP) is a nearly rectangular box used as the main
compartment for all electronics and temperature-sensitive parts. The panel is attached to the
rover’s upper deck with titanium structures designed not to conduct heat from inside to outside
the rover. The volume is larger than that of Spirit and Opportunity rovers, so the MSL requires
more heat to keep the temperature within allowable limits at night. The Martian atmosphere that
occupies the remaining internal space of the rover consists mainly of CO, (95%), which inhibits
heat transfer between the internal hardware and the underlying panel and the two side panels. In
order to check that each individual instrument is operating correctly in the temperature range for
which it was designed, the rover has been equipped with 221 temperature sensors, although only
half are in use at any one time; the others, however, have been installed for redundancy due to the
fail-safe principle. The battery, being a critical component, has dedicated survival and warm-
up heaters controlled by 8 mechanical thermostats to keep the temperature around the desired
set-point. The 17 cameras (MAHLI, MARDI, Navcams, Hazcams, Mastcams, ChemCam) and
other equipment (e.g. motors) withstand all expected temperature changes between day and
night outside the rover body, but need to operate at minimum temperatures between —55 °C and
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—40 °C: in fact, they often need to be heated (by means of RCEs, which manage the switching
on and off of these warm-up heaters) when temperatures are too low (i.e. during the night, and

depending on the season also during the day).

6.2 Heat Rejection System

The rover’s heat rejection system (RHRS) must be able to dissipate the large amount of
heat produced by the MMRTG that is not converted into electrical energy that can be used
to power the various subsystems. Basically, a Mechanically Pumped single-phase Fluid Loop
(MPFL) is used for different reasons:

e Scalability in heat rejection;
e Ability to absorb and supply heat at different points in the rover;
e Flexibility in positioning all the equipment needed to dissipate heat;

e Adaptability to last minute changes in design.

The system uses approximately 60.96 m of tubing (45.41 m of aluminium tubing, used in heat
transfer areas; 8.53 m of High-Purity Stainless Steel Tubing; only to transport the working fluid
and 3.35 m of flex lines) to pump fluid through the tubes that pass close to the MMRTG to pick
up waste heat to warm the electronics (Figure 6.1). The working fluid is CFC-11, Galden H-

Figure 6.1: Rover heat rejection system (tubing and RIPA): brown lines, RAMP; green lines,
top deck; blue lines, cold plates (—Y) away from the pump; yellow lines, cold plates (+Y)
close to the pump; red lines, hot plates [19].

170 (trichlorofluoromethane), an artificial type of fluid, typically called Freon, which has: high
density, both in the aeriform and liquid phases; high enthalpy of vaporisation; high thermal
capacity; and high stability under operating conditions. The Rover Integrated Pump Assembly
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(RIPA) is the heart of the rover, as it pumps fluid to all parts of the rover that need to be warmed
and cooled. It also contains a large reservoir, which allows the Freon to expand as it heats up.
The system consists of two honeycomb sandwich panel Heat Exchangers (HXs) at the back of
the rover on either side of the MMRTG, which have a coil of tubes attached on both sides. On
the inward-facing side of each HX is the hot plate, through which the fluid picks up waste heat
from the MMRTG and returns to the pump. While, on the outward-facing side is the cold plate,
where the fluid dissipates excess heat. A layer of Aerogel' is placed between the two plates
(Figure 6.2), thermally separating the hot inner face from the cold outer face. The working fluid
system can handle temperatures between —97 °C and 170 °C (the developed hardware survives
at temperatures between —111 °C and 90 °C) [60], , with a system pressure of about 1.36 MPa
to prevent boiling, and operates correctly if the diurnal fluctuation of the plate temperature is less

than 60 °C (Figure 6.2). So, when the internal temperature is outside the allowable limits, the

Cold Plates

CHRS and
RHRS Tubing

Hot Plates

— ] Aluminium facesheet
on Cold Plate Side

<—___ | Honeycomb Core
filled with Aerogel

— ] Aluminium facesheet
on Hot Plate Side

Figure 6.2: Top: the inward and outward facing side of the heat exchangers [61]. Bottom: a
model of the heat exchanger honeycomb sandwich panel [19].

pump transfers the heated fluid from the MMRTG through the tubing connected to the RAMP,
vice versa if the temperature is high, the pump sends the fluid from the RAMP to the cold plates
on the outside of the HXs. The two side heat exchangers, the body and a windbreaker on the
back protect the MMRTG from the Martian wind (especially during the colder winter months)
and other external factors that could affect its proper functioning and deprive it of the heat it
needs to survive. Also due to the fail-safe principle, it is extremely vital to safeguard the health
of the rover and thus it is essential to redundant the pump (only one is powered at any time) and

the two mixing and splitter valves. The mixer and splitter valves operate passively and work

IThe Aerogel is a lightweight porous synthetic material, a rigid foam derived from a gel, in which the liquid
component is replaced by a gas without causing the gel structure to collapse.
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+Y Cold

Plate
X

A 4

Mixer < -10C, 3% bypass
y Mixer >+10C 55 % bypass

Splitter < +15C, 96% bypass
Splitter > +35C, 4 % bypass

2

Rover HRS
Loop
RAMP < v

Figure 6.3: Rover HRS Loops. The circuit remains the same even during cruise with the rover
inside the Cruise Stage, except that the fluid also passes through the CHRS radiator to perform
the CHRS loop, which is not taken into account in the following analysis [62].

N

independently of any onboard computers, controlling the flow of fluid to the hot and cold plates,
allowing the system, respectively, to heat or cool as needed. The mixer and splitter valves allow
the heat rejection system to selectively heat or cool the Freon as needed. For rover safety, they
work independently of any computer, operating passively in response to the temperature of the
fluid flowing through them. The mixer valve controls the amount of flow across the rover’s
hot plates. If the mixer valve falls below a temperature of —10°C, it opens all the way, sending
97% of the fluid through the hot plates. If the mixer valve measures a temperature of 10°C, it
closes to its minimum setting of 55%, which runs just enough fluid in the hot plates to keep
the fluid temperatures below 90°C (Figure 6.3). The splitter valve controls the flow to the cold
plates and top deck. When its temperature rises above 35°C, it opens all the way to 96%; it
closes to its minimum setting of 4% at 15°C. If the mixing valve measures a temperature below
—10°C, it opens fully, transferring 97% of the working fluid through the hot plates, while if the
temperature exceeds 10 °C, it closes at its minimum setting of 55%, flowing only 45% of the
fluid, just to keep fluid temperatures below 90 °C. Whereas, when the splitter valve measures
a temperature above 35 °C, it opens fully at 96%; it closes at its minimum setting of 4% below
15°C.

6.3 Thermal Balance

Spacecraft and, more specifically, rovers are generally very complex structures within
which temperatures vary continuously as a function of position and time, and their detailed
calculation is very complex. The approximate solution presented in this section allows the or-
ders of magnitude involved to be understood and a preliminary analysis to be carried out. An
equilibrium between thermal powers is carried out: the input power is subtracted from the out-
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put power and the balance temperature of the system is calculated under steady state conditions.
This preliminary analysis allows the internal temperature to be known without the use of active
heat rejection. Thus, a positive net heat flux result indicates a radiation heat gain from the rover
surface that must be dissipated to maintain the optimum temperature inside, helping the battery
and on-board avionics to function properly. The temperature of the rover in the worst case hot
and cold provides an insight into whether or not active temperature control is required, and if
the first case is necessary then the heat exchanger is sized and the flow rate of working fluid
required to maintain that internal temperature is calculated. The net heat absorbed per unit time

is given by the following equation:
. zift + . zzt - Qconv = Qout (61)
Assumptions The assumptions made in the calculations are:

1. Biot number tending to 0 (perfectly conductive material), so it is assumed that the tem-
perature of the walls of the rover body is uniform, excluding the formation of any thermal

gradients;
2. A unitary view factor is considered (conservative choice);
3. Internal heat convection within the rover is neglected;
4. Only natural convection is considered, so the wind speed is assumed to be zero;

5. The rover body is considered to be an isothermal sphere with the diameter equal to the
total outer surface of the rover in order to obtain first-order estimates of thermal perform-
ance, so the rover is considered to be at the same equilibrium temperature 7.,,, which
means that the rover surfaces are not independent and isolated from each other.

6.3.1 External heat input

The first term of Eq. (6.1) is actually the sum of four thermal powers, which can be determined

from the following equations:

. f:t = qun + Qalbedo + QIR + Qcond (62)
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in which: )
qun = O415441_1:;/7’

Qalbedo = bOéISAJ_Fs/r

Qir=J,A; (6.3)
. T nd Trov
Quong = 6 - =204 “rov
Rgnd + Rsusp

where Agoiars Aatvedo aNd Apignetary Of the Egs. (5.20) (5.21) and (5.23) are equal to A, which
is the surface perpendicular to the direction of radiation. In addition, the heat exchanged by
conduction is calculated taking into account what is defined in Section 5.1 and multiplied it by
the number of wheels the rover is made of (six in this case).

6.3.2 Internal heat input

The second term of Eq. (6.1), in turn, is the sum of two thermal powers, which can be determ-

ined as:
szt = Q¢ + Qummrrc (6.4)

in which:

Q. = 301.9884 W
Quvrra = 2000 W

where that values written above are taken from Table 4.3 (considering it as thermal power

(6.5)

produced) and Section 2.2 respectively.

6.3.3 Heat output

The heat flow rates mentioned above must be equal to the heat flow rate disposed of by the rover
through the heat rejection system, under steady-state conditions. By writing the equation for
the second member term of Eq. (6.1) with A being as before the area of the isothermal sphere

Qout = O€rov (T;loy - T;lmb) Asph (66)

where A, is the external surface of the isothermal sphere. Substituting Eq. (6.6) together
with (6.3) and (6.5) into (6.1), the only unknown variable is exactly the temperature of the rover

(1}¢,) under thermal equilibrium conditions.

Convection term The third term in Eq. (6.1) concerns the heat dissipated by the rover due
to natural convection, so any movement of the fluid is caused by natural means such as the

buoyancy effect, the hot flow goes up and the cold flow goes down, due to gravity and different
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densities. The calculation of the natural convection coefficient is complex and requires the

intervention of several variables. Its value can be calculated as follows:

1. Input variables depending on fluid and boundary conditions (Table 6.1):

Table 6.1: Fluid characteristics and boundary conditions.

Fluid variables SI units
Density (p) kg/m?
Dynamic viscosity (1) Ns/m?
Specific heat (c,) J/kgK
Thermal conductivity () W/mK

Thermal expansion coefficient ([3) 1/K

Boundary conditions

Rover temperature (1,.,,) K
Ambient temperature (1 ,p) K
Characteristic length (L) m
Gravitational acceleration (g) m/s?

2. This is followed by the calculation of Pradtl’s number, which expresses the comparison
between the kinematic and thermal boundary layer formed near the wall as a result of
the simultaneous presence of a kinematic and thermal field; Grasohf’s number, which
expresses the relationship between the buoyancy forces and the viscous forces of a fluid;
Raylaigh’s number, which characterises the regime of motion of the fluid in natural con-
vection:

HCp
Pr—="2""
"I
gﬁ(Trov - Tamb) L3
Gr = ~? 6.7)
(4)
Ra = Gr - Pr

The second equation is only valid for 0.002 < Pr < 8-10% and 107* < Ra < 10°

representing laminar flow. The characteristic length (L) is defined as the sphere diameter
(D sph)-

3. and finally Nusselt’s number, which expresses the relationship between the heat flow
exchanged by convection and the heat flow exchanged by conduction. In the case of
natural convection heat transfer from a isothermal sphere, the Nusselt’s number is:

0.589 Ra'/4
Nu=2+ a (6.8)

[1 4 (0.469/ Pr)9/16]*/?
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valid for Ra < 10! and Pr > 0.7.
4. Finally, knowing that Nu is equal to:

WDy

N
Y )

(6.9)

it is easy to calculate h. Thus, the convection transfer coefficient decreases with decreas-
ing density (i.e. pressure). In addition, its value for a gas at a pressure of 0.6 kPa is
7.75% of the convection coefficient of a gas at 100 kPa, so in the calculations, taking into
account the Martian atmosphere, a value of 1 W/(m?K) is taken as a good approximation
[63].

Thus, the heat flux exchanged by convention, which is part of the thermal equilibrium, is New-
ton’s law of cooling, Eq. (5.11), where the temperatures are that of the rover and the environ-

ment:
Qcom} =h (Trov - Tamb) Asph (610)

where A, [m?] is the surface area of the sphere.

6.3.4 Worst case hot temperature

In the worst case hot temperature all the contributions of Eq. (6.1) are considered, the heat
balance can be seen in Figure 6.4. The temperature that solves the equation is the equilibrium
temperature (1,,), to which the rover is brought, in the absence of an active heat rejection
system, so this thermal control method relies only on the passive connection between the innards
of the rover and the surrounding environment. The ground and ambient temperature are strongly
dependent on the time of year, the time of day and the latitude and longitude of the location of
the body under study. Thus, the ground temperature (7},4) is equal to 292.79 K, while for the
ambient temperature (7,,;), the arithmetic mean between the temperature at ground level and
the temperature at 58.82 m height is assumed. Figure E.1 shows that 7,,,; is equal to 270.73 K.
Rewriting Eq. (6.1) by substituting all the terms gives the equation:

Oé[SFs/TAJ_ + bOé[SAFS/TAJ_ —+ JpAJ_ -+
Tgnd - Trov

Y L L B Y + 6.11
Rgnd + Rsusp Q QMMRTG ( )
—h (Trov - Tamb)Asph = UErov<Tr40v - T;lm(;)Asph

where the only unknown variable is exactly the balance temperature of the rover (7,.,).
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Apoq J1anoy

N

o°

Figure 6.4: Thermal bus architecture in worst case hot conditions: red shows the thermal power
input to the rover and blue the output.

Isothermal sphere As mentioned before, the rover is assumed to be an isothermal sphere at
temperature 7., with area A equal to the area of the outer surface of the rover. The diameter of

the sphere is calculated as follows:

DS 2 Aoa
Asph=4-7r(Tp"> = D%, — Dy = 1| —22
g 6.12)

Results The thermal equilibrium results for worst-case hot conditions are shown in Table 6.2.
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Table 6.2: Balance temperature under worst-case hot conditions with passive thermal control.
The table shows the results for a white paint (low «/€) [58]. Paints generally consist of a
binder (transparent in visible light), opaque in the infrared which results in high e-values and a
filler material which gives its colour. Under the influence of ultraviolet radiation, many binders
degrade and become less transparent, which is why the white paint on the outside of the rover
will increase its /e value over time, which is to be avoided [11].

Worst case HOT condition

Boundary conditions

Tona [K] 292.790
Toms [K] 270.730
Dygypp, [m] 1.426
EXTERNAL HEAT INPUT
Direct Solar Radiation
I, [W/m?] 587.424
a[—] 0.2
Fy [-] 1
Aj [m?] 1.598
Qsun [W] 187.688
Indirect Solar Radiation
b[—] 0.4
Fy [—1] 1
Aj [m?] 1.598
Quatbedo [W] 75.075
Planetary Radiation
J, [W/m?] 70.72
A [m?] 1.598
Qrr [W] 112.979
Conduction Radiation
Aatum [W/mK] 130
it [W/mK] 17
0 [rad] 0.785
Tyh [m] 0.250
Tsusp [1M] 0.083
Lyp [m] 0.500
Lgysp [m] 0.390
Ay [m?] 0.079
Asusp [m?] 0.022
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Ryna [K/W] 0.049
Rausp [K/W] 1.052
Qeona [W] —212.342
INTERNAL HEAT INPUT
Qe [W] 301.988
Quairre W] 2000
HEAT OUTPUT
Convection Radiation
h [W/m?K] 1
Agpp, [m?] 6.390
Qeonv [W] 389.851
Thermal Radiation
Fije [—] 1
€rov [—] 0.85
Agp [m?] 6.390
Qrad [W] 2075.540
Balance temperature
Tron [K] 331.738 (58.588 °C)

From the result of the thermal balance, the high temperature would lead to the collapse of the
on-board avionics and batteries, whose optimum operating temperature is around 20 °C. For
this reason, the rover can not be controlled using body-mounted radiators, but an active heat
rejection system based on the one mentioned in Section 6.2 is required. All calculations are

performed using Wolfram Mathematica® software.

6.3.5 Worst case cold temperature

In the cold worst case temperature not all contributions of the Eq. (6.1) are considered, in
fact the contribution of solar radiation (qun) and consequently the albedo (Qalbedo) have to be
excluded from the heat balance, which can be seen in Figure 6.5. Therefore Eq. (6.11) can be

rewritten as follows:

Tnd - T'rov 2 :
J AL+ 6- =" 1+ Q.+ Quumrre +
" Rgna + Rsusp (6.13)

—h (Trov - Tamb)Asph = O€rov (T;lov - T;mb)Asph
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In this case, the ground temperature (7},,4) is equal to 178.868 K, while the ambient temperature

MMRTG
Apoq Janoy

Figure 6.5: Thermal bus architecture in worst case cold conditions: red shows the thermal power
input to the rover and blue the output.

(Tump) 1s equal to 183.23 K, also in this case the arithmetic mean between the temperature at

ground level and the temperature at 58.82 m height is assumed (Figure E.2).

Results The thermal equilibrium results for worst-case cold conditions are shown in Table

6.3.

Table 6.3: Evaluation of balance temperature under worst-case cold conditions with passive
thermal control. The power dissipated by the electronics, (). (Table 4.1), is considered to be the
minimum power required by the subsystems in their minimum operating condition.

Worst case COLD condition

Boundary conditions

Tyna [K] 178.868
T [K] 183.2305
Dsph [Il’l] 1.426
EXTERNAL HEAT INPUT
Planetary Radiation
J, [W/m?] 16.881
Ay [m?] 1.598
Qrr [W] 26.9686

Conduction Radiation
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Natum [W/mK] 130
Ai [W/mK] 17
0 [rad] 0.785
Twh [M] 0.250
Tsusp [1M1] 0.083
Lyyp, [m] 0.500
Lgusp [m] 0.390
Ay [m?] 0.079
Agusp [m?] 0.022
Ryna [K/W] 0.049
Riusp [K/W] 1.052
Qeond [W] —455.039
INTERNAL HEAT INPUT
Qe [W] 45
Quaerre [W] 2000
HEAT OUTPUT
Convection Radiation
h [W/m?K] 1
Agpp, [m?] 6.390
Qeonv [W] 505.468
Thermal Radiation
Fre[—] 1
€ron [—] 0.85
Agpp, [m?] 6.390
Qrad [W] 1111.460
Balance temperature
Trow [K] 262.331 (—10.819 °C)

In this case, it is not necessary to adopt an active system to control the temperature, but

the use of only body-mounted radiators would be sufficient to manage the internal temperature.

In Table 6.3, observing the values reported, it can be seen that thanks to the presence of the

approximately constant thermal power of the MMRTG, temperatures do not fall too far below

0°C.
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6.4 MPFL active control system

As seen from the calculations above, an active control system is needed to monitor the
temperature inside the rover. Referring to the real system implemented on curiosity it is assumed
that in the worst hot case the fluid does not flow in the hot plates near the MMRTG, but they are
bypassed, while in the worst cold case the cold plates are, also, bypassed, allowing the rover to
warm up to the optimal temperature. The loop considered in the following calculations for the

hot case and cold case is shown in Figure 6.6.

Assumption In order to make a preliminary analysis, it is advisable to make some assump-
tions that will simplify the calculations without losing either the physics of the problem or the

order of magnitude of the variables:

1. Hot and cold plates are completely bypassed, respectively in the worst hot and cold con-

ditions;

2. The difference in fluid temperature between the inlet and outlet of the plate is equal to

that between the inlet and outlet of the rover;

3. A fully developed laminar flow (Re < 2300) is considered in order to have a relation
between the flow rate, the cross-sectional diameter of the tube and the pressure drop via

the Hagen-Poiseuille’s law?;
4. The total pressure drop is assumed to be approximately 25 kPa;
5. Radiator area must be less than 2.3 m? for design reasons;

6. The outer diameter (D) of the cross-section of the tubes must not exceed 9.0 mm.

6.4.1 Preliminary design process

After defining the allowable temperature limits of the rover equipment (Table 5.2), it is assumed
that the temperature of the rover (7,.,), referring to the most restrictive battery limits, is 25 °C
(30 °C upper equipment limit minus 5 °C thermal margin) in the worst warm case and —15 °C
in the worst cold case (—20 °C upper equipment limit plus 5 °C thermal margin). Taking into

account Figure 6.6 and the assumptions made, the equations that allow the flow to be resolved

2The Hagen-Poiseuille’s law is only valid for laminar and stationary flow of a homogeneous liquid in a rigid
tube. As a first approximation, even when the flow is in a turbulent regime, it is possible to use this law to get a
reasonably accurate idea of how the flow rate changes with the diameter of the tube. For Reynolds numbers above
the critical value, the steady-state flow and velocity field become more complex.
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Figure 6.6: Loop pattern for sizing the active thermal control system in the worst hot (above)
and cold (below) conditions.
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are as follows:
O€ron [(Tc)4 -7

s amb

] Aout =m Cp (En - Tout)
(6.14)

Myov Crov (Trov - Tdes)
T

=m Cp <T‘m - Tout)

where 71;,,, depends on the condition analysed, m,., and ¢,,, are respectively the mass and
the specific heat of the rover, 7 is the time in which the rover disposes of the thermal load and
reaches the optimum operating temperature (7.5), which in the case of the batteries is 20 °C.
Not knowing the value of some variables, a MATLAB® script was implemented in order to define
the temperature variation of the fluid entering and leaving the plates and the time required for
the rover to reach the desired temperature, as the flow rate varies, knowing only that the area of
the cold plates must be smaller than defined in the assumptions.

Results worst-case hot conditions Using the variables defined in Table 6.4 and the assump-
tions made in the previous section, the diagrams in Figure 6.7 are derived. Remember that the

Table 6.4: Input data in the worst-case hot conditions.

Input data
Radiative properties
o [W/m?K] 5.670373 - 1078
Emissivity (€,4,) 0.85
Fluid parameters
Density (p) [kg/m?] 1770
Dynamic viscosity (1) [Pas] 0.0032
Kinematic viscosity (V) [mz/s] 1.8-1076
Specific heat (c,) [J/kgK] 962.964
Rover parameters
Specific heat (¢yo,) [J/kgK] 870
Rover mass (m,.q,) [kg] 899
Rover temperature (T,,,) [K] 298.15
Desire temperature (T.,) [K] 293.15
Cold plate temperature (1) [K] 323.15

Boundary conditions
Ambient temperature ('1,,,,) [K] 270.730

Loop parameters
Tube length (L) [m] 60.96
Pressure drop (AP) [Pa] 25 - 103
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Figure 6.7: Iterative procedure to fit the optimal worst-case hot solution.
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cross-sectional diameter of the tubes is calculated using the Hagen-Poiseuille’s law:

[ 8uL
D=2.¢ Wi“APm (6.15)

thus, by cross-referencing the various data obtained in Figure 6.7 and respecting the assump-

tions made, the best solution is obtained, discriminating all the possible couplings, iterating the
procedure, to ensure that the outer diameter and the exchange time are the lowest. The best

solution is shown in Table 6.5.

Table 6.5: Optimal solution in the worst-case hot conditions.

Ay [m?] 2.2904

AT [K] 25

m [kg/s] 0.0254 (0.86 [lpm])
7 [h] 1.7786(42.6864 min)
D [mm] 8.2071
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Results worst-case cold conditions Using the variables defined in Table 6.6 and the assump-
tions made in the previous section, the diagrams in Figure 6.8 are derived. In the case of cold,
the equations to be used are slightly different, because the ambient temperature (7},,5) is neg-
lected in the radiative heat transfer and the temperature of the hot plate (77) is assumed to be
345.15K (72.0 °C):

0o (T1)" Agus = 110, (T — Tou)

S

mTO’U CT‘O’U (Trov - Tdes) (616)

T

- mcp (T; - Tout)

By repeating the same iteration as in the previous case, the optimal solution is obtained (Table
6.7).

Table 6.6: Input data in the worst-case cold conditions.

Input data
Radiative properties
o [W/m?K] 5.670373 - 1078
Emissivity (€,4,) 0.85
Fluid parameters
Density (p) [kg/m?] 1770
Dynamic viscosity (u) [Pas] 0.0032
Kinematic viscosity (v) [mz/s] 1.8-10°6
Specific heat (c,) [J/kgK] 962.964
Rover parameters
Specific heat (¢,o,) [J/kgK] 870
Rover mass (m..o,,) [kg] 899
Rover temperature (1,,,) [K] 258.15
Desire temperature (Ty.,) [K] 293.15
Hot plate temperature (T") [K] 345.15
Loop parameters
Tube length (L) [m] 60.96
Pressure drop (AP) [Pa] 25 - 103

Table 6.7: Optimal solution in the worst-case cold conditions.

Ay [m2] 2.2327

AT [K] 64

i [kg/s] 0.02478 (0.84 [Ipm)])
7 [h] 4.9791(119.4984 min)
D [mm] 8.1590

128



Chapter 6 6.4. MPFL active control system

10 T T T T T T 2
9 |- -
18
8 |- -
TF J 16
o 11 7
& 14 &
= =
= st P
g -
< 12 2
4r =
1
038
; ; 0.6
10 20 30 40 50 60 70 80 90 100 110 120
AT [K]
450 2
400
18
350
116
300
114 E
2250 : '%.
> E
<200 112 &
=
150
1
100
08
50
0 0.6

Time [h]

Figure 6.8: Iterative procedure to fit the optimal worst-case cold solution.
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6.4.2 Turbulent flow case

The previous problem was solved by Hagen Poiseuille’s law, which is only valid if the flow
is laminar and stationary (as already described). In the case studied, the flow is definitely
turbulent (easily verified by calculating the Reynolds number knowing the diameter of the tubes
and the velocity, kinematic viscosity and density of the working fluid). The turbulent regime
guarantees the maximum efficiency of heat exchange in the case of forced convection, while
the minimum efficiency is obtained in the case of natural convection in laminar regime. The
main difficulty is the lack of a complete theory able to describe them satisfactorily due to the
presence of interacting vortical structures, which is a consequence of the chaotic nature of
the motion and the lack of orderly trajectories as in the case of the laminar regime. More
recently, thanks to the development of numerical methods applied to fluid dynamics and the
computational power achieved by computers, it is possible to obtain new information on the
dynamics of turbulent motion through the direct solution of the Navier-Stokes equations by
means of Direct Numerical Simulation (DNS), which is only possible in small problems: the
solution is useful for understanding various phenomena and for producing simplified models
that can be used in less computationally intensive methods. It is possible to filter the Navier-
Stokes equations, eliminating the low wavelengths (the most of the energy resides in the high
wavelengths), thus in this case the resolution is called Large Eddy Simulation (LES).

Operationally a Fully Developed Turbulent Flow (FDTF) occurs when the Reynolds number is
greater than 4000. The FDTF in ducts can be characterised by the Swamee-Jain equation (one
of many Darcy-Weisbach friction factor formulae that provides an accuracy within +1.5%),
which allows the Darcy-Weisbach friction factor (f;) for a full-flow circular tube to be solved

directly:
0.25

2
oo (42 -+ 27 )|
D

where ¢ is the absolute roughness of the tube.

fa= (6.17)

The relationship between volumetric flow rate (V) and the circular tube diameter (D) is obtained

from the following equations:

2 D (6.18)

where A is the cross-sectional area of the circular tube. Manipulating the two equations, the

expression required is obtained:

8pL

\/ f1 =5 —xp”

(6.19)
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To evaluate the diameter in Eq. (6.19), it is necessary to calculate the friction factor using the
Moody diagram?® or Eq. (6.17). Figure 6.9 shows the calculation of the diameter in the two flow
regimes. By increasing the Reynolds number to a much higher value of 4000, the friction factor
decreases (assuming that the pressure drop and the relative roughness remain constant), but the
curve in the turbulent regime case always remains below the same case study in the laminar
regime. This leads to the conclusion that the choice of having initially assumed the laminar
motion regime is conservative.

11

10 ]

—Laminar flow
—Turbulent flow

4 1 1
0.5 1 1.5 2

V' [lpm]

Figure 6.9: Comparison between the diameter calculated using Hagen Poiseuille’s law and the
diameter calculated using Eq. (6.19) as the volumetric flow rate varies.

3The Moody chart is a omni-comprehensive non-dimensional form that relates the friction factor (f;), the
Reynolds number (Re), and relative roughness (¢/ D) for fully developed flow in a circular tube.
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7. Conclusions

In Chapter 2, the functioning of the MMRTG was explained in detail, highlighting its advant-
ages and disadvantages. Basically, the real problem with MMRTG is the low energy conversion
efficiency due to the materials used for the hot shoes and cold shoes (Section 2.2) of the ther-
mocouples. For this reason, new materials have been investigated to improve the efficiency
of MMRTG, and the best proposal has been a compound called Multiple-Filled Skutterudite
(SKD), which has been shown to have good mechanical strength and excellent thermoelectric
properties that provide much more efficient energy conversion at a lower cost than current solu-
tions. In addition, its lower operating temperature would provide much less risk of overheating.
The efficiency of a thermocouple is directly related to Z, the dimensionless number most com-
monly used to evaluate the performance of a material for thermoelectric applications, thus the
general equation describing the maximum efficiency (assuming that the material properties re-

main constant over a given temperature range) can be written as [64]:

I+ 2T — 1

Nmax = T)C
T4 ZTog + 22 7.1
S2 '
7 ="
PmA

where Ty and T are the temperatures of the hot and cold sides of the material respectively, that
define the ideal Carnot cycle and 7', is the cycle efficiency; p,, is the is electrical resistivity
of the material; S is the Seebeck coefficient and A the thermal conductivity of the material.
As for ZT,,, it is the Z at the average temperature of an expected operating range. From Eq.
(7.1), it can be seen that the increase in output power can be achieved by increasing the nominal
hot-side temperature from 525 °C (MMRTG) to 600 °C (eMMRTG), which is enabled by the
higher thermal stability of SKD materials. A further improvement in generator efficiency and
reliability is provided by the inclusion of aerogel insulation, which suppresses sublimation on
the surface of the thermoelectric materials with an associated reduction in heat loss.

Instead, Chapter 6 aims to analyse the rover from a thermal point of view in order to understand
the response and performance of the structure in an environment with certain characteristics.
The thermal analysis presented is useful, especially to understand the quantities involved and
their order of magnitude. In addition, the thermal analysis can be carried out by generating a
model of the rover to approximate it mathematically. This representation is known as a Thermal

Mathematical Model (TMM). Thus, the rover is split into a number of discrete regions within

I'The efficiency of the ideal Carnot cycle takes on the important form: (T — T¢)/TH.
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Chapter 7

which thermal gradients can be neglected. In detail, the rover is divided into six thermal zones:
top/rear/front, right side, left side, bottom, right side and left side wheels. Preliminarily each
node is considered independent and isolated from each other. As a result, since there is no
thermal interaction between them and assuming the steady state condition, the temperature of
each node can be calculated separately.

Over the years, many integrated thermal analysis programs have been developed that allow
to generate complete TMM and the Generalised Method of Moments (GMM), to perform and
visualise temperature distributions under stationary and non-stationary motion conditions. Most
of the codes are based on the Monte Carlo algorithm or the diffuse-gray hypothesis (the radiation
model assumes that surfaces are grey and diffuse, emissivity and absorbance being independent
of wavelength). The Monte Carlo algorithm was developed as a way of dealing with problems
in which the events at a given location are known, at least in the form of statistical distributions,
so it has the advantage that almost any problem of arbitrary complexity can be tackled with
relative ease, but there are two disadvantages that should not be underestimated: statistical
scattering of results and high computational cost. Commercially available thermal analysis

software packages are as follows:

Simcenter STAR-CCM+® developed by Siemens Digital Industries Software;
Simcenter FloTHERM-XT® distributed by Cadlog;

Simcenter FLOEFD® by Siemens Digital Industries Software;

ESATAN Thermal Modelling Suite® by /TP Aero;

MSC Nastran® by MSC Software Corporation;

MSC Patran® by MSC Software Corporation;

Ansys Fluent® by Ansys Incorporation,;

OpenFOAM?® developed primarily by OpenCFD Ltd, is an open source CFD software;

C&R Thermal Desktop® developed by C&R Technologies, is a pre- and post-processor for
SINDA Thermal Analyzer;

Thermal Synthesizer System® by SpaceDesign Corporation;
THERMICA® by EADS Astrium, is a plug-in application of the SYSTEMA environment;

Elmer® developed by CSC-IT Center for Science (CSC), is an open source multiphysical sim-

ulation software.
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A. Appendix

Characteristics of Emitted Radiation

Each decay transforms an unstable configuration of nucleons into a more stable configuration
with liberation of a certain amount of energy defined by the difference between the energy
associated with the initial resting mass and the sum of the energies associated with the final
resting masses, knowing the mass—energy equivalence, £ = m - ¢2.

Nuclides can be classified into several types:

e [sotopes: If atoms of the same chemical element have the same atomic number (), but
they differ in number of nucleons (A);

e Isobars: If atoms of different chemical elements differs in the chemical property, but has
the same physical property, in other words they have the same number of nucleons, but

differ in atomic number;
e [somers: If atoms have the same atomic number and the same mass number, but different

energies (i.e. energy difference between excited' and ground state).

Alpha decay An atomic nucleus transforms into a different nucleus with 4 fewer nucleons by

emitting a-particle’? according to the relation:

X(A,Z) —Y(A—4,Z -2)+ 350

This type of decay is typical of heavy nuclei with Z > 82 and A > 210 and involves a
variation of both the atomic number and the mass number. In these heavy nuclei the electrostatic
repulsive force between the protons is not compensated by a sufficient number of neutrons,
consequently the emissions of an a-particle result in the disappearance from the nuclide of 2

protons and 2 neutrons, as a means of increasing stability by reducing size.

Beta decay (5~ -decay is characteristic of unstable nuclei with excess of neutrons compared

to the corresponding stable isobars. This means that an excess neutron decays into a proton,

I'The excited state is indicated with an asterisk.
2Nucleus of “He: consisting of 2 protons and 2 neutrons.
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which remains inside the nucleus (the mass number does not change, while the atomic number
increases by one), causing the emission of 2 leptons® which take on the kinetic energy released

from decay and are expelled from the nucleus:
n— p + 6 - + U e

Therefore, this type of decay is an isobaric transition, that is an unstable nucleus transforms into
an isobar with the emission of an electron (3~ -particle and an electron antineutrino* according

to the relation:

X(A,2) — YA, Z+1) +e +1,

B*-decay is characteristic of unstable nuclei with neutron defect compared to the corres-
ponding stable isobars. This means that inside the nucleus an excess proton transforms into a
neutron with the emission of 2 leptons, so the atomic number varies (decreases by one) and the
mass number does not change:

p—n+ BT+,

Thus, an unstable nucleus is transformed into an isobar with the emission of a positron

(3*-particle, antiparticle of the electron) and of an electron neutrino® according to the relation:

X(AZ)— YA Z-1)+et + 1,

Electron capture It is a process in which an electron of the internal orbitals of the atom is ab-
sorbed by a proton-rich nucleus and from the reaction a neutron is obtained, for this reason this
process leads to the same result as the 5-decay, so it leads to an element with an atomic num-
ber less than one unit and unchanged mass number. With lighter and unstable isotopes, electron

capture occurs with respect to $*-decay, because they have an energy difference, between the

3The basic building blocks of matter, elementary particles with small mass that do not partake in strong inter-
actions.

* Antiparticle of the electron neutrino

SElementary particle with neutral electric charge and extremely small mass, rarely it interacts with matter and
is only susceptible to the weak subatomic force, moreover they can practically go through enormous thicknesses
of matter undisturbed. The theoretical physicist W. Pauli to justify the continuous energy spectra and how energy,
momentum and angular momentum could conserve in 8- decay. He hypothesized the existence of an undetected
particle that would appear when the radioactive nucleus emitted an electron, because during the decay a part of the
energy it disappeared, denying the conservation of energy principle, which states that the total energy of an isolated
system does not change, can be transferred or changed from one form to another, but can neither be created nor
destroyed.
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initial and final nucleus formed, less than 1.022 MeV, so positron emission is forbidden due to

unavailable decay energy to allow it. The process takes place according to the relation:

XA, Z)+e- — YA, Z-1)+v,

So an electron is captured by the internal shell of the atom and occurs the emission of an
electron antineutrino. A consequence of this process is the X-ray photons emission, when an
outer electron drop to fill the vacancy replacing the captured electron, but sometimes the process
can lead to the Auger effect®.

Gamma decay This type of decay process is an isomeric transition that can occur when at the
end of a a or S-decay a final excited nucleus is obtained due to a part of the energy released in
the process. Therefore, the emission of a y-photon or a quantum of electromagnetic energy is
the mechanism that allows this nucleus to de-energize, reaching a lower and more stable energy

level, without particles ejection from the nucleus.

X*(A, Z) — X(A,Z) +~

N

Thin
Paper Aluminum Thick Lead ‘Water or Concrete
Stops O rays stops B rays Stopsy, X rays Stops neutron
rays

Figure A.1: Types of ionizing radiation [65].

°If the quantum energy released by the downward transition is transferred to one of the outer electrons, which
is ejected from the atom.
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241A1m and 23%Pu decay s
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Plutonium-238 decay scheme

Pu “Bpy,
B7.7 years
Mp \
23-1-“
U 2.46x10°
years
Pa
23]-1-“
Th 7.54x10°
years
Ac
228
Ra
Ra 1599 years
Fr
T2
Rn
RN 138325 days
218
At
At \' /1 5 sec
214
oo 218p 1;:? 20p,
3.10 minutes seconds }33.38 days
21d 210,y /
Bi Bi Bi
19.9 minutes /5.01 days
27 minutes /22.3 years - Stable
- 210y / 208y /
1.3 minutes 4 20 minutes

alpha («) decay / beta (') decay




Americium-241 decay scheme

Energies and intensities of emitted radiation
Alpha (a) Beta (B) max Gamma (y)
MNuclide Half-life ke\ 04y MeV % ke\/ %,
2 Am 432.2 years 5,485 84.5 13.9 42
l 5,443 13.0 505 | 35.9
26.3 2.4
“"Np 2.144x10° 4,788 47 133 | 58
l years 4,771 25 204 | 15
4,766 8 865 | 12.4
4,639 6.2 8.2 9
4,664 3.3 95.9 2.7
“Pa 26.97 days 232 40 136 | 56
l 156 27.7 | 3122 | 386
260 17 984 | 17.7
174 16.4 947 | 109
572 4 111.0 8.2
=y 1.502x10° 4,824 84.4 13.0 6.0
l years 4,784 13.2
“Th 7,340 years 4,845 56.2 123 | 79
l 4,901 10.2 885 | 24.7
4,815 9.3 854 | 15.0
5,053 6.6 100.0 | 11.3
4,968 6.0 11.1 8
“*Ra 14.9 days 331 69.5 400 | 30.0
l 371 30.5 127 | 15.2
“Ac 10.0 days 5,830 50.7 120 | 209
l 5,792 18.1 10.6 9.3
5,791 8.6
5,732 8.0
5,637 4.4
=1Er 4.9 minutes 6,341 83.4 218.2 11.6
l 6,126 15.1 11.4 2.2
217TAL | 0.323 seconds | 7,066 99.9 258.5 0.056
2°gj 45 59 minutes | 5,869 194 | 1422 659 | 4405 26.1
97.84% | 2.16% 982 31.0 79.3 2.0
“po 3.65 micro- 8,376 | 100.0 778.8 0.005
l seconds
71 | 2.2 minutes 660 98.8 | 1567.1 | 99.8
| 4651 | 96.9
1172 | 84.3
750 | 10.7
10.6 9.4
““Pb | 3.253 hours 0.644 | 100
“Bi stable




C. Appendix

EaglePicher database of lithium-ion battery
datasheets
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Benefits:

e High-reliability
e Low cyclic capacity fade
e Long calendar life

Applications:

e Aircraft Power Backup

e Low-Earth Orbit (LEO) satellite mission

e  Mid-Earth Orbit (MEO) satellite mission

e  Geosynchronous Earth Orbit (GEO) satellite mission
e Scientific and Exploratory satellite missions

e Launch vehicle

EaglePicher SLC-028-01 Cell

Lithium-lon (Li-lon)

High-Energy Rechargeable

Specifications:
Part Number SLC-028-01
Cell Design Lithium-lon Secondary Cell

Beginning of Life Capacity

Nameplate Capacity

Mass

Dimensions

Specific Energy
Energy Density
Storage Temperature

Operating Temperature
Charge Current Limit
Discharge Current Limit
Pulse Current Limit
Vibration Limit

Transportation

34.5 Ah, 128 Wh at 20°C
EOCV 4.2 CC/CV, C/2

30 Ah, 110 Wh at 20°C
EOCV 4.2 CC/CV, C/2

1020 g, (2.24 Ibs.)

125.4 x 101.8 x 38.4mm
(4.94 x 4.00 x 1.51 in.)

125.0 Wh/Kg

283.5 Whl

-5°to 5°C (23° to 41°F)
-10° to 50°C (14° to 122°F)
32.5Ato 4.1 EOCV CC/CV
120 A to 3.0 EODV

240 A for 10 seconds
Random 24.7 Grms

Class 9 Identification Number
UN 3090*

All performance values are typical.

* For complete transportation regulations, contact EaglePicher Technologies, LLC.

P.0. BOX 47, JOPLIN, MISSOURI 64802-0047 U.S.A. TEL 417.623.8000 FAX 417.781.2186 WWW.EAGLEPICHER.COM

© 2011 EaglePicher Technologies, LLC Information in this document is subject to change without notice. 08/11 SLC-028-01 Rev. Orig.




EaglePicher Li-Ion Cell
SLC-028-01
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EaglePicher Li-Ion Cell
SLC-028-01
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CELL DIMENSIONS
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EaglePicher Space Cell

Lithium-lon

provides higher energy

els at a lower weight and
lume than Ni-H, or Ni-Cd.

Specifications
Part Number SLC-16050
E g Cell Design Lithium-lon Secondary Cell

62.5 Ah, 245 Wh at 20°C EOCV
4.1 CC/CV, C/2

52 Ah, 204 Wh at 20°C EOCV
4.1 CC/CV, C/2

Beginning of Life Capacity

Nameplate Capacity

7.92in
[201.3 mm]

6.81in

(173 mm Charge Current Limit 31.25A to 4.1 EOCV CC/CV
Discharge Current Limit 62.5A to 3.0 EODV
Pulse Current Limit 125A for 10 seconds
| Mechaical
v Weight 2020 g/4.44 b
Specific Energy 121.3 Whr/kg
pE s Energy Density 305.4 Wh/I
. Dimensions (less terminal) ;7234)::)1 Sx56.9mm (6.81x3.21x
Featu res & Ben eflts Storage Temperature -5°C to 5°C (23°F to 41°F)
Qualified for space flight Operating Temperature 10°C to 30°C (50°F to 86°F)
. . . Vibration Limit Random 24.7 g
Prismatic cell design -
Transportation Class 9 ID number - UN3090*

Fully-welded, hermetically-sealed construction

*For complete transportation regulations, contact EaglePicher Technologies, LLC

Compression seals Applications
175 £ 20 psi rupture disk vent ) ) ,,

+ Low-Earth Orbit (LEO) Satellite Mission
Mid-Earth Orbit (MEO) Satellite Mission

High energy density

Highly reliable

Low cyclic capacity fade Geosynchronous-Earth Orbit (GEO) Satellite Mission

Long calendar life Scientific and Exploratory Satellite Missions

e e e

4 4

Stainless steel case and cover Launch Vehicle

POBox47 | Joplin, Missouri 64802-0047 USA | tel417.623.8000 | fax417.623.0850 | www.eaglepicher.com

This material is released to the public domain in accordance with ITAR 22 CFR 120.11.



SLC-16050
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EagIéTDicher*M
Technologies, LLC

31.2 A Capacity Check from 30% LEO Regime

—Cycle 0
—Cycle 3800
—Cycle 8700
~——Cycle 15000
—Cycle 18000
—Cycle 23000

5 10 15 20 25 30 35 40
Capacity, Ah

Discharge Capacity at 20°C

—62.5 Amp

=—31.2 Amp

12.5 Amp

Charge & Discharge Profile

—Charge

5 10 15 20 25 30 35 40 45 S0 55 60 65
Capacity, Ah

Discharge (31.2 A) Capacity vs Temperature

o 5 1o 15 o 5 30 35 40 a5 50 55 B0 &5

Capacity, Ah

An GViG Company
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Capacity, Ah

EaglePicher Technologies, LLC

PO Box 47, Joplin, Missouri 64802-0047, USA
tel 417.623.8000 | fax 417.623.0850
www.eaglepicher.com

This material is released to the public domain in
accordance with ITAR 22 CFR 120.11.
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An GViG Company

EaglePicher Space Cell

Lithium-lon

provides higher energy

els at a lower weight and
lume than Ni-H, or Ni-Cd.

Specifications
Part Number SLC-21060-001
E g Cell Design Lithium-lon Secondary Cell

72 Ah, 260 Wh at 20°C EOCV
4.1 CC/CV, C/2
70 Ah, 256 Wh at 20°C EOCV
4.1 CC/CV, C/2

Beginning of Life Capacity

e Nameplate Capacity
[201. rlv?m]

6.81in

(173 mm Charge Current Limit 36.0 Ato 4.1 EOCV CC/CV
Discharge Current Limit 72.0 Ato 3.0 EODV
Pulse Current Limit 146 A for 10 seconds
v Weight 1974 g/4.34 b
—J Specific Energy 131.7 Whr/kg
B —— Rt AU Energy Density 324.1Wh/I
173 x81.5x56.9 mm (6.81 x 3.21 x

Dimensions (less terminal)

. 2.24in)
Featu res & Ben eflts Storage Temperature -5°C to 5°C (23°F to 41°F)
Qualiﬁed for space ﬂight Operating Temperature 10°C to 30°C (50° F to 86°F)
Pri i Il desi Vibration Limit Random 24.7 g
rismatic cell aesign
9 Transportation Class 9 ID number — UN3090*
FU”y-We|ded, hermetica”y'sealed construction *For complete transportation regulations, contact EaglePicher Technologies, LLC

Compression seals Applications
175 £ 20 psi rupture disk vent ) ) ,,

+ Low-Earth Orbit (LEO) Satellite Mission
Mid-Earth Orbit (MEO) Satellite Mission

High energy density

Highly reliable

Low cyclic capacity fade Geosynchronous-Earth Orbit (GEO) Satellite Mission

Long calendar life Scientific and Exploratory Satellite Missions

e e e

4 4

Stainless steel case and cover Launch Vehicle

POBox47 | Joplin, Missouri 64802-0047 USA | tel417.623.8000 | fax417.623.0850 | www.eaglepicher.com

This material is released to the public domain in accordance with ITAR 22 CFR 120.11.
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38.7 A Capacity Check from 30% LEO Regime ) . Charge & Discharge Profile

—Cycle 0
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az —Cycle 5000

Cycle 8000 4?1 —Charge
31 Cyele 10000 311 —Discharge |
30 10
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Capacity, Ah

0 5 10 15 20 25 30 35
Capacity, Ah

Discharge Capacity at 20°C ) » Discharge (35 A) Capacity vs Temperature

gS.G

Volta

3 40 45 S50 BE 80 &5 VO TS 80
Capacity, Ah

5 10 1% 200 25 30 35 40 45 50 75 . ] 5 1% 15 20 28 30
Capacity, Ah

jL M ™ \WTERTE, EaglePicher Technologies, LLC
Ea g I e P IC h er 7\ PO Box 47, Joplin, Missouri 64802-0047, USA
. A/ tel 417.623.8000 | fax 417.623.0850
Te C h n O I O g I eS p L LC ‘-. www.eaglepicher.com
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Eagle’TDicherm
Technologies, LLC

A VECTRA\ Company

12Ah Space Cell

Model LP 32975
Lithiated Nickel Cobalt Aluminum Oxide

High energy, long cycle life and

LOW maintenance Lithium-lon cell
for DEMANDING applications

Features & Benefits

Specifications

+ Case neutral Model Number LP 32975
+ Safety vent feature Nominal Capacity 12Ah @ C/5 @ 20°C
Nominal Voltage 3.6 Volts
True prismatic design Voltage Range 3.0V to 4.10V
+ Hermetically sealed Nominal Cell Impedance @ 20°C 5mQ
Cycle Life to 80% Capacity 5
Stainless steel case Measured at 0.5C discharge current at 20°C >2000 @100% DOD
+ Long life-over 40,000 LEO cycles @ 40% DOD over 10 Nominal Cell Weight 4659
) Standard Charging Constant Current 6A (0.5C) to 4.1V
years of operation Method Constant Voltage 4.1V to 0.24A (C/50)
Qualified for operation from -20°C to +60°C Operating Temperature -20°C to +60°C
— Storage Temperature -40°C to +60°C
+ Proven Reliability - - - L -
Dimensions See Detail on Back
Energy Density 285 Wh/L
. - Specific Energy 114 Wh/kg
App|lC8tI0nS Max Constant Current | 96A
Discharge Rates Max Pulse C t
+ Aerospace (jxseg)se arren 180A
+ Mars Lander
+ Low-Earth Orbit (LEO) Satellite Mission
+ Mid-Earth Orbit (MEO) Satellite Mission
+ Geosynchronous-Earth Orbit (GEO) Mission
+ Scientific and Exploratory Satellite Missions
PO Box 47 Joplin, Missouri 64802-0047 USA tel 417.623.8000 | fax417.623.0850 www.eaglepicher.com
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EaglePicher Technologies, LLC
PO Box 47, Joplin, Missouri 64804, USA

Eagle‘LPicher""

K ‘-. tel 417.623.8000 | fax 417.623.0850
Te C h n O I O g I e S / L LC ‘oa'so"*p\ This material is released to the public domain
A VECTRA Company 4 in accordance with ITAR 22 CFR 120.11.
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43Ah Space Cell

Features & Benefits

+ Case neutral

+ Safety vent feature

+  True prismatic design

+ Hermetically sealed

+ Stainless steel case

+ Long life-over 40,000 LEO cycles @ 40% DOD over 10

years of operation

+ Qualified for operation from -20°C to +60°C

Applications

+ Aerospace

+ Mars Lander

+ Low-Earth Orbit (LEO) Satellite Mission

+ Mid-Earth Orbit (MEO) Satellite Mission

+ Geosynchronous-Earth Orbit (GEO) Mission

+ Scientific and Exploratory Satellite Missions
PO Box 47 Joplin, Missouri 64802-0047 USA

EagIéTDicher*”

Technologies, LLC

A VECTRA Company

Model LP 31950
Lithiated Nickel Cobalt Aluminum Oxide

High energy, long cycle life and

LOW maintenance Lithium-lon cell
for DEMANDING applications

Specifications

Model Number LP 31950

Nominal Capacity 43Ah @ C/5 @ 20°C
Nominal Voltage 3.6 Volts

Voltage Range 3.0Vto4.10V
Nominal Cell Impedance @ 2mQ 5mQ

Cycle Life to 80% Capacity

Measured at 0.5C discharge current at 20°C

>2000 @ 100% DOD

(<1 sec)

Nominal Cell Weight 1.27kg
. Constant Current | 21.5A (0.5C) to 4.2V
Standard Charging Method
Constant Voltage | 4.2V to 0.86A (C/50)
Operating Temperature -20°Cto +60°C
Storage Temperature -40°C to +60°C
Dimensions See Detail on Back
Energy Density 378 Wh/L
Specific Energy 153 Wh/kg
Max Constant 200A
Current
Discharge Rates Max Pulse C
ax Pulse Current 400A

tel 417.623.8000

fax 417.623.0850

www.eaglepicher.com




NCP 43-4

Discharge Rate Capability at 20°C Discharge Rate Capability at C/5 and Various Temperatures
4.2
42
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2 N ——1Cat +20°C 4 C/5-at+20°C
—C/5at-20°C
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E 36 § 3.6
S S
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EaglePicher Technologies, LLC

. |
Ea g I e P| C h erm 1Ty PO Box 47, Joplin, Missouri 64804, USA

‘-. tel 417.623.8000 | fax 417.623.0850

Te C h n O I O g i e S 7 L LC "’:@" www.eaglepicher.com

This material is released to the public domain
A VECTRA Company in accordance with ITAR 22 CFR 120.11.
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EaglePicher~
Technologies, LLC

A VECTRA\ Company

55Ah High Rate Lithium lon Cell

Model LP 32770

ergy, long cycle life and LOW
itenance Lithium-/lon cell for

DEMANDING applications

Model Number LP 32770
Features & Benefits - :
Nominal Capacity 55Ah @ C/5 @ 20°C
+ Case neutral Nominal Voltage 3.6 Volts
+ Safety vent feature Voltage Range 3.0Vto4.10V
X ) . Nominal Cell Impedance @ 2mQ 5mQ
+ True prismatic design - :
Cycle Life to 80% Capacity 2000 @ 100% DOD
+ Hermetically sealed Measured at 0.5C discharge current at 20°C ?
. Nominal Cell Weight 1.680k
+ Stainless steel case J J
standard Charaing Method Constant Current | 27.5A (0.5C) to 4.1V
: i andard Charging Metho
+ Wide operational temperature range Constant Voltage | 4.1V to 1.1A (C/50)
+ Vibration resistant Operating Temperature -20°C to +60°C
+ Proven in demanding applications Storage Temperature ~40°C t0 +60°C
Dimensions See Detail on Back
+ Advanced low temperature electrolyte Energy Density 343 WhL
+ High power Specific Energy 134 Wh/kg
Max Constant
+ Moderate energy c 440A
urrent
Discharge Rates
= " Max Pulse Current 660A
Applications (<1 seq
+ Aircraft
+ Aerospace
PO Box 47 Joplin, Missouri 64802-0047 USA tel 417.623.8000 fax 417.623.0850 www.eaglepicher.com
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D. Appendix

Battery comparison
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E. Appendix

Selection of 7)., and T/,
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Figure E.1: Environmental and ground temperature profile during the worst case hot condi-
tions. The Figure above shows the ground temperature (height 0.0 m ALS) with climatology
maximum solar scenario, with latitude and longitude those of the Curiosity landing site (latit-
ude: —4.6° N; longitude: 137.4° E), in the period of the year with Ls equal to 195° and at local
time 13.0 h. While the Figure below shows the temperature variation in the first 2 km from the
surface [59].
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Appendix E

Temperature (K)

T=178.868 K
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height above surface (m)

500 T=178.868 K

?75 180 185 190 195 200 205 210 215
Temperature (K)

Figure E.2: Environmental and ground temperature profile during the worst case cold condi-
tions. The Figure above shows the ground temperature (height 0.0 m ALS) with climatology
minimum solar scenario, with latitude and longitude those of the Curiosity landing site (latit-
ude: —4.6° N; longitude: 137.4° E), in the period of the year with Ls equal to 105° and at local
time 5.0 h. While the Figure below shows the temperature variation in the first 2 km from the
surface [59].
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F. Appendix

MATLAB script for active thermal control

system solution

WORST-CASE HOT CONDITIONS

clearvars
close all

clc

% PLOT
data = 'ON’;
onPlot = "ON’;

% radiative properties
sigma = 5.670373e-8;

eps = 0.85;

% fluid

cp = 962.964; % [J/(KgxK) ]
rho = 1770; % [Kg/m”3]
nu = 1.8e-6; % [m"2/s]
mu = nuxrho; % [Pas]

deltaP = 25e3; % [Pa]
L = 60.96; % [m]

% boundary conditions

Tamb = 270.730; Yo
deltaT = 10:1:70; %
Ts = 50+273.15; %0

% friction factor
fd = 0.01; %

% [W/(m"2xK) ]
% [ — 1

[K]
[K]
[K]

168



29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

Appendix F

% rover properties

mrover = 899; % [Kg]
crover = 870; % [J/(Kg=K) ]
Trover = 25+273.15; % [K]
Ti = 20+273.15; % [K]

if strcmp(data, °'ON’)
Vpunto = 0.3:0.01:1.5;
mpunto = Vpuntoxrho/(60x1e3);
n = length (mpunto) ;

AoutdeltaT = zeros(length (mpunto), 7);
for 1 = 1:n

Aout = mpunto(i)=cp=deltaT /(sigmaxeps*(Ts"4 — Tamb”4));
index = find (Aout>=2.2,1);
Dl

= ((8«fd/pi”2)«(mpunto(1)”2/rho)/(deltaP)=«L)"(1/5);
AoutdeltaT(1 1) = Vpunto(i);
AoutdeltaT (i,2) = ((DIr2/4)"2)xdeltaP /(8 +«muxL) ;
AoutdeltaT (i ,3) = deltaT (index);
AoutdeltaT (i ,4) = Aout(index);
AoutdeltaT (i,5) = DI«1073;
AoutdeltaT (i,6) = Dt«x1073;

AoutdeltaT (i,7) = ((mroversxcroverx(Trover—Ti))/( mpunto (i)
cpxdeltaT (index)))/3600;

end

j =1L

for i=1:size (AoutdeltaT ,1)
if AoutdeltaT (i,4) <= 2.3 %&%& AoutdeltaT (i,5) <= 9
AoutdeltaTmod (j ,1:7) = AoutdeltaT (i,:);
=0+ 1
end
end
[~,idx] = sort(AoutdeltaTmod(:,7));
AoutdeltaTmod = AoutdeltaTmod (idx ,:) ;

end
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Appendix F

if strcmp(onPlot, 'ON’)

Vpunto = 0.6:0.1:2;
mpunto = Vpuntoxrho/(60x1e3);
n = length (mpunto) ;

91T COLOR  TIIIEIEISTSISISTSTTIIEIETEIS fo
max_Vpunto = max(Vpunto) ;

min_Vpunto = min(Vpunto) ;
colourShades = length (Vpunto);
colours = jet(colourShades);

Vo Latltlodloledledtedlsdodlodlededlededledlodedledlededledlodledlededededlodlodledledededle e

% 1st equation

figure (1)

for 1 = 1:n

Aout = mpunto(i)=*cp=deltaT /(sigmaxeps=*(Ts"4 — Tamb"4));

plot(deltaT , Aout, Color’,colours(i,:), LineWidth’, 1.2);
hold on;

plot(deltaT , 2.3xones(length(deltaT),1), k’, LineWidth’, 2)
;: hold on;

xlabel ("\DeltaT [K]’, FontSize’, 14,  FontWeight’, bold’);

ylabel ("A_{out} [m"2]’,  FontSize’, 14, FontWeight’, bold’);

JDtitle (sprintf (’Flow rate [lpm] = %.2f°, Vpunto(i)));

Jopause (0.1) ;

end

h = colorbar;

colormap(colours)

caxis ([min(Vpunto) *.999, max(Vpunto)«1.001])

ylabel (h, ’Flow rate [lpm]’,’ FontName’,’ Times New Roman’,
FontSize’ ,20)

set(gca, ’FontName’,’Times New Roman’, ’fontsize’, 18)

>

% 2nd equation
a =1 % 3600;
b =3 % 3600;

time = a:b;

figure (2)
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Appendix F

for i = 1:n
deltaTemp = ((mroverxcrover*(Trover—Ti))./time)/( mpunto(1i)s=
cp);

plot(time/3600, deltaTemp,’ Color’,colours(i,:) ,’ LineWidth’
, 1.2); hold on;

xlabel (’Time [h]’,’FontSize’, 14,  FontWeight’, bold’);

ylabel (’\DeltaT [K]’,’ FontSize’, 14, FontWeight’, bold’);

end

h = colorbar;

colormap (colours)

caxis ([min(Vpunto) %.999, max(Vpunto)«1.001])

ylabel (h, "Flow rate [lpm]’, FontName’, Times New Roman’ ,
FontSize’ ,20)

set(gca, ’FontName’,’Times New Roman’, ’fontsize’, 18)

’

% Diameter comparisons

figure (3)

plot (AoutdeltaT (:,1), AoutdeltaT (:,5),’b’, LineWidth’, 1.7)
; hold on;

plot(AoutdeltaT (:,1), AoutdeltaT (:,6), r’, LineWidth’, 1.7)
; hold on;

plot (AoutdeltaT (:,1), 9xones(length (AoutdeltaT (:,6)) ,1), k’
, LineWidth’, 1.7); hold on;

legend (’Laminar flow’, ’Turbulent flow’, ’Location’, ’best’
)

xlabel (’$\dot{V}$ [lpm]’, interpreter’,’latex’,’ FontSize’,
14, FontWeight’, bold’);

ylabel (D [mm]’,  FontSize’, 14);

set(gca, ’FontName’,’ Times New Roman’, ’fontsize’, 30)

end

WORST-CASE COLD CONDITIONS

clearvars
close all
clc

% PLOT
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data =
onPlot =

,ON’ ;
’ON’ ;

% radiative properties

% [W/(m"2%K) |
% [ - 1

sigma = 5.670373e-8;

eps = 0.85;

% fluid

cp = 962.964; % [J/(KgxK) ]
rho = 1770; % [Kg/m"3]
nu = 1.8e-6; % [m"2/s]
mu = nuxrho; % |Pas ]
deltaP = 25e3; % [Pa]

L = 60.96; % [m]

% boundary conditions

deltaT = 10:1:120; %[K]
Ts = 72+273.15; %([K]
%Tamb = 183.2305; %[K]

% friction factor
fd = 0.01; % [ - ]

% rover

899;

870;

Trover = —-15+273.15;
Ti = 20+273.15;

mrover

crover

if strcmp(data, 'ON’)

%
%
%
%

8

[Kg]
[J/(Kg#K) ]
[K]

[K]

zeros (length (mpunto), 7);

mpunto (i)=xcp=deltaT /(sigmaxeps=(Ts*4));

Vpunto = 0.5:0.01:0.97;
mpunto = Vpuntosxrho/(60x1e3);
n = length (mpunto) ;
AoutdeltaT =

for 1 = 1:n

Aout =

index = find (Aout>=2.2,

1);
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end

Dl = 2% ((( 8smuxLx*(mpunto(i)/rho) )/( pixdeltaP ))"(1/4));
Dt = ((8«fd/pi”2)*(mpunto(i)”2/rho)/(deltaP)=«L)"(1/5);
AoutdeltaT (i,1) Vpunto(i);

AoutdeltaT (1,2) = ((DI*2/4)72)xdeltaP /(8 +muxL) ;
AoutdeltaT (i,3) = deltaT (index);

AoutdeltaT (i ,4) = Aout(index);

AoutdeltaT (i,5) = DI«10"3;

AoutdeltaT (i ,6) = Dtx10/3;

AoutdeltaT (i1,7) = abs((mroverxcrover*(Trover—Ti))/( mpunto (i
)xcpsdeltaT (index))/3600);

end

j =L

for i=1:size (AoutdeltaT ,1)
if AoutdeltaT(i,4) <= 2.3 %&& AoutdeltaT (i,5) <= 9
AoutdeltaTmod (j ,1:7) = AoutdeltaT (i,:);
=0+ 13
end
end
[~,idx] = sort(AoutdeltaTmod (:,6));
AoutdeltaTmod = AoutdeltaTmod (idx ,:) ;

if strcmp(onPlot, 'ON’)

Vpunto = 0.6:0.1:2;
mpunto = Vpuntosrho/(60x1e3);
n = length (mpunto) ;

W oledledledlegledledledledledl MM ©.@) B @) SQULerLarlarforfotlorlodlodledledledledledleddledlodle
max_Vpunto = max(Vpunto) ;

min_Vpunto = min(Vpunto) ;
colourShades = length (Vpunto);
colours = jet(colourShades);

W Leltladlodledledledladledlodledledtededledlodlededledledledlodlededledledledlodledledlededdle

% 1st equation
figure (1)

for 1 = 1:n
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end

Aout = mpunto(i)=cp=xdeltaT /(sigmasxeps=*(Ts”4));

plot(deltaT , Aout, Color’,colours(i,:), LineWidth’, 1.2);
hold on;

plot(deltaT , 2.3xones(length(deltaT),1),’k’, LineWidth’, 2)
; hold on;

xlabel (’\DeltaT [K]’,’ FontSize’, 14,  FontWeight’, bold’);

ylabel (’A_{out} [m"2]’,  FontSize’, 14, FontWeight’, bold’);

Ytitle (sprintf (’Flow rate [lpm] = %.2f°, Vpunto(i)));

Jopause (0.1) ;

xlim ([10 120])

end

h = colorbar;

colormap(colours)

caxis ([min(Vpunto) *.999, max(Vpunto)*1.001])

’ >

ylabel (h, *Flow rate [lpm]
FontSize ,20)

set(gca, ’FontName’,’Times New Roman’, ’fontsize’, 18)

, "FontName’ ,’ Times New Roman’ ,

% 2nd equation

a =1 % 3600;

b =10 % 3600;

time = a:b;

figure (2)

for 1 = 1:n

deltaTemp = ((mroverscrover=xabs ((Trover—-Ti)))./time)/(
mpunto (1)*cp) ;

plot(time/3600, deltaTemp,’ Color’,colours(i,:) ,’ LineWidth’
, 1.2); hold on;

xlabel ("Time [h]’,’FontSize’, 14, FontWeight’, bold’);

ylabel (’\DeltaT [K]’,’ FontSize’, 14, FontWeight’, bold’);

end

h = colorbar;

colormap(colours)

caxis ([ min(Vpunto) %.999, max(Vpunto)=1.001])

9 b

ylabel (h, ’Flow rate [lpm]
FontSize’ ,20)

set(gca, ’FontName’,’Times New Roman’, ’fontsize’, 18)

, FontName’ ,’ Times New Roman’ ,

174



	Abstract
	Acknowledgment
	List of Figures
	List of Tables
	Acronyms and Abbreviations
	Introduction
	Structure of an energy system
	State of art of an energy system
	Energy conversion mechanisms
	Solar energy
	Chemical energy
	Nuclear energy


	Radioisotope Power Systems
	RPS missions
	State of the art of an MMRTG
	Advantages and disadvantages of MMRTGs

	Radioactive decay
	Plutonium properties
	Americium properties


	Mars Science Laboratory rover
	Instrument investigation
	SAM: Sample Analysis at Mars
	CheMin: Chemistry and Mineralogy
	ChemCam: Chemistry and Camera
	APXS: Alpha Particle X-ray Spectrometer
	MAHLI: Mars Hand Lens Imager
	Mastcams: Mast Cameras
	MARDI: Mars Descent Imager
	RAD: Radiation Assessment Detector
	DAN: Dynamic Albedo of Neutrons
	REMS: Rover Environmental Monitoring Station

	Telecommunications
	MSL Antennas

	Engineering cameras

	Electrical energy storage subsystem
	General design procedure
	Definition of worst-case condition
	SAM analysis: power-demand

	Conceptual design
	Electrical design
	Internal and external battery sizing

	Final check
	Results
	NCP 43-4


	Heat transfer
	Conduction
	Convection
	Thermal radiation
	Mars thermal environment
	Solar radiation
	Albedo
	Planetary radiation


	Thermal Control System
	Rover Avionics Mounting Panel, sensor and heaters
	Heat Rejection System
	Thermal Balance
	External heat input
	Internal heat input
	Heat output
	Worst case hot temperature
	Worst case cold temperature

	MPFL active control system
	Preliminary design process
	Turbulent flow case


	Conclusions
	References
	Appendix
	Appendix (1)
	Appendix (2)
	Appendix (3)
	Appendix (4)
	Appendix (5)

