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Abstract

Electric space propulsion was conceived as a more efficient and suitable propulsion
system in size for medium-size and small-satellite missions compared to conven-
tional chemical engines. Very challenging types of mission scenarios include those
in Earth orbit (i.e., LEO, GEO), where the residual atmosphere, especially at low
altitudes, creates significant drag to spacecrafts and forces their orbit to decay.
For drag compensation propulsion systems are used requiring on-board propellant
and electric power. Enhancing the lifetime of Earth-orbiting satellites without
any substantial increase in costs is an important objective for governmental as
well as commercial operators.

An air-breathing electric propulsion system (RAM-EP) ingests the air of the
residual atmosphere through a mechanical intake and uses it as propellant for an
electric thruster. This system theoretically allows a S/C to orbit for an unlim-
ited time without carrying propellant on board. Moreover, with such a propul-
sion system, a new range of altitudes (120-250km) can be accessed, filling the
gap between ramjet atmospheric propulsion and low Earth orbit - LEO - space
propulsion, thereby enabling many new scientific missions.

Preliminary studies have shown that the propellant flow necessary for electro-
static propulsion exceeds the available mass intake with reasonable limits, and
that electrode erosion due to aggressive gases, such as oxygen, which is highly
present in LEO, might limit thruster efficiency and lifetime. The electrode-less
design of inductive plasma generators or IPGs can handle those aggressive gases
with no harmful effects. Characterisation of such plasma generators using pure
O, and CO, gases exists and shows highly electric-to-thermal coupling efficien-
cies [1].

A system analysis is shown within this work to derive the main design drivers
for a RAM-EP mission application. Atmospheric modelling, orbit considerations,
heat fluxes, drag force, air intake, and available mass flow for a wide altitude
range have been investigated. Preliminary results show that partial to full drag
compensation is possible. The small-scale inductive plasma generator IPG6-S of
the University of Stuttgart is continually improved, and is used as a test bed for
a RAM-EP system using an IPG source. A set of mass flows has been defined,
depending on altitude, inlet area, and intake efficiency to simulate relevant mis-
sion conditions. IPG6-S has been tested for mass flow rates between 220 mg/s
down to 0.25mg/s with air and pure oxygen. The mean mass-specific energies of
the plasma plume were assessed and are used to estimate the exhaust velocities
for the system analysis of the RAM-EP concept.

XV
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Chapter 1

Introduction

With more than 50 years of space flight exploration, the observation of the Earth
from satellites in LEO - Low Farth Orbit - and GEO - Geostationary Earth Orbit
- orbits has revolutionized life on Earth, see Fig. 1.1.

Observations of the planet have allowed the development of world-scaled weather
forecasts, the monitoring of the oceanic currents, of the changing of the polar ice
caps, of desertification, fires and surveillance for both civil and military services.

Figure 1.1: Earth from the International Space Station |2].

Higher accuracy of the observation of our planet can be achieved by improving

the resolution of the S/C’s instrumentation. The improvement of the instrumen-
tation usually means heavier and complex optics and expensive sensors assembly
which results in higher costs. Improving the resolution of the instruments without
increasing complexity and weight of the payload can be achieved by flying closer
to Earth’s surface, in the VLEO - Very-Low FEarth Orbit -.
Furthermore this will enable the investigation of the lower layers of Earth’s atmo-
sphere with permanent measurement, providing more detailed information about
the atmosphere, temperature, components, and density and filling the gap be-
tween sounding rockets and balloons, and S/Cs in LEO.

1



1. Introduction

Moreover a better understanding of the Earth’s gravitational field has been en-
abled and recently improved by higher resolution mapping of the Earth’s geoid by
ESA’s mission GOCE - Gravity field and steady-state ocean circulation explorer -
ended in October 2013 - orbiting as low as 229km [3], as gravitational fields data
depend on the inverse square of the distance from the planet’s center.

When flying at altitudes between 100 and 300 km two main aspects must be
considered for designing the mission: the first is the aerodynamic drag, and the
second is the aerodynamic heating. The number of particles impacting the S/C
will increase when descending in the atmosphere due to higher density. Every
impact means an exchange of energy between the particle and the S/C. A part
of this energy will be transferred by an exchange of motion and drag will be gen-
erated; the other part of this energy will heat up the S/C.

The generated drag will slow down the S/C and limit the mission lifetime if no
thrust is provided. Therefore, to extend the mission lifetime, a propulsion system
capable to compensate the drag must be provided. This system should extend
the lifetime of the S/C until a maximum which will be defined by the on-board
propellant, however, carrying more propellant will result in higher expenses for
the mission. Extending S/C’s lifetimes means also in an higher economic income
as the time for generating valuable data will be longer.

In this master thesis a RAM-EP system - Atmosphere-Breathing Electric Propul-
sion for application in LEO to VLEO orbits will be investigated. This kind of
propulsion system is suitable to operate in those altitudes as it uses the gases of
the residual atmosphere as propellant. This might enable missions and extend
mission lifetime at these altitudes, and at the same time reduce the costs as the
required amount of on-board stored propellant will be smaller.

For the development of this work, the IPG6-S, a small scale inductively heated
plasma generator operating at power levels of up to 20 kW available at the Uni-
versitat Stuttgart, will be used as a first test-bed for the evaluation of the per-
formances of such a propulsion system. This evaluation will be done by the
measurement of the enthalpy of the plasma through a calorimeter and exhaust
velocities will be estimated to obtain thrust values. The input mass flow will
be varied to simulate different altitudes and different gases like air, O, and N,,.
The values obtained will be used for the system and sensitivity analysis of drag
compensation profiles.



Chapter 2

Overview

This Chapter is intended to describe the structure of this master thesis.

After the introduction in Chapter 1 and this overview in Chapter 2, Chapter 3
presents the actual space propulsion technologies, and its descriptions as well as
a comparison between them. Afterwards the RAM-EP concept is presented to-
gether with a motivated choice for a RAM-EP thruster.

Chapter 4 describes the System Analysis developed for this work: it takes
into account the main design drivers for a RAM-EP mission application and de-
scribes them in detail in order to better understand their influence on the design
and to evidence the issues and the limitations for the application of this kind of
technology.

In Chapter 5 plasma is defined as well as the inductively coupled plasma gen-
eration principle of operation. Afterwards a brief review of the actual operating
IPGs is presented. Subsequently the IPG6-S facility is presented in detail and
the improvements done during this work are shown.

Chapter 6 presents the experimental set-up, the test procedure and the ex-
perimental results as well as the post-processed results.

In Chapter 7 the Conclusions of the work are made.

Furthermore Chapter 8 presents a review of the current electrodeless acceler-
ation devices which can be applied to an IPG, as an outlook for further work.

The Chapter 8 discuss in detail the improvement that are needed to the facility
in order to improve experimental results.



2. Overview




Chapter 3

Space Propulsion

This chapter gives an overview of the different propulsion systems available and
theoretically feasible for spacecrafts and satellites and explains their working
principles. Afterwards a comparison between chemical and electrical propul-
sion is made and advantages and disadvantages are shown. A section about
inductive plasma generation is introduced and intended for the reader as a mo-
tivation for the use of an IPG in RAM-EP, introducing its working principle,
advantages and disadvantages in respect to the other presented technologies.

In the last section Air-Breathing Electric
Propulsion working principle is described.
This is completed by a state-of-the-art of
the actual RAM-EP and similar small S/Cs
designed for orbiting in LEO and VLEO
studies.  An overview reassuming the dif-
ferent studies is presented at the end
of the chapter and it is followed by a
choice of the RAM-EP thruster for this

work.

3.1 Current Technologies

Since the beginning of the space age, man has
developed many different kind of propulsion
systems to achieve the goal of flying into space.
The very first propulsion systems where chem-
ical, with solid and liquid propellant. After-

Figure 3.1: F-1 engines and their
engineer Wernher von Braun [1].

wards electric propulsion system where investigated as a more efficient way to
generate thrust, reducing the on-board propellant requirements. Hereby these
two kind of propulsion system are differentiated and described.

5



3. Space Propulsion

3.1.1 Chemical Propulsion

Chemical propulsion systems, both solid and liquid, use combustion of reactants
to increase temperature of the gases products and expel them through a nozzle
where are accelerated, converting their thermal energy into kinetic energy, pro-
ducing thrust.

This technology provides high level of achievable thrust but also high propellant
consumption together with the requirement, in the case of liquid propellant, of
complex and heavy subsystems like: turbo pumps, gas generator and propellant
feed lines, see Fig. 3.1. A higher specific impulse, defined as [, = migo (F is the
thrust, 7 is the mass flow rate and gy the standard gravitational acceleration on
Earth), means a more efficient use of the propellant.

Nuclear propulsion systems use a nuclear reactor to heat up a working fluid,
typically H,, which is expelled and accelerated through a nozzle. As stated before,
the I, is higher and exhaust velocities and thrust are higher as well, up to 900s
and 1 x 107N for fission nuclear reactors and theoretically up to 100000s and
1 x 10° N with a fusion reactor. An example of this kind of propulsion applied to
a mission is shown in Fig. 3.2.

Figure 3.2: "Copernicus" Nuclear Thermal Rocket [5].

3.1.2 Electric Propulsion

Electric propulsion systems can be divided into three subcategories according to
their type of acceleration strategy:

e Electrothermal: the electric power is used to heat up the propellant which
expands through a nozzle;

e FElectrostatic: the electric power is used to ionize the propellant and an
electrostatic field is used to accelerate it;



3.1 Current Technologies

e Electromagnetic: the electric power is used to ionize the propellant and an
electromagnetic field is used to accelerate it.

Electrothermal

Under the Electrothermal subcategory there are Resistojet, and Arcjet, see Fig. 3.3.

In the first, the temperature of the propellant is increased with an arc dis-

charge. The latter uses a combination of an heat exchanger connected to a re-
sistive heater element which heats up the propellant that is afterwards ejected
through a nozzle. They have been both well developed and already flying on
different S/Cs.
Typical power consumption for Resistojet varies between 0.5 and 1.5kW using
NH,; or N,H, as propellant producing and thrust between 100 and 500 mN with a
typical I, = 300s. Arcjet use the same propellants and requires a power between
0.3 and 100kW generating thrust between 200 and 2000 mN with an higher I,
between 200 and 2000s. Other kinds of propulsions system which should be men-
tioned under this subcategory are those of Solar, Laser and Microwave Thermal
propulsion systems. The energy coming from these sources can be beamed and
concentrated on an heat exchanger or on the propellant itself in order to heat it
up and expel it afterwards through the nozzle.

Figure 3.3: TALOS Arcjet operating with NH;, Universitat Stuttgart [6].

Electrostatic

Under the Electrostatic subcategory there are FEEP, Colloid, Laser-Accelerated,
Ion and Hall Effect thrusters.

FEEP thrusters, or Field Emission Electric Propulsion thrusters extract di-
rectly and accelerate, through an electric field, atomic ions from the surface of a
metal exposed to vacuum: the propellant is usually liquid metal yielding thrust
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in the range from pN to mN with I, up to 12000s requiring acceleration volt-
ages up to 10kV. The result is a thrust-to-power ratio of about 60 — 75 W/mN.
Colloid thrusters accelerate through an electrostatic field droplets of an electri-
cally charged and conducting fluid. The required power is actually very high,
but studies are being conducted for reducing the power requirements for voltages
below 10kV [7].

Laser-Accelerated thrusters operate by concentrating a high intensity laser on
ultrashort times (under ps) on a small spot on a surface. This generates a high
temperature plasma which produces electrons at speeds close to light speed, these
electrons penetrate the surface of the target generating high electric fields which
can accelerates the ions out of the target surface producing thrust. The thrust
generated would produce an output of 100mN of thrust with an Iy, = 1 x 107s
but requiring a huge power source of 1 MW [7].

Ion and Hall effect thrusters, Fig. 3.4(a) and Fig. 3.4(b), are at the moment
the most successful thrusters, since they are already been tested and applied in
various space missions. They both extract ions from the plasma with an elec-
trostatic field and expel them at high velocity to produce thrust. Hall effect

(a) Ton Thruster RIT-10 in operation with Xenon, [8].  (b) Hall Thruster in
operation, [9]

Figure 3.4: Ion and Hall Thruster Operating.

thrusters require higher powers than ion thruster and yield lower I,, but they
show a much higher thrust density.

Electromagnetic

Under the Electromagnetic subcategory there are Pulsed Plasma Thruster (PPT),
Magnetoplasmadynamic (MPD) and Inductively Plasma Generators (IPG).



3.1 Current Technologies

PPTs mostly use PTFE propellant bars which are crossed by an electrical
discharge on the surface which causes the propellant to ablate and sublimate, the
heat generated causes the resultant gas to ionize and become plasma. A charged
cloud is generated and due to the force of ablation the plasma flows between an
anode and a cathode completing the circuit. A current flows through the plasma
generating strong magnetic fields which exerts a Lorentz’s force on the plasma
accelerating and expelling it out of the PPT. The use of liquid and gas propellant
(H,O and Ar) have been tested in the past on PPTs, also at IRS, [10]. Their power
consumption is down to 1 W with an I, of 1000s generating thrust up to 100 mN.

In an MPD, Fig. 3.5, the gaseous fuel is turned into plasma and sent into an
acceleration chamber where magnetic and electrical fields are applied by a power
source in the AF-MPD (Applied-Field) or generated by a self inducted field SF-
MPD (Self-Field). Here the ionized particles are driven by the Lorentz’s force
which is the result of the interaction between the current flowing in the plasma
and the magnetic field in the chamber. They can operate with NH;, H and Li
requiring a power between 1 and 4000 kW with an I, between 2000 and 3000s
generating thrust between 1 and 200 N.

The Variable I, Plasma Rocket, developed in the VASIMR concept, is also
a kind of electromagnetic propulsion system which has been in development for
decades. Ionized hydrogen is injected into the main combustion chamber through
a Magneto plasma device, its magnetic field separates the plasma from the cham-
ber’s wall allowing the plasma to reach very high temperatures. In the main
chamber resonant radio frequency RF fields are applied in order to heat up the
plasma. The change of the RF allows the control of the I, which varies between
I, = 3000 — 30000s. It requires a power between 1 and 10 MW and generates
thrust between 1 and 2 kN.

Figure 3.5: ZT1 MPD at 6kW and 10mg/s [L1].

Inductively heated plasma generators - IPG - ionize the particles of a gas
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flowing in a tube, typically made of quartz, through a coil traversed by high-
frequency current which is not in direct contact with the flow. The plasma so
generated is accelerated and expelled by the Lorentz body forces arising from the
interaction of the plasma current and the magnetic field generated, producing
thrust.

IPGs are electrodeless, this means that the lifetime and contamination issues
related to electrode erosion are eliminated, as stated before this allows a wider
variety of propellants for use.

Table 3.1: Typical Propulsion Systems Performance |7, p. 11].

Av assuming e =0.1

Propulsion I, Max. Av  Max. Thrust
System S km /s N
Chemical Solid 250 — 310 5.7-7.1 107
Liquid 300 —500 6.9—11.5 107
Magnetohydro- 200 4.6 107
-dynamic (MHD)
Nuclear Fission 500 —900 11.5—20.7 108
Fusion 10k—100k 230 — 2300 109
Electric Electrothermal 150 — 1200 3.5 —27.6 10*
Electrostatic 1.2k—10k  27.6 — 230 3 x 1071
Electromagnetic 700 — 5000 16.1 — 115 102

3.2 Discussion

In the Tab. 3.1 and Tab. 3.2 a general performance chart for different kind of
propulsion systems and a more specified chart for electric propulsion systems are
shown.

Chemical propulsion systems should be discarded as an application for small S/C
because of their high complexity, cost, weight, and limited operation time. The
specific impulse is lower than other kind of propulsion system.

Nuclear propulsion has not yet flown in space and it is at this time unlikely to
be applied to S/Cs mainly because of the risk of explosion during lift-off and
consequent spread of radioactive products over Earth. These are big issues and
the public opinion is still, at this time, against such a kind of technology.

The specific impulse for electric propulsion systems is usually higher, which means
they use the propellant in a very efficient way. The power required are scalable to
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application in small S/Cs as well as the components since the complexity is lower
than nuclear and chemical propulsion systems. Therefore an electric propulsion
system is chosen.

3.3 Air-Breathing Electric Propulsion

Air-breathing Electric Propulsion, which can be shortened as RAM-EP, is a tech-
nology which could allow thrust generation in low orbits without the need of
on-board propellant, as it uses the residual gases of the atmosphere as propel-
lant. The conventional state-of-the-art electric thrusters do not allow yet to fly at
low altitudes for long period of times, usually no more than 2 years [12], because
of the limitation in propellant storage and in the amount of thrust generated,
which forces the S/C to decay.

3.3.1 General Concept

A RAM-EP system is basically composed by an intake and an electric thruster:
the principle of operation is to use the same rarefied gases which are responsible
for the generation of the drag in LEO and VLEO (Low and Very Low Earth Or-
bit), as propellant. The use of this technology would allow S/Cs to fly at very
low orbits ideally without the need of on-board propellant, allowing longer time
missions in a new section of atmosphere’s altitudes, interesting for scientific mis-
sions as well as military and civil surveillance services.

Aerodynamic rudder
A
/

Elevator

Particles refiecior A special intake will be used in order

— to collect the gas molecules and di-

Satlite core beam rect them, keeping their velocity and
pressure values, to the thruster. The

Airintake —— \ molecules will then be ionized by the

thruster and then expelled from the
nozzle at a very high velocity to gener-
ate thrust. The electric power needed
can be provided by the same power
[15]: subsystems developed for the actual
electric propulsion systems, likely a combination of solar arrays and batteries,
but other kind of electric power subsystems can be considered. RAM-EP shall be
able to extend the lifetime of satellites in LEO and VLEO by compensating the
atmospheric drag during their time of operation. An example of such a propul-
sion system applied to a small S/C it is shown in the Fig. 3.6.

Not only Earth can be considered a suitable planet for this kind of propulsion

_ X Solar panel
—-— Direction of flight

Figure 3.6: JAXA proposal for RAM-EP
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but also other planets with atmosphere, first of all Mars [14].

The main design drivers which must be taken into account when developing a
S/C operating with an Air-Breathing Electric Propulsion System are defined by
the orbit environment and by the S/C parameters.

The choice of the atmospheric model is an important design driver as it affects
all the calculations of drag, mass flow, and mission lifetime.

The orbit is defined by the altitude, the eccentricity, and the inclination. These
parameters determines the environment in which the S/C will orbit. The orbit
determines the mass flow which the S/C encounters, the orbital velocity, the drag
force, and the period of eclipses and sunlight during each orbit.

The S/C parameters are defined by the geometry and the subsystems perfor-
mances.

The geometry determines the drag, the intake configuration determines the mass
flow effectively entering in the thruster. The choice of the power subsystem will
determine the thrust profile. The thruster performance and the thrust profile,
together with the mass of the S/C, determines the effective mission lifetime.

3.3.2 State of the Art

A state-of-the-art research has been done through the review of different papers
and studies on the topic. A summary of proposed and real missions profiles
which are suitable or which take into account the use of a RAM-EP is presented
subsequently. At the end of the Chapter a comparison between these studies will
be done in order to estimate the mission and S/C’s parameters for the System
Analysis.

ESA 2007 [12]

The first case is the ESA study from 2007 which proposed a technology demon-
stration mission featuring a RAM-EP propulsion system [12], the system concept
is shown in Fig. 3.7.

The S/C mass is of m = 1000 kg equipped with 4 x ASTRIUM RIT-10 GIE (Grid-
ded Ion Engine) operating with the incoming air molecules, which will be mostly
atomic oxygen and nitrogen. For a thruster discharge chamber length of 1.0m
the collector can provide at the inlet of the thruster a pressure of 1 x 1073 Pa.
The S/C is carried in space from a VEGA launcher and will be set into a circular
Sun-Synchronous orbit at an altitude of h = 200 km for a duration of 7 years.
For the simulations a drag coefficient of Cp = 2 and a front area of Ay = 1m?
have been assumed. The maximum power available for the propulsion system is
of P = 1 kW enabling thrust of Fr = 2 to 20mN. The solar array surface will
be of Ag/a = 19.74m? to provide a power in end-of-life of Pror = 2.9kW and
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will be combined with a 612 W h Li-Ion battery. Short and long eclipse will take
place (up to 16 and 29 min long) in this orbit, the power subsystem is designed
to deliver enough power for thrusting up to 17 min in eclipse time.

V =77 km/s Collector GIE

e

-
o

P

Pstag=P +%pv

atm inlet

Figure 3.7: ESA’s RAM-EP proposal [12].

Diamant [15]

The second presented case is from the Diamant’s study [15] which suggests mission
proposal for drag compensation on a small satellite at an altitude of approximately
h = 200 km with a 2-stage cylindrical Hall thruster and propellant ingested from
the atmosphere. The first stage is an electron cyclotron resonance ionization
stage and the second stage is a cylindrical Hall thruster. A compression ratio of
500 is assumed to be achieved passively, according to [16], and would deliver to
the thruster a pressure of 0.01 Pa.

The considered S/C has to provide a power of P = 1kW to the propulsion system,
the assumed frontal area is of Ay = 0.5 m? with a Cp = 2.2. In this case the
collector efficiency is defined, it is the ratio between the collected particle flow
and the incoming particle flow and it is assumed to be 1. = 35%.

Ceccanti, Marcuccio EP [17]

The study from Ceccanti e Marcuccio [17] proposes a mission launched by a
Vega rocket with 3 small satellites with EP system for drag compensation on low
altitudes, the S/C’s concept is shown in Fig. 3.8. Each S/C weights 450 kg and it
is intended to be set into a h = 296 —220 km orbit with an inclination of + = 96.52°
in condition of maximum solar flux for a mission duration of 8 years. The S/C is
assumed to have a front area of A; = 0.8 m? with a drag coefficient of Cp = 3.
The power subsystem should provide P = 200 — 400 W with a peak of 660 W
through 2 solar panels each of the size of 1 x 2.5 m together with Li-Ion battery
with a 30% DoD (depth of discharge). The propulsion system is composed by
3 HET (Hall effect thrusters) of P = 650 W of nominal power operating with
Xenon each with a thrust of F = 40 mN.
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Figure 3.8: Small S/C with EP proposal from [17].

Shabshelowitz RF RAM-EP[18]

The PhD dissertation from Shabshelowitz 18] investigates RF Plasma technology
applied to an Air-Breathing Electric propulsion system, the RAM-EP system
concept is shown in Fig.3.9.

The S/C has a mass of m = 325kg and it is intended to be set into a circular
orbit at an altitude of A = 200 km for a mission duration of 3 years.

It is assumed a frontal area of Ay = 0.39m?, a length of L = 2.1m, and the S/C
is intended to be covered with solar cells. The ratio of the frontal area through
the area reserved for the thruster inlet is of A;/A;e = 0.5 and the collector
efficiency is assumed to be 7, = 90%.

The propulsion system is composed by a single-stage HHT - Helicon Hall Thruster
- operating with air but provided with a tank of propellant used for ballast, see
Fig.3.9, as the density of the atmosphere fluctuates.

The thruster requires a power of Py, = 306 W and provides a measured thrust
density of 29 — 59 mN/kW.

Payload bay

Propulsion system

Figure 3.9: RAM-EP system proposal from Shabshelowitz [18].
Propellant line from tank to the propulsion system is not shown.



16 3. Space Propulsion

Pekker, Keidar HET [19]

The study developed by Pekker and Keidar [19] studied an HET using air of the
atmosphere as propellant in the range of altitude between h = 70 — 120 km.
The study investigated a S/C set into a circular orbit at an altitude of & = 90 km
and h = 95 km.

The gas leaving the chamber of the HHT is considered to be fully ionized and
under this condition the achievable thrust is of Fragwm = 22 N and of Fragswm =
9.1 N with a thrust density of 13 mN /kW. The power required at the two altitudes
is of Pregagokm = 1.6 —2MW and Pcja95km = 700 — 800 kW.

The required power might be provided by recuperation of heat, 200 kW have been
assumed to be radiate with a radiator temperature of 7' = 1200 K which would
lead to a 1.7m? surface for the radiator which should add only a minimum drag
penalty.

The propulsion system proposed is shown in Fig. 3.10.

Anode Magnetic poles Hollow cathode

“a
Sapget B

Incoming P ) A
ambient <'?
air

lume

«— | —>

Figure 3.10: RAM-EP HET proposal from Pekker, Keidar [19].
Struts holding the center piece not shown.

GOCE [3]

The ESA’s GOCE mission successfully ended last year, the mission profile would
have been very suitable for a RAM-EP system application, because of the low
altitude, high resolution and lifetime requirements. GOCE [3]| provided global
and regional models of the Earth gravity field and of the geoid with high spatial
resolution and accuracy, Fig.3.11.

The S/C had a mass of m = 1090 kg and flew into a h = 250 — 265 km Sun-Sync
dawn-dusk orbit for a predicted mission lifetime of 20 — 30 months, but it reached
finally 4 years of operation.

The frontal area was of Ay = 1.1 m? with a drag coefficient used for calculations



3.3 Air-Breathing Electric Propulsion 17

The S/C was provided with two Ion thrusters derived from the QinetiQQ T5 (one
for backup) operating with Xenon and providing thrust between 7" = 1.5 and
20mN. The solar array for the power subsystems was providing Pror, = 1.6 kW
in EOL and was completed by 78 A h battery.

Figure 3.11: ESA’s rendering of GOCE in orbit [3].

BUSEK |[14]

The BUSEK company developed a study for an Air-Breathing Electric Propulsion
applied to a small S/C orbiting Mars. A Final Report has been produced and have
shown the feasibility of a Martian Atmosphere-Breathing Hall Effect Thruster -
MABHET -, the concept of the S/C is shown in Fig. 3.12. An Hall thruster has
been run with a gas mixture which reproduces the Mars atmosphere, the most
present component is CO,. The thrust to power peak ratio for an unmodified Hall
thruster (designed to operate with Xenon) has been measured, with Mars-like gas
mixture, to be around 30 mN/kW with a low peak of 19 mN/kW. An inlet frontal
area has been assumed of A;,;.; = 0.15m? considering a Cp = 3 because of long
S/C, there is interaction with the flow on the sides of the S/C, and a frontal area
A; = 0.30m? double of the inlet area. The collector efficiency is required to be
ne = 35%. Compression of the incoming air flow is required to achieve better
performance of the thruster, thus a compression system should be evaluated.
The report states that MABHET may work better in Mars atmosphere than in
Earth’s, because of the lower density and temperature of the atmosphere and of
the accommodation coefficients.
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Gas Inlet

Flight direction
Payload /

Compression
Region

MABHET

Inlet

Figure 3.12: MABHET S/C concept [11].

JAXA [13], [20], [21]

The study developed from JAXA has shown a concept for an Air-Breathing Ton
Engine - ABIE: the ABIE is composed by an air intake, a discharge chamber,
grids, and a neutralizer. In the ABIE propulsion system, the low density atmo-
sphere surrounding the satellite is used as propellant for the Electron Cyclotron
Resonance (ECR).

Following the previous study [20] a S/C has been proposed orbiting in a SSO circu-
lar polar orbit of A = 170km for at least 2 years. The frontal area of Ay = 1.5m?
with a drag coefficient C')p = 2 and an inlet area of A;,;; = 0.48m?. The propul-
sion system should deliver a thrust to power ratio between 10 — 14 mN/kW In a
subsequent study, [21], it has been verified that at an altitude of 200 km the com-
pression of the incoming air flow obtained by the intake design shown in Fig .3.13
is enough, reaching a pressure of 0.5 Pa, to ignite the plasma inside the ECR. The
altitudes of 185 and 145 km have been investigated showing a power required for
the thruster, Fig. 3.14, respectively of 470 W and 3.3 kW.

A comparison of the precedent studies is shown in Tab. 3.3.
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Reflector

Figure 3.13: JAXA proposed intake [21].
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Figure 3.14: JAXA Air-Breathing Ion Engine [21].

3.3.3 Comparison

A collection of state-of-the art studies and values for the required and expected
performance of the subsystems for small S/Cs orbiting in LEO and VLEO have
been presented. With this first review, a range in which the research should be
directed is in terms of mass, frontal area, orbit, altitude, lifetime, thrust density,
power, collector efficiency, and thruster type defined.

The mass of the S/C depends on the launcher, the studies hereby presented show
a mass below 1090 kg.

The frontal area reaches the maximum of 1.5m? for JAXA study and the mini-
mum of 0.30m? for the BUSEK MABHET study.

The orbit of the S/C are circular and mostly with SSO, in order to get continuous
power generation with solar arrays. The altitude varies between 250 and 90 km
for RAM-EP application with an expected lifetime between 2 and 8 years.

The thrust density is to be between 10 and 59 mN /kW. The power generated for
the S/C is between 660 W and 2.9 kW for the ESA proposal.

The collector efficiency has a minimum of 35% and a maximum of 90%, and the
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Table 3.3: Comparison of the RAM-EP and similar studies.

ESA  Diamant Ceccanti, Shabshelowitz Pekker, GOCE MABHET JAXA

[12] [15]  Mariuccio [17] 18] Keidar [19] 3] [14] [13], [20], [21]
Launcher - VEGA - VEGA - - ROCKOT - -
S/C mass kg 1000 - 450 325 - 1090 - -
Ay m? 1 0.5 0.8 0.39 - 1.1 0.30 1.5
\Kimﬁ Ew - - - - - - 0.15 0.48
L m - - - 2.1 - - - -
Ch - 2 2.2 3 2-4 - 3.7 3 2
Orbit - SSO circ. circ. circ. circ. SSO - SSO
Altitude km 200-250 200 220-296 200 90*, 95** 250-265 - 200"

145%, 185 *

Lifetime years 7 - 8 3 - 4 - > 2
Thruster - RIT-10  2-stage HET HHT HHT GIT, QinetiQ HET GIT

GIE HET Xe T5, Xe
T mN 2-20 - 40 - 22 N* 1.5-20 - -

9.1 N**
Pror, kW 2.9 - max 0.66 - 1.6 - -
Pipruster kW 1 1 0.65 0.306 1.6-2 MW* - - 3.3kWT
700-800** ATOW T

Power
density mN /kW - - - 29-59 13 - 19-30 10-14
Ne % - 35 N/A 90 - N/A 35 -
Inlet
pressure Pa 1073 0.01 N/A - - N/A - 0.5
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ideal case of 100%.
In the precedent studies Gridded Ion Engine, Hall Effect Thruster, Hall Helicon
Thruster and Ion Thrusters have been considered.

3.4 Thruster Selection

In this section a selection of the thruster for RAM-EP application between the
different electric propulsion systems technologies, shown in Subsection 3.1.2, will
be done. The selection will be supported by the results of the State-of-the-art
studies presented.

Arcjet and Resistojet suffer of erosion due to heat and the propellants used
are usually oxygen-free. Their lifetime is limited and therefore an application for
RAM-EP should be discarded.

MPDs, according to [22], the necessary mass flow rates for the thruster operation
might be to high for a RAM-EP application.

PPTs have been tested with gas but further experimental investigation is required
especially to derive the erosion of the cathode behavior. According to [22]| thrust
to power ratio of 6 mN/kW has been achieved with a few pg of Ar per shot.
Unlike ablative PPTs the amount of injected mass can be varied independently
from the energy, so an optimum ratio to be followed through different altitudes
is expected [22]. However further optimization of the design might lead to better
performances.

Ion thruster has been studied for RAM-EP application [20] but full thrust com-
pensation might be not reached as the surface area of a RIT-10 is only about
0.02m?, however grid erosion was studied and long lifetime operation with oxy-
gen can be achieved [22].

Hall thruster provides a higher thrust density when compared to ion thrusters,
this means between 19 and 60 mN/kW. Problems due to erosion at the anode
might arise.

In the electric propulsion systems discussed before, the main disadvantage was
the presence of electrodes, or of accelerations grids which degrade and therefore
decrease thruster’s performance with time when using aggressive gases.

An inductive plasma generator avoid this issue by being electrode-less. As stated
before, plasma is ignited by induction and the quartz tube is the only component
in direct contact with the ionized gas.

This is a very good feature for a RAM-EP application.

Miniaturized inductively heated plasma sources are currently being developed
within a cooperation between Baylor University (Waco, TX, USA) and the In-
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stitut fiir Raumfahrtsysteme at Universitat Stuttgart, Germany. These sources
IPG6-S (Stuttgart) and IPG6-B (Baylor) are set in operation and qualification
has been performed using air, oxygen and carbon dioxide 23], [1].

Tests have been successfully conducted with CO, and the design of both the IPG6
is suitable for operating with oxygen.

This qualifies IPG6 as a candidate fas a RAM-EP test-bed, capable to operate
in environments where aggressive propellants are used, such as LEO with oxygen
and Mars atmosphere with CO,.



Chapter 4

System Analysis

This Chapter investigates the design drivers for the preliminary design of a S/C
with RAM-EP application.

The Sec. 4.1 will describe the selection of the atmospheric model, afterwards
Sec. 4.2 will discuss the orbit selection.

In Sec. 4.3 the calculation of the S/C’s temperature depending on the altitude
will be described and Sec. 4.4 will investigate the air intake and its parameters.
Sec. 4.5 will describe the calculation of the drag. The choice of the drag coefficient
will be discussed as well as the calculation to determine which kind of flow should
be considered.

The last two Sections, Sec. 4.6 and Sec. 4.7, will investigate the power supply for
the S/C and the thrust profile for the mission.

4.1 Atmospheric Model

Many atmospheric models have been developed during the past decades, and by
the time new models have been introduced and older models improved.

The model chosen for this study is the NRLMSISE-00. NRL stays for Naval Re-
search Laboratory, MSIS stands for Mass Spectrometer and Incoherent Scatter
Radar and E indicates that the model extends from the ground to space [21]. It is
an empirical global model for describing the Earth’s atmosphere under different
conditions of solar and geomagnetic activities.

Atmospheric models provide informations about: composition, density, tempera-
ture as a function of altitude, time, geographic/geomagnetic latitude and longi-
tude and solar/geomagnetic activity.

The output required for the system analysis is in term of numeric density for each
component and temperature of the atmosphere, as function of the altitude.
Solar and geomagnetic activities are defined by two indexes: the F10.7 solar flux,

23
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which is the solar radio flux at a wavelength of A = 10.7 cm, and the geomagnetic

index Ap. According to [22] mean solar and geomagnetic activities have been
chosen by F'10.7 = F'10.7,,4 = 140 and Ap = 15.
Pardini, Tobiska and Anselmo [25] estimated decay for six spherical S/Cs in orbits

lower than 500 km using MSISE-90 and JR-71 atmospheric models: both of them
overestimate the local air density below 350 km for low solar activity (MSISE-90
model the best with F10.7) and below 500 km for high solar activity (JR-71 model
the finest with F10.7).

NRLMSISE-00 has been chosen because it is the current more accurate model
for composition of the residual atmosphere in particular for VLEQO, it includes
also anomalous oxygen and improved modelling through further verification by
in-space measurements [22].

This model is suitable for precision orbit determination and space object re-
entry [21]. The element present in the model are He, O, N,, O,, Ar, H, N and
Anomalous O, which is a combination of hot atomic oxygen O and atomic oxy-
gen ions OF. The Fig. 4.1 shows the number density of the constituents of Earth’s
atmosphere as a function of the altitude in conditions of mean solar (given by
the F'10.7 value) and geomagnetic (given by the A, value) activities. The solar
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Figure 4.1: Numerical density of atmospheric components as a function of alti-
tude.

activity influences the Earth’s atmosphere, see Fig. 4.2. If the solar activity is
higher, then the atmosphere is compressed by the solar wind and this leads to
higher atmosphere density at the same altitude compared to low solar activity
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levels. The opposite is reached with minimum solar activity. Thus, the solar
cycle, which usually is 11 years long, must be taken into account in designing the
mission. This effect is shown in Fig. 8.3. Considering the design of a mission in
VLEQO, the main atmosphere’s constituents which should be taken into account
are: Ny, O, and O. If we instead consider a mission in LEO, the main atmo-
spheres constituents are mainly O and N, depending on the altitude of the orbit,
since a wider altitude range is hereby possible.
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Figure 4.2: Atmosphere density as a function of altitude and solar/geomagnetic
activity.

The molar mass of the atmosphere as a function of altitude, has been cal-
culated with a Matlab script using the data of the NRLMSISE-00 model, see
Appendix B, the result is plotted in the Fig. 4.3.

For this work the model has a resolution of 2km in the altitude range 80-300 km.
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Molar mass M as a function of altitude h
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Figure 4.3: Molar mass of atmosphere as a function of altitude.

4.2 Orbit

This section will discuss the altitude ranges and the other orbit parameters suit-

able for a RAM-EP application.

With the altitude changes the
velocity, the period of the or-
bit, but also the composition
of the atmosphere, the density
and the temperature. These
parameters affects the design
of the mission.

LEOQO extends in the range from
160 to 2000km, VLEO from
100 to 160 km.

According to [12], altitudes for
a RAM-EP system application
are those below 250 km, so the
upper limit is hereby set.

For orbits below 250 km, the
orbital velocity can be consid-
ered constant at a value of
7.8km/s as it is shown in the
diagram in Fig. 4.5.

Exosphere

i

Thermosphere

Mesosphere

B OAC = =]

B0 km I
B0 km I

Figure 4.4: VLEO and LEO altitude range
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The velocity is calculated as shown in Eq. 4.1.

[ GM
v = R h (4.1)

Where, according to [26], GM is the geocentric constant of gravitation equal
to GM = 3.986004 x 10* m3/m? and Rp the Earth’s radius equal to Rp =
6.37814 x 10° m and h is the altitude. The period of the orbit, 7, is the time

Velocity Vs Altitude
S/C: Af=1 m*<, i=0.00 deg

NRLMSISE-00 Model - F10.7 = F10.7, =140, Ap = 15
7850 ———

7800t

Velocity, m/s

™o 120 140 160 180 200 220 240 250
Altitude, km

Figure 4.5: Orbital Velocity in VLEO.

which a S/C needs for one revolution around the planet. It can be divided in
the time in which the S/C is illuminated by the Sun, T}, and the time when the
S/C is eclipsed by the planet, T.. This depends on the period of the orbit, on
the solar angle # and on the altitude h. The solar angle is defined as the angle
between the orbital plane and the Sun vector, the vector from the center of the
Sun to the Earth. g depends directly from the inclination of the orbit i, defined
as the angle between the equatorial plane of the planet and the S/C’s orbit.
These parameters must be investigated into detail when considering the power
requirements of the S/C and of the RAM-EP system.

The power system must provide the electrical power required from the thruster
and from the S/C’s subsystems during the entire orbit. This can be obtained
continuously, for example, with solar arrays in a Sun-Synchronous, Dawn-Dusk
orbit. In this kind of orbit the S/C crosses the equator always at dawn or sunset
local time, (3 is 90°, so that the S/C is always illuminated by the Sun and T = T,,.
The change of the density with the altitude will directly affect the drag force, and
the maximum mass flow which can be collected by the intake. Important is the
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fact that the density-to-altitude profile is very steep in the VLEO region, as it
is shown in Fig. 4.6, and, thus, descending in this altitude range brings the S/C
in a higher density atmosphere. This leads to a greater mass flow, hence, thrust
produced. But this also results in a much higher drag force to compensate.

Densilt:y vs Altitude
10.7 = F10.7avg =140, Ap =15

NRLMSISE-00 Model —

Density, kg/m3
5
T

-12

80 100 120 140 160 180 200 220 240 260 280 300
Altitude, km

10

Figure 4.6: Atmospheric Density p vs Altitude from NRLMSISE-00 model.

The altitude of the orbit has to be chosen as an optimum condition between
the power available, the required drag compensation profile, and the payload re-
quirements (i.e. resolution required for the optical instruments).

Following Tab. 4.1, [27] is considering the altitude limits for Thermospheric
Cruiser, an S/C with a RAM-EP thruster, depending on different factors. The
first is for a mission lifetime of 10 years with a ballistic coefficient of 65kg/m?,
defined as 3 = %Af, determining a minimum operational altitude of 600 km in
Earth orbit and 550 km in Mars orbit; the second is a limit due to heating effects
on the S/C considered to be a flat plate normal to direction of flight, limited
set to 120km in Earth orbit and 100 km in Mars orbit; the third is considering
the solar panel drag vs. the power produced for a S/C flying with solar arrays
perpendicular and parallel to the flow, setting 120 and 60 km for Earth orbit and
50 and 200 km for Mars orbit.

This value, together with the maximum altitude for RAM-EP given by [12], might
fix the range of altitude for RAM-EP between 120 and 250 km.
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Table 4.1: Estimated Operational Altitudes for a Planetary Orbital Cruiser, [27].

Consideration Assumptions Earth h Mars h
km km

Ballistic Sat. Deorbit due to drag, 10 yr, ~ 600 ~ 550

Lifetime solar max., 8 = 65kg/m?

Drag Heating Flat plate normal to

Effects incoming flow. ~ 120 ~ 100

Solar Panel Drag Bounds placed by flat plates ~ 300 norm. ~ 200 norm.
vs Power Produced normal and parallel to flow. ~ 65 par. ~ 50 par.

4.3 S/C’s Temperature

The temperature of the surfaces of the S/C must be calculated to investigate if
in an hypothetical RAM-EP mission in VLEO the usual materials of which a
S/C is made could withstand the environment. Moreover the calculation of the
S/C’s temperature is needed for the calculation of the drag in free molecular flow
and for the DSMC simulations. Indeed, the temperature of the S/C’s surfaces
changes the interaction between particle and surface, described by the accommo-
dation coefficient which will be introduced later.

A calculation, which confirms the limit of 120 km due to heating effects according
to [27] has been done through a Matlab script, see Appendix B 8.2.

The script uses the NRLMSISE-00 model for Maximum Solar and Geomagnetic
Activities, for F'10.7 = F'10.74,, = 140, Ap = 15 and calculates the heat fluxes
on a flat plate perpendicular to the direction of flight. The calculation has been
done in the worst case scenario, the hottest. This takes into account the heating
due to impact of the incoming particles, taken from the model, the heating flux
coming from the Sun, the IR emission and the albedo of the Earth.

The assumption for the S/C is to be a "black body", this means that the absorp-
tivity o and the emissivity € are both equal to 1. Moreover, the S/C is assumed
to be a flat plate oriented perpendicularly to the direction of flight in an orbit
of i = 0° inclination. The hypotheses for the calculation are following [28]. The
first contribution is the power flux due to the direct Sun radiation which has a
maximum value of Q,, = 1420 W/m?, when orbiting Earth at a distance from
the Sun of 1ua according to |29, p. 432].

The second contribution is the power flux due to the infra-red radiation coming
from the Earth: this has a maximum value of Qrr, = 275 W/ m? with a form
factor, with the S/C orientated as above specified for altitudes below 200 km ac-
cording to [29, p. 909], of Fjr = 0.3476.
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This leads to a power flux due to Earth’s IR radiation of Q;r = aFrQrr, =
95.5900 W /m?.

The third contribution is given by the reflection of the Sun’s radiation on the
Earth’s surface, this phenomena is called albedo and it is specified by the albedo’s
coefficient which at this orbit with a maximum value of a = 0.30 in orbits between
0° and 30° of inclination; the altitude and the S/C’s attitude define a form factor
F,; = 0.3511 according to |29, p. 910], which leads to a power flux due to albedo
of Qu = €QgunaFy = 134.6117W /m?.

The fourth contribution is due to the impact of the different atmosphere particles
on the flat plate, called free molecular heating. From the NRLMSISE-00 model
the number density of the different elements has been taken. The kinetic energy
for every element has been calculated as a function of the altitude, using an aver-
age mass for the single particle of 1.67 x 1072" kg, the atomic number Z, different
for each element, and the relative velocity v,..;, which is the velocity of the S/C
relative to the Earth, with the hypothesis that the atmosphere rotates together
with the Earth during the time.

In the Tab. 4.2 the values taken into consideration are shown :

Table 4.2: Calculation of the S/C’s temperature

Contribution Equation Qij F; a € a
W /m? - - - -
Sun Quun 1420 111 -
Earth’s IR QIR 275 - - - -
Qrir = oFrrQrr, 95.5900 0.3476 1 1 -

Albedo Qual = €QounalFy 134.6117 03511 1 1 0.30
Particle flux =~ Qpare = Zflzl NiVpel Ein f(h) - -C B
Internal flux Qs 350 - - - -

The kinetic energy is finally:

1
Erin = ézmpartv2 (42)

rel

The power flux of the particles has been calculated as the product of the numerical
density, the kinetic energy, and the relative velocity:

Qpart = npartvrelEkel (43)

The sum of the contribution of the power flux due to the particle impacts changes
with the altitude since the numerical density and the relative velocity are a func-
tion of the altitude.
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The sum of all the power flux contributions is as following:

4
Qtot = Z Qz = qun + QIR + Qal + Qpart (44)
=1

With @y, calculated in Eq. 4.4 and o the Stefan-Boltzmann’s constant the tem-
perature of the satellite is calculated as, remembering the assumption of black

body:

1] Qot
Tsat = 2 (45)
o
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Figure 4.7: Temperature and heat flux vs. altitude of a flat plate orbiting Earth.

The assumption of "black body" does not influence much on the approxima-
tion for the calculation of the total heat flux investing the S/C, since the most
predominant power flux is given by the Sun directly and in the very low altitudes
of interest, since the aim is to determine the bottom limit for a RAM-EP appli-
cation, by the impact of the molecules which does not depend on the emissivity
and absorptivity coefficients as it is shown in Fig. 4.7.

The constant contribution of albedo, IR and Sun is of: Qor,,,, = Qsun + Qrr +
Qu = 1650.602 W /m? in the worst case.

It has to be noted that an estimation of the heat flux dissipated from the internal
components of S/C should be done and added to the calculation of the total heat
flux of the S/C: this would add a constant value independent from the altitude,
what was intended to be shown in this chapter was how the bottom limit for the
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orbiting altitude of the S/C could be set by showing the behaviour of the heat
flux due to the impacting particles on the S/C. According to [29, p. 440], most
S/C range between 100 and 350 W/m? dissipated heat from electronics.

The maximum value of 350 W/m? has been included in the calculation as the
worst case.

As result, at the altitude of 120km the temperature of the S/C is calculated to
be 579.8 K with a total heat flux Q;,; = 6.407 x 10> W/m?, while at an altitude
of 112km the total heat flux would be at a value of Q;,; = 1.6106 x 10* W /m?
with a temperature of 730.05 K.

The S/C thermal control subsystem should be able to dissipate this heat in order
to maintain the subsystems to their operational temperatures.

In Fig. 4.7 can be seen that an exponential increase of both temperature and heat
flux starts at an altitude between ~ 120 — 130 km. Deeper investigation should
be done on thermal analysis together with an initial design of the S/C, in order
to determine a more exact critical value for maximum heat flux and temperature.
The value of 120 km as a bottom limit for RAM-EP application, as proposed by
[27] will be considered.

For further analysis a mean value of S/C’s temperature of 490 K in RAM-EP
altitude range is taken as reference for the drag calculation.
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4.4 Air Intake

The functions of the intake are of collecting the air while keeping its velocity, com-
pressing it, and driving it into the thruster. According to [22], [15], [I4], a general
discussion of possible intake possibilities can be made only after Direct Simula-
tion Monte Carlo - DSMC simulations. A mechanical collector has been selected,
since a magnetic one has been discarded because of the low ionization degree at
low altitude orbits. A comprehensive study has been conducted from JAXA [13]
considering an air-breathing ion engine. An air intake has been developed and the
working principle has been experimentally verified [21|. Furthermore, according
to the same source, a mass collector with a collector efficiency up to n. = 40%
and a compression factor of 100-200 has been achieved. A pressure of 1 mPa can
be achieved at the point of injection into the thruster head. This is too little for
an electrostatic thruster and on-board gas storage might be required [22].

y
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Figure 4.8: JAXA’s proposed S/C and intake [13].

For most electric propulsion systems, pressure and density at the intake must
be higher than the pressure and density of the atmosphere in which the S/C is
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flying, thus, collimation for compression is needed.

Driving criteria for a RAM-EP is the mass flow which can be ingested by the
air intake, this is a function of the air density, thus, of the altitude and of the
collector efficiency, which is defined, see Eq. 4.6, by the ratio between the incoming
particle flow, 7;, and the particle flow ingested by the intake and flowing into
the thruster, myy,.

Ne = (4.6)

In Fig. 4.9, a plot of the mass flow as a function of the altitude and for three
different intake frontal sections of the S/C is shown.

The mass flow to the thruster has been calculated using the data from the
NRLMSISE-00 model as shown in Eq. 4.7.

mzn(h) = p(h)vrel<h)ncAinlet (47)

The two different frontal area considered are the proposed Hodoyoshi 4 S/C [30]
of 0.3m?, and the standard size of 1 m?.
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Figure 4.9: Mass Flow . vs Altitude, A = 1 m2.
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Figure 4.10: Mass Flow m vs Altitude, Ajer = 0.3 m?.

Another driving criteria for the design of the intake are the phenomena of

sputtering, corrosion, and heat generation due to impact of particles on the wall
of the intake itself, which would require the use of resistant materials and a
modification of the thermal control subsystem to keep the thermal balance of the
S/C.
The mass flow capability of the controllers at the facility is between 20 mg/s and
220 mg/s allowing, in best case (Aje; = 1 m?, 1. = 1), to simulate between 119
and 140km and in the worst case (A;ne:0.3m?, . = 0.35), between 107 and
116 km. As this values resulted too low for the altitude limits set above, another
mass flow controller has been taken in consideration providing mass flow from 20
to 1.25mg/s allowing to simulate up to 207 km of altitude in the best case and
up to 151 km in the worst case.

4.5 Drag

Drag is the force which acts on a body moving inside a flow, and it is generated
by the interaction between the surface of the body and the particles in the flow.
In the atmospheric drag determination for a S/C, two fundamentals operations
are involved: the determination of the atmospheric density and the interaction
between the S/C surfaces and the atmosphere environment. Both have the same
importance in the determination of the drag.

The cause of the generation of drag is the momentum transfer from molecules
in the atmosphere to the S/C. This momentum exchange depends on the mass
distribution in the medium and the geometry and characteristics of the object’s
surface. Gravitation takes also place in the drag determination, since it results in
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hydrostatic pressure and density variation in the atmosphere. However in LEO
and VLEO the order of magnitude of these contributions is much lower than the
drag itself and for this reason they will be neglected.

The way the drag is calculated depends of in which flow regime the S/C is flying,
a different approach will be used for different flow regimes.

The two regimes which will be investigated are continuum and free molecular
flow.

4.5.1 Knudsen number

The Knudsen number, named after Danish physicist Martin Knudsen (1871-1949),
is a dimensionless number defined as the ratio of the mean free path length of the
molecules, A, to a representative physical length scale, L, as shown in Eq. 4.8.

K,=2 (4.8)

This number will be used in this section to investigate whether the flow in the
RAM-EP altitude range is to be considered continuum or free molecular flow.
At the altitudes for a RAM-EP application might be that A becomes comparable
to the mean length of the S/C and, thus, the phenomena of impacts between
the particles themselves and between the particles and the S/C is not anymore
described by the continuum equations. To determine this, the calculation of the
Knudsen number has been done.

The calculation has been done through a Matlab script, see Appendix B.

This Matlab scripts calculates the Knudsen number as a function of the altitude
and the mean length of the S/C. A sensitivity analysis as been conducted with
the variation of the solar activity, as it will affect the atmosphere density.

The mean free path \ is defined in Eq. 4.9.

\ 1
B V2rd?n

where d is the average diameter of the particles and n is the numerical density of
the particles, taken from the atmospheric model.

The flow is considered a "free molecular flow" when the Knudsen number K, is
greater than 1 [31]. An average and constant value for the molecular diameter
has been selected from [32] which is of d = 3.78 x 107! m. Since this value is
an important influencing factor for the Knudsen number, a sensitivity analysis
between a value of d = 3.78 x 1071 m + 10% has been done. Since a small S/C
has been considered, mean lengths of 0.3m, 1m and 2m and 3m have been
analyzed. The results are in the diagrams of Fig. 4.11.

(4.9)
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Knudsen number as a function of altitude for different mean lengths L
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Figure 4.11: Knudsen number vs Altitude for different mean lengths.

In Fig. 4.12 the region of the change from free molecular flow to transition
flow is shown.
The change in flow is always below the considered bottom altitude limit of 120 km,
see Tab. 4.3, and the influence of the solar activity on the Knudsen number is
very small, less than 500 m of altitude uncertainty in the worst case, as can be
seen in Fig. 4.12. For a values of L the Knudsen number should be calculated to

Table 4.3: Kn = 1, transition altitude for different mean lengths.

Mean Length L Altitude h

m km
0.3 104
1.0 110
2.0 114
3.0 118

determine if a transitional flow should be considered for the mission design or if
the mission orbit should be raised.
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Knudsen number as a function of altitude for mean lengths:
L=0.3m, L=1.00 m, L=2.0 m, L=3.0 m
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Figure 4.12: Detail Knudsen number vs Altitude for different mean lengths and
solar activity.

4.5.2 Continuum

If the flow in which the S/C orbits is considered continuum, the formula for
calculating the drag force is given by Eq. 4.10, following [33]:
Urel

(4.10)

-

- 1
— 2
Fp = —MAadrag = §pODAUTel |’U
rel

Fp is the drag force, p is the density of the encountered flow, A is the projection
of the surface impacted by the particles perpendicular to the incoming flow, v,
is the velocity of the incoming flow relative to the S/C and Cp is the drag coef-
ficient.

The drag uncertainty is here mainly driven by the product of p and Cp: a correct
value of the drag coefficient C'p is fundamental for determining the drag force
acting on the S/C.

Drag coefficient

A simple approximation of the drag coefficient in continuum is given by:

2117 ag Ve
Oy — 2MGdrag|Vrel] (411)

- 2 -
PUrel Avrel
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Together with a good choice of the appropriate atmospheric density model, this
can provide a good approximation for drag modeling for the S/C during its life-
time. However the drag coefficient is dependent on many factors such as gas-
surface interactions of specular or diffuse reflection of the particles on the S/C,
surface characteristics, attitude, shape, temperature, and atmosphere molecular
content, density, temperature.
Early in the space age [34] most orbit analysts used Cp = 2.2 for satellites of
compact shapes, this value was an estimate made by Graham Cook [35], [36].
Pardini, Tobiska and Anselmo [20] estimated decay for six spherical different
satellites in orbits lower than 500 km using MSISE-90 and JR-71 atmospheric
models. The study states that a Cp = 2.2 + 5% remains practically unchanged,
as can be also seen in the Fig. 4.13.

For satellites of compact shapes, from [37], the Atmospheric Explorer (AE) has
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Figure 4.13: Physical drag coefficient for a spherical satellite as a function of
altitude and solar activity, from [25, p. 12].

been taken as representative: it is a drum-like cylinder of 1.4 m diameter and 1 m
length with a Cp = 2.35 at 200 km altitude.

For satellites of cylindrical shapes where length to diameter ratio is of 5 flying like
an arrow, a C'p = 3.3 has been calculated, with the assumption that the angular
distribution of molecules re-emitted form the long sides of the cylinder is diffuse.
This means that there is a contribution on the drag coefficient C'p because of the
momentum exchange of the molecules with the lateral surfaces of the S/C, this
means that a longer S/C will have generally a greater Cp.

In the calculation of the drag, attention must be taken on the shading effect:
the following charts take into account the effect of self-shading (e.g., shading on
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the back side of a cylinder) but not the shading of one sub-shape by another.
“Shading 1is the part of a S/C that has been blocked from the incident flow due to
another part of the S/C” [38].

Two methods are used to determine the shading effect.

The “light-ray” method assume that the “light” is a parallel beam to the flow
velocity of the incident molecules, thus, any sub-shape that falls into the shadow
generated by another part is not subject to the impact with these molecules and
yields no contribution to the drag or moment coefficients.

The second method considers the random motion of the molecules. The molecules
penetrate into the "light-ray"-defined shadow, the amount of the penetration is
approximated by the angle arctan (%), see Fig. 4.14.

As S — o0, the shadowing tends to 0, if S — 1 than the penetration angle

approaches 45° which is the lower limit of validity for this method.
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Figure 4.14: Light-ray and 1/S shadow lines [35].

Since the orbits considered in this study surely encounter a high level of drag
force, an aerodynamically-efficient design should be taken into account to reduce
the drag force, but also to minimise the aerodynamic torques acting on the S/C.
During the orbit the drag force will vary depending on the attitude, even by a
factor of 10 depending on the S/C’s shape [33].

With a selected frontal reference area of 0.01 m? (Cubesat’s size), in the Tab. 4.4
it is shown the effect of the attitude motion on the drag coefficient.
The attitude motion considered are shown in Fig. 4.15 and explained as following:

e Isotropic tumbling: worst case scenario, the S/C assumes each possible
attitude with equal probabilities;

e Gravity gradient stabilization: the S/C flies with the long axis aligned to
the local vertical direction;

e Passive magnetic field stabilization: the S/C is in fast rotation around the
long axis which taxes 2 turns per orbit, remaining in the orbital plane.
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e Velocity alignment: the S/C’s long axis is aligned with the direction of the
velocity.

Table 4.4: Drag coefficients of different attitude modes [39]

Attitude motion type ‘j‘f—”}f’ Ch
Isotropic tumbling 2.5 5.5

Gravity gradient stabilized % 5.6
Magnetic field stabilized % + % 50
Velocity aligned 1 2.2

AN o
Vﬁ/ <O < <

(a) Isotropic tumbling. (b) Grav1ty gradient. (c) Passive magnetic.

@Q/

d) Velocity aligned.

Figure 4.15: The investigated attitude motions [39)].

According to [10] the drag coefficient can be defined in three distinct ways: (i) a
physical drag coefficient, (ii) a fitted drag coefficient, and (iii) a fixed drag coef-
ficient. Physical drag coefficients are determined by the energy and momentum
exchange of the free stream atmospheric molecules with the spacecraft surface.
Fitted drag coefficients are estimated as part of an orbit determination process



42 4. System Analysis

and fixed drag coefficients simply use a constant value of drag coefficient for ev-
ery condition. Fitted drag coefficients are specific to the atmospheric model used
and therefore they carry all the limitations of the used atmospheric model and
consequently absorb other model errors.

Simulations with DMSC show that there is no linear correlation to the cross
sectional area or to the square of the velocity, since density, Mach number and
temperature cannot be strictly defined in such rarefied gas conditions [33].
According to |11, p. 84], particular attention should be kept to the fact that at
lower altitudes A, which is mean free path of the molecules, decreases and the
flow might be defined as hypersonic continuum flow: in this regime the Cp co-
efficient reduces from 2.3 to about 1.0, since the re-emitted molecules partially
shield the S/C from the incoming flow. From the same source, |11, p. 85], the
precise determination of C'p in the project phase is generally not very good: the
drag coefficient depends in a complex way of the combination of S/C surface ma-
terials, components of the atmosphere, molecular weight, and temperature of the
impacting particles. A rough approximation is C'p = 2 in the case of a spherical
body, typical values for non-spherical convex-shaped S/C have to be found in the
range from 2.0 to 2.3.

In the Tab. 4.5 the investigated C'p for the different investigated cases are shown.

Table 4.5: C'p for the investigated studies.

Study S/C Ch

Vallado, Finkleman [33] Compact shape 2.2
Pardini, Tobiska, Anselmo [25)] Compact shape 2.2+ 5%

" D=14m, L=1m 2.35

" L/D=5 3.30

Montenbruck, Gill [11] Spherical shape 2
" Non-spherical convex-shaped 2.0 — 2.3

Concluding this discussion, a drag coefficient of C'p = 2.2 is selected, in the
case of a small S/C. In case of a long S/C, length-to-diameter ratio of 5, a
drag coefficient of C'p = 3.3 will be selected. For further improvements DSMC
simulation must be executed to achieve a better value of Cp suitable to the
designed S/C.

4.5.3 Free Molecular Flow

Free molecular flow is the description of the flow when the mean free path of the
molecules is larger than the size of the object flying in those conditions.
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In this condition the particles are not enough near to be influenced by each other.
The interaction between the molecules of the atmosphere and the S/C will be also
different than in a continuum flow.

According to [34], it has been discovered that the surfaces of the S/C orbiting in
those conditions are covered with adsorbed molecules and this affects the energy
accommodation and angular distributions of the molecules which are re-emitted
from the surfaces in the altitude range between 150 — 300 km.

Responsible of that is mostly the atomic oxygen, found in in low altitudes [37]
which could adhere to the surface of the S/C or the surface might grow hot, and
the material characteristics might change during S/C lifetime.

By analyzing data from orbiting pressure (density) gauges and mass spectrom-
eters at altitudes between 150 and 300 km, it was found that S/C surfaces are
coated with adsorbed atomic oxygen and its reaction products. The higher the
altitude the lower the surface coverage. When an incoming molecule impacts on
a clear surface, it is re-emitted with a near specular angle with a partial loss
of kinetic energy. If the surface is heavily contaminated by adsorbed molecules,
then the molecules are re-emitted in a diffuse distribution losing a large portion
of their kinetic energy. This increases energy accommodation and makes the an-
gular diffusion of the re-emitted molecules wider.

The accommodation coefficient is defined as following;:

E;, - E,

“TE-E

(4.12)
where: FE; = energy of incident molecule; E,. = energy of re-emitted molecule;
E,, = energy of the re-emitted molecule if it left the surface at the surface (wall)
temperature.

The accommodation coefficient a shows how close the kinetic energy of the in-
coming molecule is fit to the thermal energy of the impacting surface. Gregory
and Peters [12] found in a circular orbit of 225km that 97% of the molecule dis-
tribution was diffuse and the rest specular.

The gas-surface interaction include different parameters in the analytical model
which will be described in the following Sec. 4.5.4.

4.5.4 Drag Calculation

The calculation of the drag has been done with both continuum and free molecular
flow model.

The analytical model for the drag in continuum is the one of Eq. 4.10. This uses
the NRLMSISE-00 Model (F'10.7 = F10.74,, = 140, Ap = 15) for average solar
activity. From the model the atmosphere density p is taken; the orbital velocity v
and relative velocity v,.;, the latter calculated considering the Earth’s atmosphere
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rotating with the Earth itself. The drag coefficient, as a result presented before,
has been set to Cp = 2.2. The result of this calculation is plotted in Fig. 4.16.
The difference between the two is negligible, since in this case the difference is
given by the velocity of the Earth which is of vy, = QpRr = 464.92m/s.

Drag vs Altitude
CD=2.20, Af=1 m~, i=0.0 deg

NRLMSISE-00 Model — F10.7 = F10'7avg =140, Ap =15

80 100 120 140 160 180 200 220 240 250
Altitude, km

Figure 4.16: Drag in continuum flow vs Altitude.
For the calculation of the drag in free molecular flow, the analytical model

used is the one provided by [13, pp. 104,105] and it is presented in Eq. 4.13, 4.14,
and 4.15. The detailed Matlab script is described in Appendix B 8.4.

Fp=A [—ﬁp + (n sin ¢ — @m) (COTS C)} (4.13)

P _{ {2 - Unl sin ¢ + ;_;L E}{ées%in@ + /7[1 + erf (ssin Q)] sin(}+

w U VR g
2—o0, .
+ [ 2520 } [1+ erf (ssin ()]
(4.14)
L - 1 6732 sin ¢2 + erf (S sin C)] Sinc (4 15)
Go sV |

Where p is the total pressure, 7 the shearing stress and ¢,, the dynamic pres-

sure given by ¢o, = % Poo?,. 1 is the outward-pointing unit normal vector, o,, and
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o, are the normal and tangential accommodation coefficients, T is the absolute
temperature of the surface, set to T, = 490K, as the average value in VLEO
orbit calculated from the Matlab script presented in Sec. 4.3, and T, is the atmo-
spheric temperature, altitude dependent, taken from the model. An important
component of the above equations is s the air speed, nondimensionalized by the
mean molecular speed of the atmosphere as shown in Eq. 4.16:

M2,
— | % ret 4.16
"=\ 2R,,..T, (4.16)

M, is the mean molar mass of the atmosphere which has been calculated from
the atmospheric model through a Matlab script, as shown in Fig. 4.3, and Rpe.
is the universal gas constant. Here, all the parameters are altitude-dependent
except for the universal gas constant.
In the calculation o, = 0, = 0.9 are typical values, according to [13, p. 105], and
the mentioned ¢ = n’v, is the pitch angle set to 0°, # and v, are the unit
vectors of the normal vector and the relative velocity vector.
It is important to notice that calculation of the drag in free molecular flow does
not depend from the drag coefficient Cp.
The Fig. 4.17 and Fig. 4.18 show the difference between the drag calculated in
continuum and in free molecular flow. This shows that, in this particular range
of altitudes, the drag calculated in free molecular flow is much lower than in
continuum flow. In this case the S/C is considered to be a flat plate and to fly
perpendicular to the direction of flight with a surface of 1 m? and 0.3 m? which is
a simplified hypothesis.

Drag vs Altitude

Free Molecular Mogel vs Continuum
S/C: Af=1 .00 m<, i=0.00 deg

NRLMSISE-00 Model - F10.7 = F1 0'7avg =140, Ap=15

6 ‘ ‘ ‘ ‘ " [—Free Molecular Flow
10 —Continuum
\ Transition
o 7
P4 *
E |
S .
g 10° g
\ Free Molecular Flow
10° +
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10—2 I I I I I I I
80 100 120 140 180 200 220 240 250

160
Altitude, km

Figure 4.17: Drag vs Altitude, free flow and continuum, A; = 1 m?
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Drag vs Altitude
Free Molecular Mogel vs Continuum
S/C: Af=0.30 m<, i=0.00 deg

NRLMSISE-00 Model - F10.7 = F1 0'7avg =140, Ap=15
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Figure 4.18: Drag vs Altitude, free flow and continuum, Ay = 0.3m?.

Other Parameters Affecting The Drag

When calculating the drag force, particular attention should be taken regarding
the surfaces of the S/C encountering the flow.

As stated before the gas-surface interaction depends on the surface characteris-
tics. The model previously used for the calculation took into account only the
frontal surface of the S/C.

Solar arrays - SA - might provide the required electric power for the operation
of the RAM-EP system and the other subsystems. They will represent proba-
bly the biggest surfaces of the S/C, this means they will affect the generated
drag force. Considering the S/C flying on a Sun-Synchronous Dawn-Dusk orbit
we shall consider keeping an aerodynamic-efficient S/C’s shape configuration in
order to reduce the area encountering the flow perpendicularly, for example as-
suming the S/A to be parallel to the direction of flight. As stated in Sec. 4.5.2 the
surface which is parallel to the flow will also affect the generated drag since the
particles in random motion will impact the surfaces that are parallel to the flow
and will be reflected with a certain angle depending on the accommodation co-
efficient defined in Eq. 4.12, this means in an exchange of energy thus momentum.

DSMC simulations are therefore needed to estimate the effect of large surfaces,
like S/A, as well as of other S/C’s components in contact with the flow, first of
all the Air Intake, to derive their effect on the generated drag force.
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4.6 Power Supply

The power required for the RAM-EP system can be provided by several electric
production and storage devices in different combinations.

The most common power supply for S/Cs orbiting planets near to the Sun,
like Earth and Mars, might use the combination of S/A which converts the power
of the Sun directly to electricity, and batteries which are recharged by the S/A
and release electricity when the power required by the S/C’s subsystems is more
than the power generated by the S/A; or when the Sun is eclipsed by the planet
around which the S/C is orbiting. A precise ACS will be required in order to
keep the surfaces of the S/A nearly perpendicular to the Sun vector in order to
maximize the efficiency and, depending on the power requirements and the S/A
and batteries capabilities, only certain orbits might be suitable in order to fulfill
the S/C’s energy requirements.

One physical quantity which becomes important when reaching the lower altitudes
in VLEOQO, as shown in Sec. 4.3, is heat. Heat might be converted directly into
electricity by the use of a thermionic generator which works on the principle of
the Seeback effect, which describes the phenomena of voltage generation in a con-
ductor or semiconductor when subjected to a temperature gradient. Thermionic
generators are not yet a mature technology for an application in space under these
conditions, but a recent study, see [11], calculated that an efficiency of n = 42%
might be achievable.

The use of this kind of generator might allow to reduce the requirement of the
surface of the S/A, in a way to decrease the mechanical complexity and the sur-
faces generating drag, indeed a thermionic generator has no moving parts.

It has to be kept in mind that only 42% of the heat is converted in electrical
energy and the other 56% of heat must be taken away from the S/C through the
thermal subsystem.

Solar Arrays

Emcore ZTJ photovoltaic cells for space application, [15], with a minimum av-
erage efficiency in begin of life - BOL - of 29.5% have been selected. The Sun
is assumed to be always perpendicular to the solar cell as in Sun-Synchronous
orbit. The mission lifetime has been set to 7 years as in the ESA study [12].
A range of powers, according to the literature review, has been set and the re-
quired solar array surface has been calculated.
Degradation has been calculated according to the script in Appendix B 8.5 and
produced the results of Tab. 4.6.

Furthermore a calculation of the cell number connected in series to produce
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Table 4.6: Power vs. SA Area - EOL

Pmaz ASA
kW m?>
0.5 1.98

1 3.96
1.5 5.93
3 11.87
3.5 13.84
5 19.6

certain voltages has been made, as well as the area required for the string.
Voltage values has been chosen by running the IPG6 facility as 1 kW of power
produced by the anode was reached at 20mg/s of air mass flow. Afterwards two
more voltages has been sl according to [1] in order to being able to operate the
facility without automatic shut-down due to power supply overload.

These has been calculated in EOL with the same parameters used for the SA
area, the results are shown in Tab. 4.7.

Table 4.7: Voltage vs. Solar String Area - EOL

Voltage Number of Cells  Agping

Vv - m?
550 319 0.85
850 493 1.30
1000 579 1.54

Concerning the geometry configuration, a good aerodynamic design should be
chosen. That means in reducing at minimum the frontal area of the whole S/C
by disposing the solar panels with the long side parallel to the direction of flight.
Reduced frontal area will minimize the drag produced, however drag calculation
due to side interaction should be made.

The thickness of the solar array for small spacecraft is 15 mm according to [16],
this means that the increasing of the front surface can been neglected if the S/A
are in parallel to flight direction.
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Thermionic Generator

As stated before the use of thermionic generator to convert the heat in the lowest
atmosphere levels might be in future a solution to reduce the solar array’s surface.
The technology is not yet mature and with a maximum theoretical efficiency of
n = 42% |44], there is still a big amount of heat to be taken away through the
thermal subsystem.

A thermionic generator is basically made up of a "hot" electrode and a "cold"
electrode, the hot electrode is made of a material which can withstand high
temperatures and, under these conditions, vaporize very slowly releasing electrons
which then condensate on the "cold" electrode, the electrons flowing generate a
voltage and thus a current which generates power.

Using the values of heat flux depending on altitude with an Ay = 1m?, a very
rough calculation of the electrical power which might be obtained from heat
through a thermionic generator is made as follows:

P = QtotAfn (417)

Which yields to the results shown in the table 4.8: the values are shown only for
the altitude range of interest since the power heat flux which has more impact is
generated by the particles impacting the front surface and an increment can be
seen from altitudes below 120 km, as shown in Fig. 4.7.

Table 4.8: Power obtainable from a thermionic generator of efficiency n = 42%
as a function of altitude for a surface of Ay = 1m?.

h P

km kW
120 2.85
130 1.99
140 1.73
150 1.62
160 1.57
180 1.52

200 1.45
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4.7 Thrust Profile

A thrust profile for the mission must be chosen. This means to select the level of
thrust needed in relation to the drag generated and the time, during the orbit,
in which the propulsion system should be operational. The thrust generated can
compensate completely or partially the drag, with a given 7'/ D ratio. The thrust
profile can be continuous or pulsed and this will influence directly the electrical
power needed. If a pulsed thrust profile will be chosen, an investigation over the
performance of a pulse propulsion thrust profile should be done.

As discussed in Sec 3.4, the IPG6-S has been chosen as a possible thruster for a
RAM-EP application. The thrust of the S/C will be evaluated as a function of
altitude and mass flow.

Since a design of a RAM Electric inductively heated thruster is not yet ready,
the following diagrams have to be read as a first attempt to determine the best
and the worse case scenarios using the IPG6-S as a possible thruster.

The total enthalpy of the IPG6-S, following the characterization of [1], has been
extrapolated through a device designed to obtain the plasma power exiting the
IPG6 [17], in order to derive the exhaust velocity for thrust calculation.

The first simplifying assumption, is that all the thermal energy of the plasma is
converted to kinetic energy.

In the test from [!], the input mass flow rate was of 7 = 60 mg/s which is a high
value compared to what is encountered by the S/C on orbit in RAM-EP range,
as shown in Fig. 4.9.

The plasma generated under these conditions showed a total enthalpy measured
of hyey = 7.5 MJ /kg [1].

The exhaust velocity has been calculated as in Eq. 4.18.

Ce = 2ht0t (418)

This yields a results of ¢, = 3872.98 m/s.

As a first step to calculate the thrust, the value of exhaust velocity has been
assumed to remain constant with the altitude. The thrust has been calculated as
a function of altitude and it is plotted in the following diagrams.

The thrust calculation is calculated as shown in Eq. 4.19.

T(h) = rin(h)ee = p(h) o (R Apiece (4.19)

N is the collection efficiency, the values derived from the State-of-the-art are:
35% realistic case, 90% and 100% as ideal case.

Ay is the frontal area, the values of 0.3 and of 1m? has been taken.

vy 18 the relative velocity and p the air density taken from the NRLMSISE-00
atmospheric model in average solar and geomagnetic activities.
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The result of the drag and thrust calculation on the base of these assumptions is
plotted in the next diagrams.

The first plot, in Fig. 4.19, represents the 7'/D ratio considering the flow to be
continuum for a frontal area of 0.3 and 1m? for the three 7. considered.

In case of continuum the, for both Ay, as both equations depends directly on
Ay, the best case, of 1. = 1 shows that a 7'/D ratio of 0.48 can be achieved,
for n. = 0.9 of ~ 0.42 and in the worst case, 7. = 0.35, 0.17 of T'/D ratio
can be achieved. However it has been calculated that the S/C will orbit into a

T/D ratio vs Altitude
ContinuuszodeI
S/C: A=0.30 m%, i=0.0 deg

NRLMSISE-00 Model - F10.7 = F10.7avg =140,Ap =15

1.5 \
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—n,= 0.9
1 —n,= 0.35
I
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Figure 4.19: Thrust to Drag ratio vs altitude in continuum, Ay = 1m?. A; =
0.3 m? shows the same values.

free molecular flow, therefore a plots for T/D ratio depending on altitude in free
molecular is shown in Fig. 4.20 and Fig. 4.21.

The same consideration about the two different frontal area in continuum is still
valid.

It shows that the thrust generated is up to 16 times the drag for a n. = 1, 14
times for . = 0.9 and 6 times for 7. = 0.35 and in the worst case, for altitudes
above 250 km respectively 13, 12 and 4 times the drag.

Therefore full thrust compensation is possible over all the RAM-EP range for
every 7). considered.

The step visible in the plot is between an altitude of 120 and 122km and it is
due to a divergent trend of thrust and drag with altitude. However it is in an
hypothesis that the exhaust velocity remains constant with the altitude.
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T/D ratio vs Altitude
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Figure 4.20: Thrust to Drag ratio vs altitude in FMF, A; = 1m?
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Figure 4.21: Thrust to Drag ratio vs altitude in FMF, A; = 0.3 m?.

A chart is shown in Tab. 4.9 shows the results of this first thrust calculation
attempt.

Table 4.9: Drag compensation capability for IPG6-S, ¢, = 3872.98 m/s.

Ne T/D T/D
- Continuum FMF
1 ~ 0.48 ~ 16 —13

0.9 ~ 0.42 ~ 14 —12
0.35 ~ 0.17 ~6—4




Chapter 5

Inductively Plasma Generation

In this chapter a brief review of the research on Inductively Coupled Plasma
Generators, IPGs, will be described. Afterwards the definition of plasma will
be given as well as the principle of operation of Inductive Plasma Generators.
Afterwards the IPG6-S facility will be described.

5.1 Plasma

Plasma is commonly known to be the fourth state of matter, 99% of the Universe
is in the plasma state: stars, gaseous nebulae, interplanetary medium, intergalac-
tic medium and comet tails.

On Earth it is found naturally: lightnings, St. Elmo’s fire, Aurora Borealis and
Australis, and it is created artificially: neon signs, low-consumption fluorescent
lights, plasma displays of wide flat televisions.

Plasma has different applications: illumination, precise cutting of materials (plasma
torch), water treatment and research for future fusion reactors. In space applica-
tions it is generated on the surfaces of the S/Cs during reentry, Fig. 5.1, as well
as in the rocket exhaust and in ion thrusters.

Figure 5.1: Reentry plasma from inside of Gemini 2, 19 January 1965 [15].

93
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According to |19, p. 3|, the definition of plasma is:

A plasma is a quasi-neutral gas of charged and neutral particles which
exhibits a collective behaviour.

"Collective behaviour" means that as the charged particles move around into
the plasma, they can generate local concentrations of negative or positive charge
which varies the electric fields. When the charged particles move, they generate
currents and consequently magnetic fields. The moving charged particles of the
plasma will effect, exerting a force, other charged particles also on large distances.
Motions do not depend only on local conditions, but also on what happens at the
remote regions of the plasma.

Quoting again |19, p. 4]:

Because of collective behaviour, a plasma does not tend to conform to
external influences; rather, it often behaves as if it had a mind of its
own.

"Quasi-neutral" means that globally the plasma will keep its quasi-neutrality con-
dition, given by n; ~ n. ~ n namely that the numerical density of the ions n;
equals the one of the electrons n.. If electric potentials are applied to the plasma,
the plasma itself will shield out those fields to maintain its quasi-neutrality con-
dition.

5.2 Inductively Coupled Plasma Generation

An Inductively Coupled Plasma Generator, IPG, is basically composed by a cas-
ing in which a quartz tube, the discharge channel, is inserted. The gas to be
ionized, the medium, is injected inside the discharge channel. This is surrounded
by a coil which is traversed by a current fed by an external RF source.

The RF source feeds the coil with an RF high electric alternate current inducing
an oscillating magnetic field into the discharge channel. The generator works as
a transformer where the first winding is the coil and the secondary is the plasma
inside the discharge channel. The oscillating magnetic field generated by the coil
in the discharge channel forces an azimuthal electric field that accelerates the
charged particles in the gas toward a direction opposite to the electric current in
the coil, Fig.5.2.

Free electrons impact the other particles ionizing them in a way that more free
electrons are generated consequently ionizing more particles. The result of this
process is a chain reaction that ignites and sustains the plasma increasing its
electrical conductivity as the temperature increases.

Since the plasma has a dampening effect on the magnetic field, known as Skin
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Figure 5.2: Electrodynamic relations in an IPG [50].

effect, the plasma is primarily heated in a ring-shaped zone, this means that there
will be less power coupling in the center of the discharge channel than in the bor-
der region. The dampening of the magnetic fields increases with the operating
frequency.

The generated plasma is afterwards ejected from the through the discharge chan-
nel by the same magnetic field created for plasma generation, that means Lorentz
forces as well as thermal expansion.

5.3 Research on IPG

The first inductively coupled plasma generators - also called RF-plasmatrons -
were developed at the Russian Institute for Problems in Mechanics in Moscow,
Russia, from 1963.

IPGs were used for solving issues related to aerodynamic heating of hypersonic ve-
hicles. In particular for investigating the physics of plasma/material interactions
and to test different elements for thermal protection systems for re-entry vehi-
cles. In France there are now two institutions researching on IPGs: the Complexe
de Recherche Interprofessionnel en Aerothermochimie (CORIA) in Rouen, and
the Laboratoire Arc Electrique et Plasmas Thermiques (LAEPT) in Clermont-
Ferrand. The Von Karman Institute (VKI) in Rhode-Saint-Gense, Belgium op-
erates the Plasmatron, a powerful plasma generator which reaches 1.2 MW of
power.

Experience has been gained in IPGs during the years at the Institute of Space Sys-
tems, IRS, at Universitdt Stuttgart by the construction and operation of IPG3,
4,5, and 7 [50]. The power supply is of 375kW and they are used for re-entry
test for materials and for propulsion systems.

For this thesis, the IPG6-S has been operated to obtain data for a RAM-EP sys-
tem feasibility phase 0/A study.

IPG6-S is a small size IPG operating at low powers available at the laborato-
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ries of the IRS at Universitdt Stuttgart, Germany. A twin model of the IPG6 is
available at the Center for Astrophysics, Space Physics and Engineering Research
(CASPER) at Baylor University, Texas, USA. Its denomination is [IPG6-B and it
is a collaboration with IRS: the main difference is the power supply.

For IPG6-B a maximum of 15kW are provided at a frequency of 13.56 MHz due
U.S. frequency regulations.

IPG6-S power supply delivers a maximum of 20kW at a frequency between 3.5
and 4.5 MHz.

5.4 IPG6-S Facility

The facility of the IPG6-S in Stuttgart, shown in Fig. 5.3, is described in this
section.

The generator is the main component, it is fed by the gas feed subsystem and it
is connected to the vacuum subsystem, necessary to keep the low pressure condi-
tions for simulating space environment. The power supply provides the required
current, voltage and frequency to ignite the plasma. The cooling subsystem pro-
vides water cooling for the generator, the calorimeter, the power supply, and the
vacuum subsystem. The data & diagnostic subsystem provides the visualisation
and storage of the different parameters of the facility. It serves to control, keep
the operational safety margins, and to characterize the performance of the facility.

Oscillator

DC Power Suppl

S

Figure 5.3: The IPG6-S facility [23].
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5.4.1 Generator

The IPG6-S, Fig. 5.4, is a small size inductively plasma generator with a discharge
channel made of quartz glass which measures 40 mm in diameter and 180 mm in
length. The external dimensions of the generator are of circa 200 mm of length
and a diameter of the case of 160 mm. The generator has been designed by Drop-
mann [51] and improved by Puckert [17] and Massuti [1]; the materials used for
the generator components must have low permeability according to Herdrich [50)],
since the oscillating magnetic field of the generator produces azimuthal electric
fields, thus Eddy currents, in all the components which have high permeability
and are near enough to the generator itself, causing them to heat up and changing
the magnetic field inside the discharge channel.

The generator is mounted on the top of the vacuum chamber, at the bottom of
the generator there is a flange which connects it to the vacuum chamber and pro-
vides water cooling, on the top of the generator is the injector head, that delivers
the gas into the discharge channel.

The components of the generator will now be introduced.

Figure 5.4: IPG6-S Generator mounted on the Vacuum Chamber
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Casing

The main casing is a cylinder made of acrylic glass.

It is the main structural component, almost all the parts of the generator are
attached to it: at the same time the casing provides limited optical access to the
plasma. It has an aperture in the middle where the coil together with the quartz
tube - the discharge channel - are inserted. During this work, the casing has been
modified to adapt it to the new designed water-cooled bottom flange.

In the precedent design, water inlet and outlet were positioned in the casing: the
water was injected through a pipe at the bottom, flowed around the discharge
channel and the coil, and exited at the top of the casing for being directed to the
injector head.

With the new design, the inlet at the bottom of the casing has been closed since
the cooling is now provided by the bottom flange; the outlet was not changed
and it operates as before.

Discharge Channel

The discharge channel is made up of a quartz glass tube. The choice of quartz
glass as the material for the tube has been made since the inner wall of the
tube is in direct contact with the plasma: this means it must withstand the high
temperature gradients which are generated as well as it has to be chemically
resistant to the attack of aggressive gases such as atomic oxygen which can be
injected as working gas. The diameter of 40 mm has been chosen according to
Herdrich [50] and to Dropmann [51] as to be both suitable for a frequency of
4 MHz and for the common available size in commerce. The length of the tube
is given by the size of the generator, and this has been set to 180 mm. From a
study conducted by Puckert [17] the wall thickness of 1.5 mm has been found as
the minimum to allow maximum cooling for 4 kW of power before breaking due
to thermal stresses.

Coil

The coil used for the IPG6-S is of 5.5 turns and serves to create the high frequency
magnetic field that ignites the plasma, the external diameter of the copper pipe
is of 8 mm.

The electric power is coupled into the plasma next to the coil where the magnetic
field is more intense.

The coil is traversed by water in the inside, to provide the necessary cooling
during operation; it is shown in Fig. 5.5 and its electromagnetic and geometric
values are shown in Tab. 5.1.
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Figure 5.5: The 5.5 turns coil.

Table 5.1: Electromagnetic and Geometric values of IPG6-S Coil [1].

Turns Length Internal Diameter Inductance
- mm mm nH

5.5 80 40 0.489

Water-Cooled Bottom Flange

Part of the work of this thesis has been the design of a new water-cooled bottom
flange to extend the duration of the experiments which, with the previous design,
was limited in time because of high thermal gradients on the bottom flange which
caused it to broke [1].

The flange is provided with 8 inlets with G 1/8” threads in which the water enters
radially at the bottom of the generator and impacts tangentially the quartz tube
wall. Subsequently the water raise upwards surrounding the quartz tube, the coil
and the casing providing the necessary cooling. The new designed water-cooled
bottom flange is composed by the the flange itself, a removable closure, and an
adapter for the connection to the vacuum chamber. The flange has the 8 radial
ducts for the water cooling, 4 holes for the connection of the generator to the
vacuum chamber, 4 holes for the connection to the casing and 6 threads for the
connection of the closure. The closure has been provided to enable access to the
O-ring which creates the sealing between the flange, the quartz tube, and the
vacuum side, creating the clearance for the sealing. Details of the water-cooled
bottom flange are shown in Fig. 5.6 and later in Fig. 5.13(b). The technical
drawings are in Appendix C. The design of a new bottom flange included also a
modification of the casing. Its lower part has been removed and adapted for the
connection of the the new bottom flange.

These modifications required also the design of an adapter between the bottom
flange and the vacuum chamber. This has been realized with a 3 mm thick brass
ring with a clearance for the O-ring which provides face sealing between the
bottom flange and the ring itself. The vacuum chamber is provided with another
O-ring which creates the face sealing between the vacuum chamber and the lower
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Figure 5.6: New water-cooled bottom flange.

surface of the brass ring adapter. The assembly is represented in Fig. 5.7.

Figure 5.7: Assembly of bottom flange, adapter, and vacuum chamber.

5.4.2 Power Supply

The energy supply is provided by the RF generator HGL 20-4B produced by the
Himmelwerk company which provides a maximum power P, = 20kW with a
variable frequency between f = 3.5 — 4.5 MHz, which depends on the impedance
of the IPG [52]. It is composed by an energy supply unit together with an oscilla-
tor resonant circuit that uses the coil of the plasma generator as an inductance [1].
The capacitor is located in the box which contains the oscillator circuit and has
a capacity C' = 1500 pF.

The energy supply unit uses a three-phase connection with a current of 3 x 50 A
and a voltage of 3 x 400V for a total input of P = 34kW: it converts the three-
phase current to an high DV voltage up to V' = 8.5kV, which is called the anode
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voltage of the tetrode. This is the voltage used to feed the oscillator resonant
circuit. An additional voltage of V' = 8.5kV is produced for the screen grid of
the tetrode, which is used to control the anode current.

The maximum voltage in the oscillator circuit is of 1.7kV. The coil of the gener-
ator provides the required inductance for the oscillating circuit.

Power Supply Monitors

The control panel of the power supply is provided by three main analog indicators,
which show the anode current, the screen voltage for the oscillator and the power
consumption in the anode. The last parameter is important because it is useful
to determine the generator efficiency for different plasma conditions. The anode
current shows how much current is fed into the oscillator circuit. The resolution
of these indicators is of 0.5 A, the screen voltage is of 25V and the power of
250 W.

5.4.3 Vacuum Subsystem

The vacuum system is composed by mainly two components, the vacuum pump
and the vacuum tank.

The vacuum tank has a diameter and a length of about 40 cm with multiple
flanges which can be used for the vacuum pump connections, plasma diagnostics
and optical windows.

The vacuum tank is shown in Fig. 5.8. The vacuum pump used for operation is

Figure 5.8: 3D model view of the vacuum tank.

a VAROVAC S 400 F, the main technical data given from the producer Leybold-
Heraeus Gmbh are shown in Tab. 5.2. The vacuum pump requires water cooling
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with a consumption and minimum pressure as shown in Tab. 5.2. In the Fig. 5.9

Table 5.2: VAROVAC S400F Vacuum pump specifications

Description Value
Main Voltage 380/660 V
Motor power 11 kW
Rated rotational speed 1000 rpm
Nominal pumping speed 430m3/h
Average pumping speed 400m3/h
Approx. water consumption 200 L/h
Minimum water pressure 2 bar

the pressure of the tank in relation to the mass flow injected into the chamber
through the generator according to [1] is shown.
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Figure 5.9: Pressure in the vacuum tank vs mass flow [1].

The pump was not operating for a long period of time, but after the first
couple running tests the pressure achieved into the chamber without and with
mass flow was according to the values presented in the thesis of Massuti [1], and
the values shown in Fig. 5.9.

Improvement of Vacuum

In order to achieve more suction rate and lower pressure, hence better simulation
conditions, a new pump has been introduced.
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The new installed pump is a two-stage vane pump ALCATEL 2063, the main
technical data from the producer are shown in Tab. 5.3.

Table 5.3: Alcatel 2063 Vacuum pump specifications

Description Value
Main Voltage 200V
Motor power 2.2 kW

Rated rotational speed 1500 rpm
Nominal pumping speed 65m3/h
Base pressure 2 x 1072 Pa

Due to the power supply electrical connections, plasma can be ignited only if
the VAROVAC vacuum pump is operating, for this reason the two pumps have
been always operated together during plasma tests.
The pressure of the tank reached, with no mass flow, a pressure of p;u,1 = 26 Pa.
With the old configuration, the pressure of the tank when injecting 60 mg/s was
of prank = 100 — 110 Pa, with the new design lower pressures are achieved pignr =

86 — 88 Pa.

In particular in Fig. 5.10 the pressures achieved in the tank for different mass
flows are shown.

Tank Pressure vs Mass Flow
VAROVAC S400F + Alcatel 2063

120

e

-

Figure 5.10: Pressure in the vacuum tank for different mass flows.
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mass flow, mg/s
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Pressure sensors

Two pressure gauges are connected to the facility to measure two pressures: the
pressure in the injector head and the pressure of the tank.

The pressure gauges are PKR 251 from PFEIFFER-Vacuum manufacterer and
operate in the range between 5 x 1077 Pa and 100kPa with an accuracy of £30%
in the range between 5 x 107¢ Pa and 10kPa.

The pressure gauges for measuring the pressure inside the tank is directly con-
nected to the vacuum tank with a flange. The pressure gauge for measuring the
pressure in the injector head is connected through a DIN 04/06mm pipe which is
screwed beneath the injector head.

Table 5.4: PFEIFFER-Vacuum PKR 251 Pressure Gauge specifications

Description Value
Pressure Range (air,N,) 5 x 1077 Pa to 100kPa
Accuracy’ +30%
Reproducibility? +5%

Output Signal 0to 10.5V

5.4.4 Cooling Subsystem

The cooling system is needed to keep the temperatures low for all the subsystems
of the facility during operation.

A scheme of the actual cooling system for the facility is shown in Fig. 5.11.
Water cooling is necessary for the VAROVAC vacuum pump, for the generator,
the calorimeter and the oscillator circuit, as well as for the power supply.

The water cooling circuit is divided into an open and a closed circuit. The open
circuit involves the heat exchanger and the VAROVAC vacuum pump. The closed
circuit is composed by a reservoir always filled with water, from which two water
pumps of 90 L/min mass flow and 6 bar of inlet pressure, pump the water into
the system. The outlet, with water at higher temperature since it absorbed heat
from the facility, will flow into the heat exchanger to cool down and pumped back
into the reservoir.

05 x 10~% Pa and 10kPa
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Figure 5.11: Facility cooling system |[I].

Cooling Subsystem Improvement

A modification of the cooling system has been made. This was needed due first
of all to adapt the system to the new water-cooled bottom flange, but also to
enhance the accessibility to the control valves and to increase the overall security
of the facility. First a rearrangement of the disposition of the pipes has been
made in order to drastically separate them from the power cables to avoid danger
of short circuits.

All the power cables are now on a higher level than the water pipes which are
mostly laying on the ground. A main change of the facility has been made in the
control valve assembly which has been compacted and hung onto a wood plate
connected with screws to the frame which holds up the vacuum chamber as shown
in Fig. 5.12.

Vacuum Pump

The vacuum pump requires its own cooling, achieved by two pipes of DIN 10/12mm.
The inlet is connected from the inlet of the main water supply to the pump and
the outlet pipe, of the same size, is connected from the pump to the outlet of the
main water supply of the facility. The valve is kept fully open during operation.

Power Supply

The cooling of the power supply was a limitation with the introduction of the
new bottom flange.

Due to lower water mass flow and pressure, the cooling of the power supply be-
came critical since it yield to a sudden shutdown during tests. Indeed the power
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supply is one of the greatest sources of heat for the facility.

Different combinations have been tested and the best was found to provide the
cooling of the power supply with an own pump. Water is taken from the reser-
voir, pumped into the water supply with 13 mm internal diameter pipes and sent
directly to the heat exchanger.

Oscillator Circuit

The pipes for the oscillator circuit have been lengthened, brought to the ground
and connected to the valve assembly. The water flows first into the oscillator
circuit, and afterwards into the coil providing the necessary cooling. The pipes
has been lengthened with DIN 10/12mm and connected to the valve assembly.
The valve for the water flow control for the oscillator circuit cooling are on the
outlet side of the valve assembly.
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Figure 5.12: New valve assembly for the water cooling system.

Calorimeter

The calorimeter serves as plasma diagnostic device.
The use of thinner pipes to reduce the error on the evaluation of the enthalpy
of the calorimeter has been selected and the larger pipes with the size of DIN
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10/12 mm have been substituted with thinner pipes with the size of DIN 04/06mm.
First water tests revealed that the mass flow measurement device on the inlet of
the calorimeter was not able to show any value since the mass flow rate was too
low for the device. Therefore, the outlet and the inlet pipes have been substituted
again with a DIN 10/12mm pipe and values of the water flow rate could have
been read again from the device. In order to anyway reduce the error on the
evaluation of the enthalpy, the last ca. 10 cm of the pipe reaching the calorimeter,
has been kept with the thinner diameter of DIN 04/06mm. On the outlet pipe
of the calorimeter is attached a thermocouple which measures the temperature
of the water as it leaves the vacuum chamber; the outlet is attached to the valve
assembly with a valve which commands the water flow rate to the calorimeter
during the operation of the generator, in this way the calorimeter is always filled
with water.

Generator

An important modification in the cooling of the generator has been made due to
the introduction of a new designed water-cooled bottom flange. In the precedent
design the water cooling had one inlet, with the size of DIN 04/06mm, at the
bottom of the case. As mentioned before the new water-cooled bottom flange
consists of 8 radial inlet ducts and therefore 8 pipes must connect to the bottom
flange. Different designs have been evaluated and the chosen one is explained as
following. From the water assembly a main pipe with the size of DIN 10/12 mm
is attached, a manometer as shown in Fig. 5.12 is connected with a T-connection
to measure the pressure at the generator inlet, and reaches a V-shape junction
as seen in Fig. 5.13(a).

From this junction two pipes with the size of DIN 04/06mm are connected and

reach the top of the vacuum chamber. Since, as stated before, near the plasma it
preferable to not use metallic parts, plastic connection have been chosen for the
water-cooled bottom flange. In the Fig. 5.13 it is shown how the two inlet pipes
are connected and how the water is afterwards distributed to the 8 ducts with the
use of T- and L-connections. The material of these connections is PVDF which
has the characteristics represented in Tab. 5.5. In the figure Fig. 5.13(b) the
new water-cooled bottom flange (without the closure) is shown with the PVDEF’s
connections connected.
Adding the new bottom flange with 8 inlets required an higher water mass flow
to the generator than in the precedent configuration. During the first water tests
which were including also the power supply and oscillator circuit tests, opening
the valve for the generator cooling caused the power supply to shut down due too
low water flow for the cooling.
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Figure 5.13: New water connections for the bottom flange.

Table 5.5: PVDF characteristics [53].

Material Operating  Density Tensile Strength Melt index
Temperature (at 23°C) MFR
°C g/cm3 N/mm? g/10min
Polyvinyl- —40/ 4 140 1.75 38-50 6

-idene fluoride

Water Temperature

To have an indication of the temperature of the water in the cooling circuit, 4
thermocouple PT100 Class A are collocated into the circuit. These sensor are
implemented into a Data-scan which converts the signal output to digital data
visualized on the screen of a computer through a software. One thermocouple is
mounted on the main inlet, see Fig. 5.12, of the water cooling circuit and provides
information of the temperature of the water entering the cooling circuit, hence
of the temperature of the water in the reservoir, see Fig. 5.11. This value will
be used as the inlet temperature for all the components. Another thermocouple
is placed between the outlet of the generator and the inlet of the injector head,
the water heats up as it flows inside the casing of the generator and leaves the
generator at a higher temperature, this to measure the power absorbed by the
cooling of the quartz tube. Another thermocouple is then mounted at the outlet
of the injector head in order to have information about the power absorbed by
the injector. The last thermocouple is positioned at the outlet of the calorimeter,
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close to the vacuum tank, this has been done in order to have the value of the
temperature of the water after flowing in the calorimeter and being heated by the
plasma exiting the generator, this will be used to determine the power absorbed
from the plasma by the calorimeter.

Water Flow

Two flow controllers are FCH-C-Ms from the producer Bio-Tech, and are inserted
into the cooling system in order to provide information about the mass flow
rate of the water flowing into the circuit. The first measures the water flow
directed to the generator and the second measures the water flow directed to the
calorimeter. The operational range of the available water flow meters is between
0.50 — 30.0 L/min for water at a temperature of 22°C with an accuracy given by
the producer of £2%. The signal produced by the device is sent to an electronic
converter produced by Bio-Tech, which converts the AC signal of 50 — 130 Hz to
a 0 — 10V DC signal readable from the Data-scan. The flow meters operate at
DC with voltage of 24V, an AC/DC transformer is needed and plugged to the a
standard electric plug. Calibration is needed for the implementation of the flow
meters into the Data-scan.

Water Pressure

The pressure of the water in the cooling system is measured by a manometer
placed on the generator inlet. It is an analog device with a resolution of 1bar
over the range 0 — 20 bar.

5.4.5 Gas Supply

Different gases are used for plasma generation in IPG6-S. Those are stored in
pressurized vessels that are connected through a pressure reducer and a flow con-
troller to the injector head of the IPG6-S. A secondary gas injection is available
on the back of the vacuum tank to regulate the pressure of the tank.

The mass flow controllers installed are F-201AV-50K models from the producer
Bronkhorst. They operate between a mass flow of 20 mg/s and of 230 — 250 mg/s
with steps of 1mg/s depending on the gas. According to the producer, the
accuracy of these mass flow controllers is of £1% for volume flows between
5 — 10 mL/min and of 2% for volume flows between 0 — 5 mL/min.

The Tylan FC-2900 has been introduced to reach lower mass flows. The perfor-
mance from the manufacturer is of a full range between 10 sccm and 10 slpm with
an accuracy of 1% and a linearity of £0.5% both in full range. That means in
a mass flow from about 20 mg/s down to about 0.2mg/s depending on the gas.
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The output is a voltage between 0 and 5V which is directly related with a factor
100 to the mass flow in mg/s.

Gas, in this case oxygen, is provided by a pressure vessel. The gas is brought to
the mass flow controller through a pipe at a pressure of 5bar, given by a reducer
valve mounted on the pressure vessel.

5.4.6 Cayvity Calorimeter

The cavity calorimeter, developed by [17] is installed into the vacuum tank to
determine the plasma power.

It is a cone made of copper, see
Fig. 5.14, inside the cone a copper pipe
traversed by water is attached as a spi-
ral, copper pipes are also attached on
the outside wall of the cone. <
Its working principle is similar to an ' VS
heat exchanger.

Hot plasma enters the cavity calorime-
ter, that has the shape of a cone,
through an entrance hole that is 50%
larger than the diameter of the quartz
tube of TPG6-S.

The plasma inside the calorimeter
transfers the majority of its power to
the calorimeter’s walls and inner pipes
through convection, radiation and re-
combination.

The transfer of power results in a temperature increase of the water flowing in
the pipes of the calorimeter.

The difference of temperature between the water entering and leaving the
calorimeter is read by two thermocouples and used to calculate the power as
in Eq. 5.1 and subsequently the enthalpy as in Eq. 5.2.

For the experiment the calorimeter has been placed to the nearest position to the
exit of the generator, 2.5 cm.

Pcal = mwatercp,water(Tcal,out - Tcal,in) (51)

Where 1myqter is the water flow into the calorimeter, C) yqter is the specific heat
capacity of the water and T is the temperature of the water at the outlet and at
the inlet of the calorimeter.

BWSE|d

Figure 5.14: IPG6-S Calorimeter [17].
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Where m is the air mass flow to the generator.

5.4.7 Plasma Jet Condition

In the precedent design, according to [I]|, there were interactions between the
plasma leaving the generator and the chamber walls.

This was determined by the size of the vacuum chamber, which is small, but also
by the fact that the plasma leaving the generator was not concentrated, but the
plume had a large angle of diffusion as shown in Fig. 5.15(a).

With the introduction of the new brass water cooled bottom flange it has been
noted, as can be seen in Fig. 5.15(b), that the plasma leaving the generator is
now concentrated to the center.

That is due to Eddie currents that are induced by the generator on the bottom
flange. These currents induce a magnetic field which chokes the plasma at the
exit directing it into the center.

(a) Old Condition. (b) New Condition.

Figure 5.15: Plasma leaving the generator.
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Chapter 6

Experimental Set-Up and Results

In this Chapter the test methodology is described and the result are presented.
At first, the experimental set-up it is described and the test condition are ex-
plained, information about gas type, mass flow and screen voltage are given.
Subsequently the test procedure is detailed explained in Sec. 6.2.

The results of the tests are plotted in terms of anode power and current, pres-
sure at the injector head and in the tank. The final results of calculated exhaust
velocity, thrust and thrust to drag ratio are plotted as function of altitude and
screen voltage.

6.1 Experimental Set-Up

The Experimental Set-Up has been discussed in the precedent Chapter and it is
shown, in the last configuration, in Fig. 6.1.

6.1.1 Gas Input

As result of the System Analysis in Chapter 4, the dominant components in the
VLEO and LEO altitudes ranges are N, and O.

For the tests, air from the ambient and O, are used.

Concerning N,, its presence in the air is of ~ 78% at ground. From the NRLMSISE-
00 model N, is always in combination with other elements, therefore choosing to
inject air from the ambient is a good approximation.

Atomic oxygen, O, cannot be injected by the gas supply as it recombines into
molecular oxygen while storing it at low temperatures and high pressures, there-
fore O, is used as operating gas.

Using O, as working gas, requires extra energy for dissociating the oxygen molecules.
The simulated environment is therefore a worst case scenario for a RAM-EP appli-
cation in LEO, where oxygen will be partially or fully dissociated before entering
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Figure 6.1: Experimental Set-Up.

the thruster.

Air is taken directly from the atmosphere inside the laboratory, oxygen is stored
into a pressure vessel and provided to the mass flow controller at a pressure of
5bar through a pipe and controlled by a reducer valve.

6.1.2 Mass Flow

Mass flow is variated, according to the results of the System Analysis in Chapter 4
and the limitations of the mass flow controller, from a maximum of 120 mg/s to
a minimum, depending on the gas, of ~ 0.24 mg/s.

Two kind mass flow controllers are used, the Bronkhorst F-201AV-50K for high
mass flows, 120 to 20 mg/s, one calibrated for O, and one for N,; the Tylan FC-
2900 has been operated from 90% to 2% for both gases, yielding to a mass flow,
depending on the gas, between ~ 20 and ~ 0.24 mg/s.

The tested mass flows are shown in Tab. 6.1.

6.1.3 Screen Voltage

The screen voltages applied from the Power Supply has been chosen to be:

e 0.550kV;
e 0.850kV;
e 1.000KkV.
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Table 6.1: Mass Flow for Tests.

Flow Controller, FC O, N, Air
mg/s  mg/s
Bronkhorst F-201AV-50K 120 120
for O, and N, 100 100
80 80
60 60
40 40
20 20
Tylan FC-2900 20.272  20.130

17.893 17.767
15.559  15.450
10.975 10.898

6.011  7.458
4.052  4.023
2915  2.895
1.778  1.766
0.711  0.706
0.617  0.613
0.247  0.245

6.2 Experiment Procedure

Every experiment begins by following the Checklist presented in Appendix CHECK-

LIST.

The starting point is of running safely all the subsystems without applying any
voltage and current to the generator.

At this conditions it is important that the cooling water temperature is stable
for all the thermocouples. The temperature of the thermocouples of the cooling
circuit are displayed on the computer of the facility.

When stability condition is achieved for more than one minute, the temperatures
are noted down and plasma can be ignited.

The experiments have been divided between those made with oxygen and those
made with air, and between high mass flows, 20 to 120 mg/s, and low mass flows,
~ 0.24 to ~20mg/s.

In each experiments, the three different screen voltages of 0.550kV, 0.850kV, and
1.000kV have been applied.

Each experiments started with the lowest mass flow and the lowest voltage at
first.
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Once the first mass flow and voltage are set, plasma ignites. In this condition it
is waited until the cooling system achieve its steady state condition in particular
the temperatures of the water main inlet and the temperature of the calorimeter
outlet must be stable. After this condition is achieved for more than 60s, the
plasma is visually checked (color and intensity variations, plasma flickering), tank
pressure, piank, injector head pressure, p;,;, anode power, Fy,, and anode current,
I, are read and noted down on the experiment sheet.

Maintaining the voltage constant, the mass flow is increased to the next value
set, again the cooling system must achieve the steady state condition, plasma
is visually checked, and the values noted down; the experiment proceeds further
until the maximum value for the mass flow is selected.

When the maximum mass flow is reached, the plasma is switched off, the lowest
value for the mass flow set is selected and the plasma re-ignited with the new
screen voltage value.

The cooling system must again achieve its steady state condition and the exper-
iment proceeds further as explained above.

6.3 Experimental Results

In this Section the results of the experiments are presented in terms of Anode
Power, Anode Current, Tank and Injector Head Pressure.

Afterwards the results in terms of Exhaust Velocity, Thrust and Thrust to Drag
ratio are presented.

6.3.1 Anode Power

The anode powers read from the analog displays of the power supply are shown
in Fig. 6.2 for air, and in Fig. 6.3 for oxygen.

Anode power increases with the increment in mass flow for both gases. For low
mass flows the anode power behavior is similar for both gases and for the different
voltages.

For mass flows greater than 10mg/s the anode power increases more for higher
than for lower voltages.

A power drop is observed for V' = 0.55kV between 10 and 20mg/s, but this is
however inside the uncertainties due to the resolution of the analog instrument
which shows the power value.

Double values of anode power are shown at about 20mg/s of mass flow, this is
due to the use of two different mass flow controllers at very close values of mass
flows.
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The anode power values for the mass flow of 100 and 120mg/s at V' = 1.00kV
are not shown due to overload of the facility, thus, no value could be read.

Anode Power vs Mass Flow and Voltage
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Figure 6.2: Anode Power vs Mass Flow, Air.
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Figure 6.3: Anode Power vs Mass Flow, Oxygen.
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6.3.2 Anode Current

The anode currents read from the analog displays of the power supply are shown
in Fig. 6.4 for air, and in Fig. 6.5 for oxygen.

Higher voltage implies higher current. For low mass flows, those below 10 —
20mg/s, the current remains constant but already differentiated for the three
different voltages.

The anode current increases for mass flows higher than 20 mg/s.

Double values of anode current are present at a mass flow of about 20 mg/s due
to mass controller switch, as for the anode power.

The anode current values for the mass flow of 100 and 120 mg/s at V' = 1.00kV
are not shown due to overload of the facility, thus, no value could be read.
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Figure 6.4: Anode Current vs Mass Flow.
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Anode Currentlvs Mass Flow and Voltage
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Figure 6.5: Anode Current vs Mass Flow.

6.3.3 Tank and Injector Pressure

The pressure ratio, pin;/Prank is plotted for different mass flows.

The plots show that the pressure ratio is low for low mass flows, as the mass flow
increases, the pressure ratio increases and it drops again.

This can be explained as, for very low mass flows, the pressure increment in the
tank due to gas injection is very low, thus the pressure in the tank is comparable
to the pressure in the injector which makes the ratio close to 1.

As the mass flow is increased, the pressure in the tank increases as the pumps
keep sucking the gas from the tank, until a maximum. For higher mass flows the
pressure ratio decreases because the suction rate of the pumps is not enough to
keep pressure low into the tank.

The results show that with oxygen as injected gas, the pressure ratio does not
decrease for high mass flows as much as with air.

Moreover the pressure ratio for higher voltages is higher than with lower voltages.
The values of the pressure ratio for high mass flows, 100 — 120 mg/s with the
applied voltage of 1.00 kV are not plotted as the facility shut down due to overload.
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Pressure ratio vs Mass Flow
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Figure 6.6: Pressure ratio pi,;/ptank vs Mass Flow, Air.
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Figure 6.7: Pressure ratio pjn;/prank vs Mass Flow, Oxygen.
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6.3.4 Calorimeter Power

The calorimeter power has been calculated with Eq. 5.1.

In order to extract a good value for the calorimeter power in the post processing
the first step was to determine the temperature offset between the outlet of the
calorimeter and the main inlet, the value has been taken right before the ignition
of the first plasma, after reaching the steady state for the cooling system, and
introduced in the equation for the calorimeter power calculation as shown in
Eq. 6.1. The offset value remained in the range between 0.8 and 1.1°C.

Pcal = mwatercp,water[(Tcal,out - Tmain,in) - |AToff|] (61)

As the mass flow increases with a fixed voltage, the power of the plasma increases,
as well as the temperatures of the water.

The calorimeter power, P.,;, must be read when both the main inlet temperature,
Trnain,in, and the calorimeter outlet temperature, 14 out, are steady.

In particular, as shown in Fig. 6.8(a) , the generator outlet temperature, Tep out,
shows a clear and fast step as the mass flow is increased. As the increase of mass
flow during the experiment has been done every time after reaching the steady
state, the time before the step of Ty, ou has been taken and used as an input for
the P,, diagram, see Fig. 6.8(b), to extract the correct value of P,.,. Particular
attention has been taken that 7,4in.in and Tiq 0 Were stable at that point for at
least 30s.

The specific heat capacity of the water is of Cp paer = 4.1813 X 103 J /kgK at
25°C, as the water temperature at the outlet of the calorimeter during operation
remained in the range between 10 and 35 °C.
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Temperatures vs Time
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Figure 6.8: Example of temperature and P,y plots for IPG6-S operating with Air
at low mass flows.

6.3.5 Total Efficiency

The total efficiency, 7, represents the overall performance of the facility.
It is calculated as n,; = PP el and defines how much of the power provided by

the power supply remains in the plasma exiting the generator.
The maximum 7, is of 0.306 with O, at 2.915 and 0.617mg/s at a voltage of
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0.550kV and reaches a minimum of 0.072 for a mass flows of 100 mg/s at a voltage
of 1.000kV.

With air, the maximum 7, is of 0.252 at 0.245 mg/s at a voltage of 0.550kV and
reaches a minimum of 0.080 for the mass flow of 80 mg/s at a voltage of 1.000kV.
At low mass flows and voltages the efficiency is higher than at high mass flows
and voltages.
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Figure 6.9: Total Efficiency for IPG6-S operating with Air at low mass flows.
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6.3.6 Exhaust Velocity

In the following diagrams the exhaust velocity c., derived from the enthalpy as
Ce = V/2hyo, thus from the calorimeter power hy; = hew = %, is plotted as a
function of the altitude for different voltages and collection efficiencies, as well
as for the two considered inlet areas of 0.3 and 1m?. ¢, is greater at higher al-
titudes. Lower voltages yield greater c. as the altitude increase. Oxygen shows
greater exhaust velocities at higher altitudes, exactly where its presence is higher.
The highest ¢, calculated is of 34 270 m /s with IPG6 operating with O, at 0.247 mg/s
and a voltage of 0.550kV. The lowest ¢, is of 1690 m/s simulated with IPG6 op-
erating with O, at 120mg/s and a voltage of 0.550kV.
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Figure 6.10: Exhaust Velocity Ajue: = 1 m?, Oxygen.
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Figure 6.11: Exhaust Velocity A;pe: = 1 m?, Air.
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c, Vs Altitude
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Figure 6.12: Exhaust Velocity A = 0.3m?, Oxygen.
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Figure 6.13: Exhaust Velocity A;pe: = 0.3m?, Air.
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6.3.7 T

hrust

The theoretical thrust generated by IPG6-S operating with different gas, voltages
and mass flows is calculated as T' = rhc, and plotted as a function of the altitude.
Thrust reaches a maximum of 250 mN at low altitudes with oxygen, slightly less
with Air and a minimum of 5mN at high altitudes for both gases.
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Figure 6.14: Thrust, A = 1m?, Air.
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Figure 6.15: Thrust, A = 1 m?, Oxygen.
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Figure 6.16: Thrust, A;ne: = 0.3m?2, Air.
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Figure 6.17: Thrust, A = 0.3m?2, Oxygen.



92 6. Experimental Set-Up and Results

6.3.8 Thrust Density

The thrust density is obtained dividing the thrust by the anode power. A thrust
density between 11.56 and 144.43 mN /kW is calculated for air, and between 15.31
and 135.20mN/kW for Oxygen. It is higher for higher mass flows with air and
for low mass flows with oxygen, both with the lowest voltage of 0.55kV, as shown
in Fig. 6.18(b) and Fig. 6.18(a).
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Figure 6.18: Thrust density.
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6.3.9 Thrust to Drag Ratio

Thrust to Drag ratio is plotted as a function of the altitude, of the gas used for
test and of the inlet area A;p .

Each mass flow used in the test corresponds to a certain altitude defined by the
model and the collection efficiencies 7.

The thrust value is divided by the drag value at the corresponding extracted
altitude.

In particular it is shown that under these conditions the use of IPG6 as plasma
generator for an Air-Breathing Electric Propulsion, full drag compensation is
always possible for the different collection efficiencies.
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Figure 6.19: Thrust to Drag Ratio A, = 0.3 m?, Air .
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Figure 6.20: Thrust to Drag Ratio A, = 1m?, Air .
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Figure 6.21: Thrust to Drag Ratio A;,;; = 0.3 m?, Oxygen .
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Chapter 7

Summary

Within this work, a system analysis has been developed to determine the main
parameters affecting the design of a mission for a RAM-EP application.

The investigation of these parameters set orbit and altitude ranges, collection
efficiencies, input gases, drag to compensate and power available.

IPG6-S has been selected and investigated as a plasma generator for an Air-
Breathing Electric Propulsion System application.

The facility has been improved and the generator tested with Oxygen and Air,
for mass flows representing different altitude ranges for different intake efficiencies
and inlet areas.

The enthalpy of the plasma produced by IPG6 has been evaluated by the use of
a calorimeter. Subsequently, the exhaust velocity has been calculated by consid-
ering a total conversion of the all the plasma energy at the calorimeter to kinetic
energy.

From the exhaust velocity, the thrust has been calculated, as well as the thrust
density and the thrust to drag ratio.

Concerning the power, the experiments show that the anode power reaches a
minimum of 0.5 kW and a maximum of 3.5 kW which is an acceptable power level
for a small S/C, however the power absorbed by the plasma is expected to be
even lower as the cooling system absorbs most of the power, as it is shown by
the calculation of the total efficiency 7, which is between 0.0697 and 0.3063 for
Oxygen and between 0.08259 and 0.2524 for Air.

The difference of pressure is not enough to achieve supersonic discharge, hence a
pump with greater suction capabilities is required to increase this pressure differ-
ence and obtain better simulation conditions.

Three screen voltages have been applied for the test, 0.55, 0.85 and 1.00 kV.
Low voltages yield higher enthalpies for low mass flows. Vice-versa high voltages
yields to higher enthalpies for high mass flows.

Concerning the input gas, air showed better results for high mass flows, when
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oxygen showed better results for low mass flows. Low mass flows means higher
altitudes. At high altitudes the predominant component is oxygen, that means
the performance of the thruster will increase by the altitude as the amount of
oxygen will increase.

The thrust to drag ratio has been calculated for the three selected voltages and
collection efficiencies, for both Oxygen and Air, as well as for the two different
inlet areas in the whole RAM-EP altitude range.

The results have shown that the thrust to drag ratio is always greater than one
and full drag compensation might be achieved in all the test conditions.



Chapter 8

Acceleration Strategies

This Section describes potential acceleration strategies for an application to a
RAM-EP system with an IPC source.

To convert plasma energy into kinetic energy and maximise the production of
thrust, an acceleration strategy is needed.
Some acceleration strategies have been introduced in Sec. 3, however in this sec-
tion focus on electrodeless acceleration strategies will be made, as the presence
of electrodes is a limiting factor on thruster and mission lifetime.
The basic idea is to use electric and magnetic fields to direct and accelerate the
ionized particles of the plasma without direct contact between nozzle and parti-
cles.
The study from [541] has been investigating different electrodeless acceleration
strategies by using an helicon plasma source.

The study included the following acceleration strategies, see Fig. 8.1:
e rotating magnetic field (RMF) acceleration;
e rotating electric field (REF) or Lissajous acceleration;

e ponderomotive acceleration (PA) with ion cyclotron resonance (ICR) accel-
eration - PA/ICR.

In these concepts the accelerations electrodes are production antennas and
are indirect contact with the plasma.

The RMF acceleration device, see Fig. 8.1(a), is a coil wrapped around a

quartz glass tube after the plasma source, the induced electron current on the
coil, regardless how is it produced, in presence of a flaring magnetic field creates
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Plasma

ICR Layer

(b) REF (c) PA/ICR

Figure 8.1: Acceleration Strategies, [51].

the axial component of the electromagnetic force which accelerates the ions to
generate thrust.

An REF acceleration device, see Fig. 8.1(b), in the presence of a diverging
static magnetic field realize what is called Lissajous acceleration concept.
A rotating electric field is applied by two pairs of electrodes in order to induce
an azimuthal electron current.
The Lorentz force given by the product of the azimuthal electron current and the
radial magnetic field accelerates the plasma in the axial direction.

In the PA/ICR acceleration strategy, see Fig. 8.1(c), ions are first heated
perpendicularly by ICR, afterwards RF waves are applied in such a way that
the resonance point coincides with the peak of the wave energy density, in this
way ions gain parallel acceleration due to ponderomotive force. By the use of
the magnetic mirror, their perpendicular energy is converted into parallel energy
producing thrust.

Other suitable acceleration strategies involve the VASIMR propulsion system.
VASIMR uses an electro-thermal plasma acceleration strategy in which the plasma
is first heated by ion cyclotron resonance and subsequently accelerated by a mag-
netic nozzle.

Electro-static plasma acceleration based on Helicon Double Layer Thruster, HDLT,
is where plasma is accelerated by the electrical potential gap between high density
plasma inside the source region and the low density plasma in the exhaust.

Proceeding further, an acceleration strategy which can be used is the Field
Reversed Configuration - FRC. An FRC, according to the paper from [55], is a
self-contained, stable plasma structure that can be accelerated by the use of the
Lorentz force, see Fig. 8.2. To obtain this plasma structure a RMF is applied,
this ionizes the injected gas by inducing a strong azimuthal current. A magnetic
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field that results from this current helps to form and confine the plasma. Gas
must be injected, ionized, and then formed into an FRC before being accelerated.
The final acceleration is given by a combination of the electromagnetic Lorentz
force caused by the cross product between the azimuthal plasma current and the
radial component of the bias field, and the gradient magnetic field force given by

the conical shape of the thruster.

Bzu Bm&
Upstream BNT?' By Donstream
0

Fu

Steady bias ﬁeld/ ) PIFEF x|
solenoidal currents  Induced image currents "=
e) In flux conserving rings

RMF generated
plasma current

E =JxB

Steady magnetic
field

Figure 8.2: FRC Acceleration, [55].

In further works on RAM-EP, in particular with IPG6, a choice of an acceler-
ation strategy should be assessed to determine a more realistic value of thrust.
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Prospect and Improvements

To proceed further in the investigation of a RAM-EP system with the use of
IPG6, improvements of the facility still have to be made, to achieve more precise
results and better ambient conditions. At the same time improvement of the
model for the S/C parameters must be calculated.

Simulation Improvements

S/C Computer 3D Model

The development of a 3D S/C model for computer simulation, will allow a better
estimation of the parameters.

The use of the 3D model in the thermal analysis will improve the calculation of
the heat loads, hence the S/C temperature and the heat fluxes for electric power
generation.

A 3D model of the air intake will be used in DSMC and will help in the design
and in the estimation of the collection efficiency.

Acceleration Strategy

The investigation of the acceleration strategies will lead to determine first the
strategies which best fit to an inductive plasma source, afterwards values of con-
version efficiencies from plasma energy to kinetic energy will be used in the sim-
ulations to determine a more realistic value of the generated thrust for a concept

of S/C equipped with RAM-EP.
REENT Model

A S/C model for the software REENT developed at Universitdt Stuttgart, in
particular including a thrust over altitude profile, will allow determination of the
S/C lifetime as a function of the different parameter influencing the T/D ratio.
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Facility Improvements

Multi-Stage Vacuum Pump

In particular the introduction of a multi-stage vacuum pump with higher suction
rate, will provide lower pressure and better simulation conditions, as the pressure
difference between injector head and tank will increase. With the right suc-
tion rate, supersonic discharges can be realised and better simulation conditions
achieved.

Vacuum Tank

After the installation of a window on the vacuum tank and by removing the
calorimeter it has been observed that there is interaction between the plasma
and the walls of the chamber. This changes the magnetic and electric fields
altering the results.

This issue can be reduced by the introduction of a bigger vacuum tank.

Measurement Devices

The introduction of better measurement devices, in particular water flow meter,
thermometers and pressure gauges, will decrease the uncertainty of the measures
and will yield preciser and better results.

In particular the lowest measurable water flow from the water flow meters is very
close to the water flow of the calorimeter.

Pressure gauges have an uncertainty of the 30%, more precise devices will yield
to a better knowledge of the pressures.

Introducing more precise thermometers, in particular for the water main inlet
and the calorimeter outlet will yield to preciser values of the water temperatures
needed for the calculation of the plasma enthalpy. Moreover the plot of the
temperatures during the experiment will facilitate the operation of the facility as
the steady state condition can be graphically seen.

Acceleration Device

The introduction of an acceleration device as those explained in Chapter 8, would
increase the usability of the results.

However the introduction of an acceleration device might require major modi-
fications of the whole facility, starting from a modified IPG design, ending to
modifications of the power supply.
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A. Diagrams

In this appendix some diagrams which are helping to clarify some statements
done through this master thesis.
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Figure 8.3: S/C Lifetime as a function of altitude, solar cycle phase, ballistic
coefficient |29, p. 210].

For each ballistic coefficient, the upper curve represents launch at the start of solar minimum
when there will be a low level of decay and the lower curve represents launch at the start of
solar maximum when the satellite will decay most rapidly for several years. Data generated

with SatLife program 1998.
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B. Matlab scripts

In this Appendix the Matlab scripts used for the calculations are displayed in
form of block diagrams.
In this appendix the logic scheme of the following Matlab scripts will be presented:

e 8.1 Molar Mass;
e 8.2 Heat Fluxes;
e 8.3 Knudsen Number;

e 8.4 Drag in Free Molecular Flow.

8.1 Molar Mass Script

This scripts calculates the atmosphere’s molar mass as a function of the altitude
by using the NRLMSISE-00 Model.

NRLMSISE-00 Model, F'10.7 = F'10.74,, = 140, Ap = 15
Output: h,km and n;(h), m™3

Total Numeric Density, n.:(h) = Zle n;(h)

Molar Mass Fraction, fr;(h) = ntoy(lf)z)

Atomic Number, Z; Molar Mass, M (h) = Zle = Z;ifri(h)
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8.2 Temperature and Heat Flux Calculation

This script calculates the different heat fluxes acting on the S/C in the altitude
range considered using the NRLMSISE-00 model and values of standard heat
fluxes from literature.

NRLMSISE-00 Model, F'10.7 = F'10.7,,4 = 140, Ap = 15
Output: h,km and n;(h), m™3

Earth’s rotation speed: Qg
Earth’s radius Rg
Orbit inclination: 4
Orbital velocity: v

Relative Kinetic Energy for each constituent Atomic
Velocity, vy.¢ Ekznz(h) = %mpartvrel(h)QZi Number, Z;

Heat Flux Particles
Qpart(h) = Zf:l nivrelEk:in,i(h)

Heat flux
Sun: Qgun
Earth’s IR: Qr Total Heat Flux, Quu(h) = S35, = Qi(h)
Earth’s Albedo Qg
Internal QQ;,,;

Temperature
T — & Qtot
lea




8.3 Knudsen Number Calculation
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8.3 Knudsen Number Calculation

This scripts calculates the Knudsen number as a function of altitude for different
mean lengths using the NRLMSISE-00 model.

NRLMSISE-00 Model, F10.7 = F10.74,, = 140, Ap = 15
Output: h,km and n;(h), m™>

Particle Average
Diameter, d

Total Numeric Density
Nior(h) = Zf:l ni(h)

Mean Free Path,

A= (ﬂwdzntot(h)> 1

Mean Length, L

Knudsen Number, Kn(h)

/
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8.4 Drag Calculation Script

This script calculates the drag in free molecular flow as a function of the altitude

using the NRLMSISE-00 model with Eq. 8.1, 8.2 and 8.3.

NRLMSISE-00 Model,

Relative Velocity v,.;(h, 1) Output: h,km
p(h),kg/m? and T,, K

Molar Mass, M (h) F10.7 = F10.74,, = 140, Ap =15

Nondim. Air sgeed, Dynamic Press.,
Mwv

s(h) = \/ g7 Ging ()

Frontal Area, Ay
Orbit inclination, ¢
Pitch Angle, ¢

Accomodation coeft., o, o;

Eq. 8.1, 8.2, and 8.3

/
Gas Const., Rspec /

Free Molecular Flow Drag Calculation

S/C avg. Temp. in VLEO, Ts/c

Fp = Ay {—ﬁp+ <ﬁsin( - @r€l> (COZC>:|

) {2 Q—S;fn} 1+ erf (ssin )]

]_ 2 & 2
— —s“sin( . .
"~ Jt{—sﬁe + erf (ssin ()] sm§}

(8.1)

p :{ {2 — Unl sin ¢ + 2° E}{§63231n42 + V/7[1 + erf (ssin ()] sing“}-|—

(8.2)

(8.3)




8.5 Solar Array 121

8.5 Solar Array

In this section the procedure for the calculation of the S/A degradation, and the
calculation of the panel and string surface is shown.

The reference values for the solar cell are those referred to [15].

S/C lifetime is chosen to be 7 years, considering a SSO, the angle 6, that is the
angle between the solar panel and the sun vector is considered to be 0°. The solar
cell manufacturer gives a minimum average cell efficiency in BOL of 1., = 29.5%
and a cell area of A,y = 26.6 x 107*m? operating at maximum power with a
voltage of V. = 2.726 V.

Considering a standard solar power flux of P; = 1353 W /m? the following proce-
dure has been followed.

The calculation of the life degradation Lg is done considering a 2.75% degradation

per year for GaAs:
2,75\ */Ctirew

The inherent degradation is an average from literature of I; = 0.77.
The power density at BOL is calculated as:

Ppor, = Polycost = ey Prl;cos6 (8.5)
as well as the voltage:
Vior = Voelacost (8.6)
The respective EOL values are for power:
Pgor = PporLa (8.7)
and for voltage:
Veor = VeorLa (8.8)
From these equations the S/A area, the number of cells are calculated
P,
Agip = —4 8.9
4~ Pror (8.9)
‘/;’eq
Neell = 8.10
"7 Vior (8.10)

following the required S/A module area for the voltage and the numbers of mod-

ules required
Acell

Neell

Ag/a

Asjav = (8.11)

nsjay — (8.12)

Agjav
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C. Experiments Data

In this Appendix the experimental results of the tests are shown. Afterwards the
checklist followed for every experiment and the emergency checklist are attached.

8.6 Low Mass Flows Air

8.6.1 0.550kV

IPGE-S GAS: AIR SCREEN PROJECT: DATE: OPERATORS:
VOLTAGE: RAM-EP 13/05/2014 ROMANO F.,
0.550kV MASSUTI B.
Mass Flow Calibrated mass flow | Power Anode Current Anode | P_inj P_tank P_cal
Controller
% mafs KW A Pa Pa w
2 0.24534345565434 0.5 1.6 36 26 126.2
7 0.61296296274724 0.8 1.6 39 29 1282
5 0.70633657234543 1 1.6 39 29 133
10 1.76584144736842 1 1.65 4 28 1455
15 2.8945108777938 1 1.7 44 30 15315
20 4.02318030821917 1 1.7 46 32 145
35 7.45742342353453 1 1.7 52 38 157.05
50 10.8983847887324 1.5 1.8 56 38 166.65
70 15.4497935222672 1.5 1.8 62 43 176.7
80 17.7673428127772 1 1.7 65 46 187.75
90 20.1304256916996 1 1.7 66 46 203.1
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8.6.2

0.850kV

Mass Flow | Calibrated mass Power Anode Current Anode P_inj P_tank P _cal
Controller | flow
Yo mal's Kw A Pa Pa

0.24534345565434 0.5 2.3 39 27 74.42

T| 0.61296206274724 0.8 23 38 28 76.34

5| 0.70633657234543 1 2.3 39 27 82.59

10 | 1.76584144736842 1 23 LY 28 86.91

15| 2.8945108777938 1 2.3 43 30 91.71

20| 4.02318030821917 1 2.3 46 32 118.7

35 | 7.45742342353453 1 23 53 36 132

50| 10.8983847887324 1.5 23 60 38 140.2

70| 15.4497935222672 1.5 2.4 &7 42 1438.3

80 | 17.7673428127772 2 2.4 71 46 191.55

90 | 20.1304256916996 2 2.5 74 50 194.45

8.6.3 1.000kV
Mass Flow | Calibrated mass Power Anode Current Anode P_inj P_tank P_cal
Controller | flow
%o mals KW A Pa Pa

2| 0.24534345565434 0.5 27 38 27 68.18

7| 0.61296206274724 0.9 27 37 27 70.58

5| 0.70633657234543 VK] 27 39 27 85.51

10 | 1.76584144736842 1 27 4 28 90.94

15| 2.8945108777938 1 2.7 43 30 109.95

20 | 4.02318030821917 1 2.7 46 32 122.4

35 | 7.45742342353453 1 2.7 53 35 163

50 10.8983847887324 1.5 27 61 39 1401

70 | 15.4497935222672 1.6 2.6 69 45 147.4

B0 | 17.7673428127772 2 2.6 74 48 183.9

90 | 20.1304256916996 2 27 78 49 200.25
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8.7 Low Mass Flows Oxygen

8.7.1 0.550kV

Calibrated mass flow | Power Anode Current Anode | P_inj P_tank P_cal
my/s KW A Pa Pa w
2 0.24691358016 0.5 1.6 37 26 145
7 0.6172839504 0.5 1.6 38 28 153.15
5| 0.711315789473684 05 1.6 39 28 149.4
10 1.77828947368421 0.5 1.6 40 30 152.2
15 2.9149152847873 0.5 1.6 43 31 153.15
20 4.0515410958904 0.8 1.6 44 30 154.6
35 6.01070094539844 1 1.7 50 33 157.3
50 10.8752112676057 1.25 1.7 56 38 167.65
70 15.5587044534412 1 1.7 61 42 167.6
80 17.8925900494232 1 1.7 63 45 161.85
90 20.2723320158102 1 1.7 67 47 166.65
8.7.2 0.850kV
Mass Flow | Calibrated mass Power Anode Current Anode P_inj P_tank P_cal
Controller | flow
Yo mgis kW A Pa Pa w
2 0.24691358016 0.5 2.4 36 27 118.6
T 0.6172839504 0.5 2.4 a7 28 123.85
5| 0.711315789473684 0.5 2.4 38 29 121
10 | 1.77828947368421 0.5 2.35 40 29 125.3
15| 2.9149152847873 0.5 2.35 43 30 125.3
20| 4.0515410958904 0.6 23 45 32 133.95
35| 6.01070094539844 1 23 52 34 159.9
50 | 10.9752112676057 1 23 59 39 170.45
70| 15.5587044534412 1.4 23 68 43 182
80 | 17.80250004084232 1.5 235 73 45 189.65
80 | 20.2723320158102 1.6 2.4 74 46 195.45
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8.7.3 1.000kV
Mass Flow | Calibrated mass Power Anode Current Anode P_inj P_tank P_cal
Controller | flow
Yo mg/ls kW A Pa Pa
2 0.24691358016 0.5 2.8 36 27 133.95
T 0.6172839504 0.5 28 38 29 135.85
5| 0.711315789473684 0.5 28 39 28 137.8
10| 1.77828947368421 0.5 2.8 40 30 128.5
15| 2.9149152847873 0.5 2.75 42 30 117.65
20| 4.0515410958904 0.6 2.7 45 30 116.65
35| 6.01070094539844 1 2.7 52 35 123.85
50| 10.9752112676057 1 27 58 39 140.65
70| 15.5587044534412 1.2 27 68 44 157.5
80| 17.8925909404232 1.5 27 73 45 158.95
90 ( 20.2723320158102 1.5 27 78 46 175.5
8.8 High Mass Flows Air
8.8.1 0.550kV
Mass Flow Power Anode Current Anode P_inj P_tank P_cal
mg/s KW A Pa Pa
20 1 1.7 74 55 1682
40 1.25 1.7 98 72 185.85
60 1.25 1.7 120 9z 188.25
80 1.25 1.76 140 110 197.85
100 1.5 1.75 160 120 20215
120 1.5 1.8 180 140 195.2
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8.8.2 0.850kV

Mass Flow Power Anode Current Anode P_inj P_tank P_cal
mg/s KW A Pa Pa w
20 2 25 74 50 225,65
40 2.5 2.6 120 67 235.25
60 2.5 2.6 130 88 239.6
80 2.5 2.6 150 110 2357
100 2.5 2.6 170 120 237.65
120 2.5 26 190 140 2223
8.8.3 1.000kV
Mass Flow Power Anode Current Anode P_inj P_tank P_cal
mg/s KW A Pa Pa W
20 2 2.8 ar 50 171.9
40 3 3.15 120 70 2319
60 3.25 31 140 86 278
80 3.25 31 160 100 280.4
100 overload overload overload overload overload
120 overload overload overload averload overload
8.9 High Mass Flows Oxygen
8.9.1 0.550kV
Mass Flow Power Anode Current Anode P_inj P_tank P_cal
mg/s KW A Pa Pa w
20 1 1.7 76 53 13.3
40 125 1.8 a7 72 131.65
60 15 1.8 120 85 165.15
80 15 1.8 140 100 167.1
100 15 1.8 160 110 165.15
120 15 1.8 180 130 171.45
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8.9.2 0.850kV

Mass Flow Power Anode Current Anode P_inj P_tank P _cal
mgfs KW A Pa Pa W
20 1.8 2.45 83 52 163.3
40 2.5 2.65 110 69 186.75
60 2.6 2.7 130 84 188.7
80 3 27 150 80 234.8
100 3 275 170 110 238.65
120 3 2.8 190 130 245.85
8.9.3 1.000kV
Mass Flow Power Anode Current Anode P_inj P_tank P_cal
mg/s KW A Pa Pa W
20 1.8 2.75 86 51 159.9
40 2.8 3 110 68 2041
60 3.3 31 140 83 230
80 3.5 3.15 160 100 249.2
100 a5 315 180 110 251.2
120 overload overload overload overload overload
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8.10 Checklist

8.10.1 Operation Checklist

4 ‘
IPG6-Stuttgart m Universitat Stuttgart

IPG6-S Test Checklist Nr:

DATE, START
TIME
RESPONSIBLE
GAS
PROJECT
Start-up procedure
B 0. PRELIMINARY OPERATIONS [ ] open bottle vale
|| All O-rings are inserted Open reducer valve
|| Install generator over tank I c INITITALIZATION AND SET UP
|| All metallic components grounded || Install Faraday box over IPG
| | Screw water connections || Check Mass flow controller inlets clear
|| Screw electric connections | | Select mass flow rate mg/s
| | Fixinjector head | | Tank pressure is stable at Pa
| | Grounding far from oscill. circ. el. conn. | | Injector pressure is stableat Pa
| | Screw pressure sensor to injector head | | Run “pwkmain”
| | Tank ventil closed Water temperatures stable at: fill in
| | ALCATEL pump ventil open B ». POWER SUBSYSTEM
|| PC and electronics ON | | Run power supply
Sensor positions and connections OK | | Press “reset”: all red lights turn off
. A. VACUUM AND WATER SUBSYSTEMS | | Pulse mode is off

Run ALCATEL Vacuum Pump
Tank pressure < 5.0E-1 mbar, 50Pa

Screen voltage at minimum
High voltage (HS) ON

| | Open all water sources | | Wait for the voltage to reach 100 V
| | Run Secondary Water Pump | | High frequency (HF) ON
| | No pressure increment observed | | Check plasma colour
| | Check all water connections Stay 60s at minimum & check sensors
| | Run VAROVAC Vacuum Pump .I D. IN PULSE MODE ONLY
| | Tank pressure achieved: Pa | | Select “Pulse Time” and “Pause Time”
|| Run Power Supply Water Pump || Select Grid voltages “1st and 2nd”
Green LED in both water flow meters
. B. GAS SUPPLY SUBSYSTEM Temperatures
| | Check connections & valves are closed Inj. Aus: °C / Gen. Aus: °C
|| Run heater (if present) Zu Wasser: °C / Kal. Aus: °C
Experiment control

Voltage, kV 100
Power, kW
Anode Current, A
Mass flow, mg/s

Start Time, s 0
End Time, s
Pulse Time 0

Pause Time 0
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IPG6-Stuttgart

4

RS

Universitat Stuttgart

Shutdown procedure

B E PowER suPPLY

High frequency (HF) OUT

High voltage (HS) OUT

Power supply turned off

F. VACUUM

Stop mass flow rate

VAROVAC Vacuum Pump Switched off
ALCATEL Vacuum Pump Switched off
Tank main valve open (gradually)
Press ESC to finish “pwkmain”

G. WATER SUBSYSTEM

Water pumps switched off

Water sources all closed

H. GAS SUPPLY SUBSYSTEM
Main valve closed

Expell gas from flow controller
Secondary valve closed

Gas pipe unplugged

Valve assembly unplugged from
Bottle cap screwed

L. FINAL PROCEDURES

| | Faraday Box removed from IPG6-S

Save data from PC, file:
Shut down PC and electronics

B /. IF ANY FAILURE OR IF REQUIERED

Unscrew all IPG connections

Remove generator from Tank

Install glass window to close the Tank
Note any damage
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8.10.2 Emergency Checklist

4

IPG6-Stuttgart m Universitét Stuttgart

IPG6-S EMERGENCY CHECK LIST

In case of WATER leakage into tank: water must not

enter VAROVAC pump!
(If change of the oil required)

In Phase A of the checklist (no power applied):

1.

2.

3.

Unplug ALCATEL pump (and VAROVAC if on);
Open main tank VENTIL to refill;

Disconnect VAROVAC flange (before the L
junction to pump);

Remove generator and leave top tank open;
Let Tank and Pump duct dry for a couple of days;

Disconnect pressure gauges and mass flow
controllers — check for water

Run pump for half an hour with Air Ballast on
(read VAROVAC manual for reference).

In Phase D of the checklist (power applied):

1.

Press emergency button to switch off VAROVAC
and Power supply;

Unplug ALCATEL pump;
Open main tank VENTIL to refill;

Disconnect the VAROVAC flange (before the L
junction to the pump);

See points 4, 5, 6, 7 of the checklist before.
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D. Drawings

In this Appendix the technical drawings realized for the design for the introduc-
tion of the new water cooled bottom flange are presented.

In particular the drawings for these list of modified and new components are
shown:

e 8.11 Plexiglas Case;
e 8.12 Adapter;
e 8.13 Bottom Flange;

e 8.14 Bottom Closure.

135
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8.11 Plexiglas Case

8.11 Plexiglas Case
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Figure 8.4: Modified Plexiglas case of IPG6-S.
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8.12 Adapter
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8.12 Adapter

Figure 8.5: Adapter for the connection of the bottom flange to the vacuum cham-
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8.13 Water Cooled Bottom Flange
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Figure 8.6: Water Cooled Bottom Flange.
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8.14 Closure of the Water Cooled Bottom Flange
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Figure 8.7: Closure of the Water Cooled Bottom Flange.
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