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Abstract

Space propulsion thrusters are core elements of any spacecraft, that requires mobility. Electric Propulsion

(EP) hereby covers a particular niche in that segment, which utilises electrical energy for thrust creation.

As these space thrusters are designed for operation under vacuum conditions, ground based testing ideally

replicates those low pressure environments in a vacuum facility for a performance characterisation. In this

study, one such characterisation is conducted at the European Space Agency (ESA) on the XR-100 resis-

tojet. The experimental setup was hereby assembled and conducted in the ESA Propulsion Laboratory

(EPL), located at the European Space Research and Technology Centre (ESTEC), Netherlands.

This study documents the process of a space thruster characterisation. A concise modelling of the

thruster performance is created that is later compared with the experimental results. An extensive list

of equipment is listed, that was used in this test to sense and control important parameters before and

during the test. In this test the Imperial College London (ICL) Thrust Balance (TB) is used, which

can measure particularly low thrust levels of milli-newtons. This study gives special attention to the

operation and evaluation of this thrust balance, where multiple enhancements have been implemented.

These are the automation of calibration procedures, the automation of the post-processing, enhanced

filtering methods for the thrust signal and an extended investigation on the uncertainty. In compliance

to the EPL procedures an Uncertainty Budget Calculation (UBC) has been conducted for both the mass

flow measurements and the thrust measurements, which are then combined into the description of the

specific impulse. Those parameters are the most important performance values, which represent the

target values of a thruster characterisation.

The test execution was performed over the main degree of freedom of the resistojet, the inlet pressure,

which can linearly scale the thrust. This characterisation was successfully performed in cold flow condi-

tions. The second degree of freedom is the injection of power, which increases the gas temperature and

scales the mass flow and specific impulse. Unfortunately, one of the heaters of the resistojet broke during

operation, which is why no steady state characterisation could be determined in this operational mode.

When the acquired results are compared to previous characterisations of this thruster unit, a certain

alignment with the reference data and the developed model is achieved, however a deviation in the

measured thrust remains. The findings suggest that the measured thrust overshoot can only be partially

explained by the determined uncertainty, and point to further sources of uncertainty on the thrust balance.

This work demonstrates ground based testing of a space thruster with an applied methodology to uncover

deficiencies and the implementation of improvements.
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1. Introduction

1. Introduction

1.1. Background and Motivation

Space propulsion is the empowering piece to reach a target destination practically anywhere in our solar

system. As a launcher can currently only inject a payload on a specific escape trajectory or an orbit

around earth, an on-board propulsion system is, what enables advanced maneuverability in space and

high fidelity missions including precise maneuvers as gravity assists. The historical bedrock is chemical

space propulsion, where highly reactive chemicals are deployed to release their bond energy into a hot

gas that can be expanded through a rocket nozzle. Chemical space propulsion captivates by its high

thrust capabilities, that can achieve major orbital changes in seconds to minutes. The one downside

it has, is its domination of system mass made up by the propellant. This is caused by an upper limit

on specific impulse, that the chosen chemical reaction can achieve. This is the point where electrical

space propulsion overcomes these limitations. It’s operation fundamentally differs by using electrical

energy to accelerate the expended mass. This objective is simple, yet the solution space to this task

is incredibly rich in variety. The most commonly used implementations are ion engines, where through

a chosen process ions are created from a neutral propellant which are then accelerated by an electric

field. An operational principle like this completely re-defines any limits in possible specific impulse, as

the kinetic energy of an ion is set by its charge and the applied voltage alone. In principle, only the

speed of light marks the end of these possibilities. In real life however, there are many good reasons to

stop way earlier. Reasons as diminishing returns in propellant mass saving and limited power availability

are hereby the typical show stoppers. Practical electric propulsion systems typically surpass chemical

propulsion systems by the order of one magnitude in specific impulse. Their biggest downside however

is their low thrust level, which typically only ranges in the order of hundred’s of mN. This results in

the necessity to fire an electric thruster over weeks or months to achieve the desired change in velocity.

When found in a suitable mission scenario, an electric propulsion system ultimately shines by an overall

lower system mass, for the expense of a longer travel time. Therefore both chemical and electric space

propulsion have their own application regime and together make up the state of the art technology for

human kinds space exploration. To advance our capabilities in these methods, experimental testing is a

key component to try out new implementations or to verify expected performances.

1.2. Objectives of this Thesis

This thesis is the outcome of my stay of half a year at the European space agencies propulsion laboratory in

the section of electric propulsion. Research activities on electric propulsion are coordinated from here all

across Europe, as well ESA mission related testing and industry prototype testing is holding place in this

laboratory. The ESA Propulsion Laboratory (EPL) is the leading facility in the public domain in Europe
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and the birthplace of electric propulsion at ESA. Decades in testing experience across many missions

and projects is accumulated here in personnel and hardware. The objective of this thesis is to personally

deeply acquire the methods that are used here for experimental testing and apply them on an example,

the resistojet. As shown later by the test equipment, it becomes obvious that a characterisation of a

thruster includes a massive amount of support hardware from a wide spectrum of technologies. Planing,

utilising, controlling and post-processing all those instruments correctly is hereby exemplary for the

characterisation of any electric propulsion thruster. This means that the general objective surpasses the

individual parameter test objectives, by being a demonstrator for the ability of thruster characterisation

in general.
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2. Electric Propulsion Concepts

As tasered in the introduction, electric propulsion systems have a rich variety of implementations and

utilised concepts. The main concepts are introduced here together with the resistojet that is later

experimentally characterised.

2.1. Overview

Electric propulsion systems are often categorised by their method of primary acceleration contribution

into electro-thermal, electro-magnetic and electro-static. In many of those cases, these physical effects

overlap, which sometimes makes a definite classification harder than may be initially expected.

Resistojet The most simple implementation of electric propulsion is the resistojet. This principle is

effectively an additive to a kinetic type thruster, the cold gas thruster. The cold gas thruster is similar

to chemical propulsion systems, however its energy stems entirely from the elastic potential energy of the

compressed gas, making it neither electric nor chemical but here called kinetic. The performance of a cold

gas thruster depends highly on the utilised gas and its molecular weight M and its heat capacity ratio γ

and typically lies between 50 to 100 seconds in specific impulse [48]. Now the addition that a resistojet

is doing is heating the gas inside the chamber before it is expanded through the nozzle. The exhaust

velocity has a positive correlation with the gas chamber temperature, therefore increasing the temperature

leads to an increased specific impulse. This is achieved by an electrical heater that is embedded within

the thruster unit as a filament. With this addition of an electrical heater, the specific impulse can be

increased to hundreds of seconds, but typically lower than 500 seconds [21] due to temperature and

material constraints. Due to the utilisation of thermal energy, it is categorised as electro-thermal [48].

The concept of a resistojet is visualised in cell a) of Figure 2.1.

Arcjet The arcjet extends the core idea of the resistojet, to produce a hotter gas to expand by a nozzle.

It overcomes the temperature limitations of the resistojet by not using a heater but striking an electrical

arc through the gas itself. This is typically achieved by the cathode being placed in the center of the

camber before the nozzle and the anode closer to the diverging section of the nozzle. A laminar zone is

created in the constrictor, which enables a stable operation and heat transfer to the throughput gas. The

electrical arc can vastly exceed the melting temperature of any material and heat the gas to extreme levels

in temperature, which starts dissociation and ionisation effects [4]. The gas is being only weakly ionised,

which primarily classifies the arcjet as an electro-thermal and secondary as electro-magnetic thruster [48].

The limitations are hereby again the materials that are exposed with the heat first, which results in a

specific impulse of uo to 800 seconds and a rather low thrust efficiency of around 50 % [48]. The concept

of an arcjet is visualised in cell b) of Figure 2.1. An operational arcjet is depicted in Figure 2.2.
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Figure 2.1.: “Schematic drawings of the main EP systems: (a) resistojet, (b) arcjet, (c) Hall thruster,
(d) HEMP thruster, (e) ECR thruster, (f) radiofrequency ion thruster, (g) electron bombardment thruster,
and (h) FEEP.” - Holste et al. [25]

Figure 2.2.: Operational Arcjet (TALOS, University Stuttgart) [42]

Hall Thruster With the hall thruster, the realm of ion untilisation is now finally entered. The operational

principle can be simply discribed by an ionisation of neutral gas through electron bombardment and the

acceleration of the ions through an electro-static field. Hereby are the electrons emitted from a cathode

and flow into the thruster from the outside into the discharge channel towards the anode which is placed
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in the bottom of that discharge channel, where also the inflow of the propellant is located. However, with

those pieces alone, the cross section and therefore the interaction probability between the high energy

electrons and the in-flowing neutral particles would be extremely low. An applied magnetic field near

the exit plane is making all the difference, as by the perpendicular field arrangement of an ExB field,

charged particles can be magnetised and are drifting in the off plane direction, the so called ExB drift.

This arrangement of a magnetic field is causing the electrons to be effectively trapped due to as their

ExB drift causes them to float around the circular discharge chamber but not towards the anode unless

they experience a collision. The resulting current of trapped electrons is called hall current, which gives

the thruster its name. The categorisation of the hall thruster into either electro-static or electro-magnetic

is debatable, as the acceleration of the ions is done via an electro-static field, however the compensation

of the reactive force of the electrons is exerted through the magnetic field. Hall thrusters have been

developed by the Russians in the 1960s and became the most used electric propulsion system nowadays.

Next to Xenon as the classical propellant, also alternative propellants are being used, as for example

Krypton on the Starlink mega constellation [44] or oxygen from water in experimentally research [33],

where i have even designed myself an implementation recently [47]. All together hall thrusters typically

deliver around 2000 s in specific impulse and a higher thrust level than other ion thrusters at a given

power [21]. One prominent usage of a hall thruster was ESAs SMART-1 mission, which has set a corner

stone for electric propulsion in Europe. [29] With a latest thrust efficiency record of 76 % on a power

level of 10 kW [23] they mark one of the most important electric propulsion systems today. The concept

of a hall thruster is visualised in cell c) of Figure 2.1. An operational hall thruster is depicted in Figure

2.3.

Figure 2.3.: Operational Hall Effect Thruster (PPS-1350G, Safran Aircraft Engines) [11] Originally
CNES, 2015

HEMPT In the Highly Efficient Multistage Plasma Thruster (HEMPT), electrons also enter the dis-

charge channel from an outer cathode. Due to an arrangement of permanent magnets that alter in

orientation, a specific magnetic field configuration is created. This field creates ionisation regions in

between the magnet stages and also confines the formed plasma. This confinement is minimising the

plasma wall interaction and therefore erosion patterns, which is why the HEMPT shows excellent life-

time. The benefits of a HEMPT are low system complexity, low mass, low cost and long lifetime but has

a low maturity and flight heritage. The concept of a HEMPT is visualised in cell d) of Figure 2.1. An

operational HEMPT can be seen in Figure 2.4.
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Figure 2.4.: Operational High Efficiency Multistage Plasma Thruster (HTA, HEMPT-NG) [22]

ECR Thruster The Electron Cyclotron Resonance (ECR) thrusters embrace a plasma physics phe-

nomenon, that when electrons are held in a strong enough magnetic field to become magnetised, they

gyrate with a fixed frequency. When the electrons are now exposed to an electric field that has the

identical frequency, a resonance is created and energy is deposited into the electrons. The high energy

electrons ionise the gas and form a plasma. This high temperature plasma is then expanded through a

magnetic nozzle to produce thrust. The frequency is usually in the microwave range and specific impulses

of around 1000 seconds can be reached but with a thrust efficiency of only 10 % [51]. The benefit of the

ECR thruster is their reliability and low cost, but the downsides are low technological maturity and low

efficiency. The concept of an ECR thruster is visualised in cell e) of Figure 2.1.

RIT The Radiofrequency Ionisation Thruster (RIT) is also using radio waves to deposit energy into

electrons, however in a confined space called plasma chamber. Hereby is the excitation frequency in a

closed loop system with a feedback of the plasma. [50] The ions are extracted by a grid configuration

of typically two layers. The first grid is positively biased in voltage and the second grid is negatively

biased. If a charged particle now randomly enters the hole region in those grids, the electrons are repelled

back into the plasma chamber, but the ions get accelerated out instead. This leads to an ion extraction

through each of the holes in this grid assembly. The ejected ions are then as typical neutralised by an

externally placed cathode. Radio frequency ionisation thruster are currently under development for the

ESA mission NGGM [13]. The concept of a RIT is visualised in cell f) of Figure 2.1. An operational RIT

can be seen in Figure 2.5.

Figure 2.5.: Operational Radiofrequency Ionisation Thruster (BIT-3 RF, Busek) [49]
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Gridded Ion Thruster - Kaufman Thruster The Kaufman type gridded ion thruster also utilises a

plasma chamber and an extraction via a grid assembly as the RIT, however the ionisation is reached

by electron bombardment instead. For this, a hollow cathode is placed inside the plasma chamber to

inject electrons. Through a magnetic configuration these electrons create an enhanced ionisation region,

efficiently forming a plasma. The gridded ion thruster has prominent flight heritage of the QinetiQ T6 on

ESAs BepiColombo mission and the T5 for ESAs GOCE mission. [26] These thrusters achieve 3000 to

over 4000 seconds in specific impulse with a high thrust efficiency of 64%. [43] The concept of a gridded

ion thruster is visualised in cell g) of Figure 2.1. An operational gridded ion thruster can be seen in

Figure 2.6.

Figure 2.6.: Operational Gridded Ion Thruster - Kaufman Thruster (T6, QinetiQ) [43]

MPD The Magneto-Plasma-Dynamic Thruster (MPD) uses the Lorentz force to accelerate the entire

quasi-neutral plasma all together. This is achieved by a steady state of a crossed electric and magnetic

field configuration. Hereby is the main acceleration exerted through magnetic interactions, instead the

electro-static. The thruster consists of a cylindrical shaped anode, where the cathode is positioned as

a pole in the center. An MPD can be either create the magnetic field through the current between the

cathode and anode itself, which is then called self-field MPD or it can be provided externally through a

coil, which is then called applied-field MPD. [1] These thrusters typically require very high power levels

of around 50kW up to 1MW, which is why most testing of these thrusters was ground based only under

a low technological readiness level. However, they have an exceptional thrust density and have the best

potential for high power applications. An operational gridded MPD can be seen in Figure 2.7.

Figure 2.7.: Operational Magneto-Plasma-Dynamic Thruster (SX3, University Stuttgart) [8]
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FEEP The Field-Emission Electric Propulsion (FEEP) thrusters work on the principle that ions can

be emitted by an electric field of extreme intensity. In these thrusters a conductive liquid is utilised as

propellant. The liquid is exposed to porous needles, which transfer the liquid by capillary forces to the

tip of the needle. The needle itself is the anode and an accelerator plate on top is the cathode, with a

hole above the needle. Between the anode and the cathode a very high voltage of around 10kV is applied,

which creates a strong electric field. Due to the combination of surface tension effects and the exposure

to the high electric field, which get intensified towards the tip of the needle, a so called Tayler cone is

formed at the very tip. The fluid particles at the tip of that taylor cone are exposed to an electric field

that is strong enough to ionise the particle directly, which creates an emission on the tip of the needle.

This concept is typically restricted by low mass flows, as otherwise the taylor cone becomes unstable,

which is why modern FEEP systems embed a high number of these needles together into a so called

crown. [39] FEEP systems naturally a very high specific impulse, due to the high applied voltage, which

is often traded in favour of a higher thrust level. The concept of FEEP is visualised in cell h) of Figure

2.1. An operational FEEP thruster can be seen in Figure 2.8.

Figure 2.8.: Operational Field Emission Electric Propulsion Thruster (IFM Nano, Enpulsion) [30]

This concludes the overview of electric propulsion systems, where in Figure 2.9 the resistojet can be seen

in context with other propulsion methods.
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3.1. Fundamentals of Resistojet Operation

Figure 3.1.: “Sectional view of UoSat-12 100-W resistojet” - from [2], originally [20]

The operational principle of a resistojet can be simply summarized as a coupling of a cold gas thruster

with an electric heater. Through the increased gas temperatures induced by the heating element, higher

specific impulses can be achieved. The required internal components can be seen in Figure 3.1, which

are mainly the gas inlet pipe, the heat ex-changer with the heating element, a particle filter and the

converging diverging nozzle. As a propellant usually non-reactive materials are used which primarily

serve the purpose to pick up the heat of the resistor and then to be expanded through the nozzle to create

thrust. The particular advantage of resistojets is, that with a relatively small addition of complexity a

considerable performance increase in specific impulse can be achieved, through the elevated temperatures.

Despite the specific impulse being higher than cold gas thrusters, it is still lower than effectively all other

propulsion systems, both electric and chemical, which puts the resistojet in a niche application regime.

A resistojet furthermore requires a heat-up and cool-down phase of minutes when operated electrically,

which limits the capabilities of achievable impulse bits drastically. Consequentially small impulse bits

can only achieved by operating the resistojet in cold gas mode.
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3.2. Performance Parameters of Resistojets

The most relevant performance parameters of a resistojet thruster are the level of thrust F and the specific

impulse Isp. Additionally the utilization of the electrical power can be evaluated in a thrust efficiency

ηF . Important operational parameters are the consumed power Pel, the type of usable propellants, the

required inlet pressure pin and required voltage U [15].

The level of thrust is only barely altered by the addition of the heating element, as later visible in

Equation 3.23. Therefore, the design steps regarding the thrust level are identical to a cold gas thruster.

The important parameters here are the type of gas (with its molecular weight M and heat capacity ratio

γ), the nozzle geometry (with its throat area Ath, the exit area Ae) and the chamber pressure pc.

The specific impulse however, is directly influenced by the increase of chamber gas temperature Tc. An

elevated temperature decreases the choked mass flow ṁ and simultaneously increases the exit velocity Ve.

This results in roughly the same thrust, but with less mass flow, hence an increase in specific impulse.

This is summarised in the proportional relation in Equation 3.1.

Isp ∝ Ve ∝
√

Tc (3.1)

The parameters to achieve the maximum Isp therefore translate to maximizing Tc, which is directly

dependent on the heater design. The heater filament equilibrium temperature THeater is aimed to be

as high as possible to offer a higher temperature gradient and hence a bigger heat transfer from the

filament to the gas. Additionally, the internal geometry highly influences the flow around the heater and

consequentially the heat transfer. Hereby is a longer exposure to the heater filament desired, which is

often accomplished by forcing the gas through a spiral to increase the flow path [15].

3.3. Modeling Approach for Resistojet Performance

In this chapter a model is developed to predict the performance that is later compared to the experimental

results.

3.3.1. Heat Model

The general entities in a resistojet have been abstracted into Figure 3.2 in order to get an overview of the

thermal influences during operation. In steady state conditions of the resistojet, a thermal equilibrium

exists between the listed entities. When the individual heat contributions are attempted to be quantified,

it quickly becomes evident that the full knowledge of the internal geometry and materials is required.

Even though there is some information present to me about the design, there is no internal geometry

available that would be required to determine the equilibrium accurately. The consequence of this is,

that the heat model will be an unspecified parameter model or a model overview, that can only present

an approach and no input-output predictions.

The relevant heat transfers can be hereby categorised into the electrical induced heat creation, the

conductive heat transfer and the radiation heat transfer. In the following paragraphs an analytical

description is derived to quantify these influences.

12 Chair of Space Mobility and Propulsion | Technical University of Munich



3. Theoretical Background

T

electrical

radiation

conduction

Heat Transfer

Materials

Tungsten

Steel

Argon

∞

TAr,in

Tc

TW,B

Heater B

Heater AShell

TW,A

mass flow

TSt

convection

Figure 3.2.: Simplified heat transfer model between the main entities in the XR100 resistojet

Electrical

The first influence is the heat induction into the thruster from the electrical energy. The heat is hereby

created directly via ohms law by the filaments resistance. The very crucial point is hereby the temperature

dependent resistance of the material of the filament and its melting point. When the filament is operated

with a constant voltage, this has a slight self dampening effect, as the resistance increases with filament

temperature and therefore less current can flow and less power is absorbed. However, this effect is not

nearly enough to prevent overheating and melting of the filament. As the temperature of the filament

is crucial for further heat transfer to the gas, and therefore its efficiency, the filament temperature has

to be accurately balanced. In order to achieve this, the resistivity of the filament material, in this case

tungsten, needs to be known precisely. Table A.1 holds a collection of measurements that have been

determined in fundamental research on the resistivity of tungsten [14].

This temperature dependent relationship is highly non-linear and is fitted by the authors [14] into the

continuous formulation for the resistivity of tungsten ρW (T ) in Equation 3.3.

ρW (T ) =











































































1K ≤ T ≤ 40K ρW (T ) = 0.000015 + 7 · 10−7 · T 2 + 5.2 · 10−10 · T 5

40K ≤ T ≤ 90K ρW (T ) = 0.14407− 1.16651 · 10−2 · T + 2.41437 · 10−4 · T 2

−3.66335 · 10−9 · T 4

90K ≤ T ≤ 750K ρW (T ) = −1.06871 + 2.06884 · 10−2 · T + 1.27971 · 10−6 · T 2

+8.53101 · 10−9 · T 3 − 5.14195 · 10−12 · T 4

750K ≤ T ≤ 3600K ρW (T ) = −1.72573 + 2.14350 · 10−2 · T + 5.74811 · 10−6 · T 2

−1.13698 · 10−9 · T 3 + 1.1167 · 10−13 · T 4

(3.2)

The resistance of the tungsten filament can now be determined by Equation 3.3 with the filament length
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l and the filament cross section A. However, these geometric values l and A are unknown for the XR100.

Rfilament(T ) = ρ(T ) · l

A
(3.3)

When ohms law is now applied, by operating the resistor with a constant voltage source U , the Equation

3.4 describes the current flow I and Equation 3.5 the power absorption Pel of the filament.

I =
U

Rfilament(T )
(3.4)

Pel = U · I =
U2

Rfilament(T )
(3.5)

This power can be directly transferred with the applied time dt to the change in heat ∆Qel caused by

resistive heating in Equation 3.6, as there are no losses during this energy conversion.

∆Qel = Pel ·∆t (3.6)

The change in temperature of the filament due to the electrical power induction can be determined by

the specific heat capacity for tungsten cW and the mass of the tungsten filament mW .

∆TW,el =
∆Qel

cW ·mW
(3.7)

The mass of the filament is hereby gained over the density and volume of the filament mW = ϱW · l · A
and requires once again geometric information. The specific heat capacity for is obtained from the molar

mass MW = 183.84E − 3 kg/mol, and the heat capacity Cp, which is again temperature dependent.

cW = Cp,W (T )/MW (3.8)

The temperature dependent heat capacity of tungsten [10] is supplied a continuous fit in Equation 3.9.

Cp,W (T ) =







































298K ≤ T ≤ 1900K
Cp,W (T ) = 23.95930 + 2.639680 · T

1000 + 1.257750 ·
(

T
1000

)2

−0.254642 ·
(

T
1000

)3

− 0.048407/
(

T
1000

)2

1900K ≤ T ≤ 3680K Cp,W (T ) = −22.57640 + 90.27980 · T
1000 − 44.27150 ·

(

T
1000

)2

+7.176630 ·
(

T
1000

)3

− 24.0974/
(

T
1000

)2

(3.9)

Note that ∆t is hereby the time step parameter that can be attached with a numerical integrator, like

Runge-Kutta 4th order, to simulate the temperature over time. In a final implementation the net change

of heat would be determined first from various sources before the change in temperature for an entity is

applied.
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Radiation

The heat transfer by thermal radiation is based on the emitted power of the Stefan–Boltzmann law, shown

in Equation 3.10. The variables are hereby the Stefan–Boltzmann-constant σb = 5.670374 · 10−8 W
m2

·K4

[32], the emissivity of the material 0 ≤ ε ≤ 1, the surface area A and the surface temperature T .

Prad = σb · ε ·A · T 4 (3.10)

When this emitted power is radiated towards a second entity (1 → 2), not necessarily all photons lie in

the line of sight, which creates the view factor 0 ≤ F1→2 ≤ 1. Furthermore, not all incoming photons are

being absorbed by the second entity, which causes the absorptivity 0 ≤ α ≤ 1, which is simplified with

the Kirchhoff’s law to be equal to the emissivity of the second entity ε2. As all entities in the heat model

have a non-zero temperature, the heat radiation is always evaluated in both ways, as shown in Equation

3.11.

Q̇1,rad = ε2 · F1→2 · σb · ε1 ·A1 · T 4
1

Q̇2,rad = ε1 · F2→1 · σb · ε2 ·A2 · T 4
2

(3.11)

Due to A1 · F1→2 = A2 · F2→1, this can be compressed into the net rate of heat flow in Equation 3.12,

which can either be positive or negative.

Q̇1→2,rad = ε1 · ε2 · F1→2 · σ ·A1 · (T 4
1 − T 4

2 ) (3.12)

In the resistojet all entities are part of this radiative heat exchange and need to be evaluated all towards

each other to find an entities total net change ∆Qrad, when evaluated over the change in time ∆t. Note

that the emmissivity for gases, such as the argon in the cavity, is generally very low and is highly pressure

and temperature dependent [16]. Due to noble gases having no molecular structure, which would increase

the absorptivity due to vibration modes, the emissivity of argon is extremely low. This results for the

resistojet that the main portion of the radiation, that is emitted by the filament, is being injected into

the shell instead the gas.

The resulting change in temperature for an entity due to radiation can be computed as previously through

Equation 3.13, here shown for the shell material. Note that the shell is interacting also with the back-

ground temperature T∞, which is the main loss of thermal energy in a resistojet.

∆TSt,rad =
∆Qrad

cSt ·mSt
(3.13)

Conduction

The heat transfer via conduction does not only occur between the different entities, but also within one

material. The limited thermal conductivity is the reason for a material to experience spatial temperature

gradients. A proper thermal simulation with a meshing of the entities would cover this problem at best,

however in this work, only the core principle is stated to give an overview on the relevant parameters.
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The conductive heat transfer generally can be modeled through the heat flux density ϕ⃗q by Fourier’s law,

shown for one dimension in Equation 3.14. The variables are hereby k(x) the thermal conductivity of

a material depending on the location x, and the temperature T (x) depending on the location x. The

negative notation expresses that the heat flux flows from a higher temperature to a lower temperature.

ϕ⃗q = −k(x) · ∂

∂x
T (x) (3.14)

From this general relationship, two core takeaways for the resistojet can be derived. Firstly, the high

thermal conductivity k of the metals (tungsten and steel) have a proportional effect on the heat flux

density, which results in a slow internal temperature decline in the metals and a faster decline in tem-

perature per unit of length x for the argon gas. Secondly, the transported heat increases proportionally

with the temperature gradient ∂
∂xT (x), which highlights the importance of the temperature difference at

the interface between the tungsten filament and the argon gas.

In steady state conditions a thermal equilibrium with a temperature profile can be calculated, however

that the argon gas is being in motion increases the complexity rapidly.

Convection

The convectional heat transfer describes the transfer by physical movement of the particles themselves.

As the individual atoms for the metals are kept stationary due to their strong lattice bonding, fluids or

here gases undergo this phenomena. Under normal conditions, Earths gravitation supports the uprising

of hotter particles, due to their usually decreased density. In space, the gravitational influence and the

resulting buoyancy effects fall away, however forced convection is present, as the gas inside the resistojet is

forced by a pressure difference through the heating element. This does not only result in a heat transport

downstream the heater, but under turbulent flow conditions also an intermixing within the flow canal. A

modelling of these effects can be achieved via a computational fluid dynamics simulation of the gas flow

through the heating element.

3.3.2. Nozzle Model

The main part of the model will be handled by the nozzle model. In this section the high temperature,

high pressure conditions inside the chamber are expanded via a converging diverging nozzle. The relevant

parameters are annotated in the illustration in Figure 3.3, which shows an example nozzle cross section.
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Ath

Tc

pc
Te

pe

Mae

Ve

Ae

pback

Figure 3.3.: Converging diverging nozzle with notation allocation

The nozzle model which is crafted here determines the performance under choked flow conditions, which

is an assumption that is given also for lower pressures for a space thruster. The following set of Equations

originate form fundamental rocketry literature [3], under which the performance of Thrust and specific

impulse will be computed from.

To define the gas parameters for argon the following definitions have been applied. The specific gas

constant of argon R is yielded by the universal gas constant R0 = 8.31446 J
K·mol [32] and the molar mass

for argon M = 39.948 · 10−3 kg
mol [31]. This results by Equation 3.15 to R = 208.132 J

kg·K for argon.

R =
R0

M
(3.15)

The heat capacity ratio γ for argon is set to a constant γ = 1.67, which is often used by literature [52] and

which makes up the major part in the phase diagram, which is plotted in Figure A.1. Note that under

extreme conditions, when the argon solidification line is approached, this simplification can introduce

errors. By Equation 3.16 the influence of the heat capacity ratio can be put into a compressed form,

yielding Γ = 0.7267 for argon.

Γ =
√
γ

(

2

γ + 1

)

γ+1
2(γ−1)

(3.16)

With those parameters defined, the mass flow ṁ of a nozzle under choked flow conditions can be directly

computed via Equation 3.17, with the chamber pressure pc, chamber temperature Tc and the throat area

Ath. Note, that this mass flow is conserved over the nozzle in steady state conditions, and therefore applies

over the entirety of the nozzle. With the mass flow determined, already one of the major performance

parameters of a thruster is found. Note that ṁ increases proportionally with pc, but decreases with the

square root of Tc, which applied on a resistojet means that under constant pc the increased temperature

form the heater will reduce the mass flow.

ṁ = Γ · pc ·Ath√
R · Tc

(3.17)

From here, two different approaches can be applied for the expansion of the nozzle to yield the exit

velocity of the gas. If the nozzle is assumed to expand from the chamber pressure pc to a certain exit
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pressure pe, the exit velocity Ve can be directly determined by Equation 3.18.

Ve =

√

√

√

√

√

2γ

γ − 1
· R0

M
· Tc



1−
(

pe
pc

)

γ−1
γ



 (3.18)

If the exit pressure is not to be assumed but determined instead by the geometric dimensions of the

nozzle, the following equations model the isentropic expansion specifically. The exit Mach number Mae

can be converged from Equation 3.19, by iterating an assumption for Mae until the known expansion

ratio Ae

Ath
is reached.

Ae

Ath
=

(

γ + 1

2

)

−(γ+1)/(2·(γ−1))

· 1

Mae
·
(

1 +Ma2
e ·

γ − 1

2

)(γ+1)/(2·(γ−1))

(3.19)

With the exit Mach number found, the exit temperature Te and exit pressure pe can be now computed

via Equation 3.20 and 3.21.

Te = Tc ·
(

1 +
γ − 1

2
·Ma2

e

)

−1

(3.20)

pe = pc ·
(

1 +
γ − 1

2
·Ma2

e

)

−γ/(γ−1)

(3.21)

From these conditions the exit velocity Ve can now also be computed in Equation 3.22.

Ve = Mae ·
√

γ ·R · Te (3.22)

In both cases, the resulting thrust exerted by the thruster is defined by Equation 3.23. Note that the

pressure difference to the back pressure pback can either provide an additional kick in the case for under-

expansion (pe > pback) or a drag in the case of an over-expansion (pe < pback).

F = ṁ · Ve + (pe − pback) ·Ae (3.23)

The specific impulse Isp is finally determined via Equation 3.24.

Isp =
F

ṁ · g0
(3.24)

With the mass flow, thrust and the specific impulse quantified, the three main performance parameters

of the thruster are found.

Additional Considerations As this model is being an 1D isentropic flow calculation, any realistically

occurring 3D effects are not covered, as well as surface layer interactions to the nozzle material and

its surface roughness. Additionally, with high expansion ratios, the model can yield extremely low exit
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temperatures, which could end up in a suggested phase change of the gas to becoming a solid during

expansion. This opposes a challenge, as a phase change is not an isentropic process and would need to

be modeled separately. The previously mentioned assumed constant heat capacity ratio γ also plays into

this problematic regime, as towards the solidification line the assumption does not hold true anymore.

In order to investigate when a result falls into a suggested phase change regime, the solidification line

of argon is derived here next. One reference for solidification lines of common vacuum gases is found

in a book from 1966 named ”Vacuum Technology and Space Simulation” [24]. The plot of the argon

solidification line [24] is taken and fitted on the theoretical relationship for solidification lines to yield a

continuous description. The theoretical relationship is described by the Clausius-Clapeyron relation which

is shown in its approximate from in Equation 3.25, where ∆vapH is the molar enthalpy of vaporization

and C1 is the first fitting constant.

psolid(T ) = exp

{

∆vapH

R0
· 1
T

+ C1

}

(3.25)

The characteristic of the molar enthalpy of vaporization is approximated by the polynomial in Equation

3.26, which is a polinomial that is being used to approximate the molar enthalpy of vaporization of water.

∆vapH = C2 − C3 ·
(

T

1000

)

− C4 ·
(

T

1000

)2

(3.26)

When those equations are put together, the final fitting equation for the solidification line of argo is

Equation 3.27. This equation is fitted on the data that originates from the plot of the book reference

[24].

pAr,solid(T ) = ffit(T ) = exp















C2 − C3 ·
(

T
1000

)

− C4 ·
(

T
1000

)2

R0
· 1
T

+ C1















(3.27)

The result of the corresponding fitting constants is listed here in Table 3.1.

Table 3.1.: Fitting constants for the argon solidification line

Variable Value

C1 −1.31258174E + 3

C2 7.75199007E + 3

C3 1.10847031E + 4

C4 1.63108906E − 1

With the continuous definition of the solidification line in place, a model option was implemented to

expand the gas through the nozzle only until the solidification line was met. The assumption being here

that any further effects are having a negligible contribution to the thrust and specific impulse, which

turned out not to be the case, as the resulting performance parameter showed less realistic values for F

and Isp.
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3.3.3. Model Summary

Due to the unavailable information on the internal geometries of the heating elements, a heat model

from the operation voltage to the equilibrium gas temperature could not be implemented. Instead, the

equilibrium gas temperature is treated as known and used as an input for the nozzle model, so that the

performance can be computed for different levels in temperature.

The nozzle model is a simple 1D model for isentropic choked flow conditions. Due to the very high

expansion ratio of the XR-100, considerations about the truthfulness of the exit temperature have been

raised, as the solidification line for argon is crossed, when an expansion over the full nozzle length is

assumed. Attempts have been made to counteract this with an expansion only until the solidification

line was met. However, for the estimation of the most important performance variables (ṁ, F and Isp),

the expansion up to a given exit pressure yielded the most realistic results. For a more correct modelling,

near absolute zero temperature effects and near solidification effects on the gas need to be considered.

The structure of the model is illustrated in Equation 3.28 in forward execution.

pc

Tc

pback

→ model →

Mae

Ve

pe ≈ pback

Te

ṁ

F

Isp

(3.28)

This model will be used to simulate the performance of the thruster over the operating range in inlet

pressure (which is assumed to be maintained as chamber pressure) and thruster gas temperature with a

fixed expected background pressure. The comparison of the model results to the experimental results is

carried out in Section 5.5.
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4. Experimental Setup

4.1. Overview of the ESA Propulsion Laboratory

The ESA Propulsion Laboratory (EPL), located on site at the European Space Research and Technology

Centre (ESTEC), is the heart of electric propulsion at the European Space Agency (ESA). In this

laboratory the entire history of electric propulsion in ESA missions is contained. In the very beginnings

cold gas thrusters have been characterised for example for the CryoSat, GOCE or GAIA mission. Also

resistojets have been characterised here e.g. for the very first GALILEO satellite. Over the last decades,

countless tests over every aspect in electric propulsion have been conducted here: arcjets, cathodes, hall

thruster, RIT, FEEP, helicon thruster, colloid thruster, coupling tests, plasma-diagnostics, thrust balance

verification, thruster acceptance or qualifications and many more. In order to conduct so many tests with

so many different requirements, a vast amount of hardware is needed. The EPL achieves this by having

a rich set of vacuum equipment, with multiple vacuum chambers in various sizes, capabilities and pump

systems. This is also represented in the measurement and control equipment, which ranges from dozens

of power supplies, mass flow controller, pressure transducers, pressure regulators, vacuum gauges or data

acquisition systems in any desired range or precision needed to execute tests in up-most precision. Also

for thrust balances this laboratory has several implementations with different ranges and resolutions,

which can resolve up to pico Netwons of force in the extreme cases. The current facility of the laboratory

is shown in Figure 4.1.

Figure 4.1.: The ESA Propulsion Laboratory (EPL) (picture made in 2009) [19]

Next to the experiments conducted from the electric propulsion section (TEC-MPE), the chemical propul-

sion section (TEC-MPC) and the section of flight vehicles and aerothermodynamics (TEC-MPA) also

share this laboratory to conduct their own tests here. As a more recent development, this laboratory

is also available to be booked by external companies in electric propulsion, who can test or verify their

prototypes here. All together, this laboratory is a very mature and well equipped testing ground with

many capabilities for ESA itself and industry.
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4.2. ESA EPL process stages

In the EPL a predefined sequence of events and reviews are to be held for any conducted test in the

laboratory. Depending on the tests complexity the requirements depend on the assigned so called Service-

level (SL). The definition of when which SL shall be assigned can be seen in Table 4.1.

Table 4.1.: Service Level Definition

Service Level Definition / Applicability
Service Level A Test items related to actual flight hardware
Service Level B Qualification of test models used for flight hardware and other equipment
Service Level C Testing of Engineering Models
Service Level D Basic Prototype testing, and/or repeatable tests

Consequently all test service activities are set as either required, optional (O) or general process applicable

(GP), according to table 4.2.

Table 4.2.: Definition of the SL plan for test activities in the EPL according to [5] (O = optional, GP
= general process applicable/ no records required)

Test Services Activities SL-D SL-C SL-B SL-A
Kick-Off GP Required Required Required
Planning GP Required Required
Interface meeting GP Required Required Required
Test Procedure Development Required Required Required Required
Purchasing/Manufacturing GP GP GP GP
Integration GP GP GP GP
Calibration/Validation O Required Required Required
Pre-test(s) O O O Required
Test Readiness Review (TRR) O O Required Required
Test Required Required Required Required
Post-Test Review (PTR) O O Required Required
Reporting Required Required Required Required
Test Review Board (TRB) O O Required Required

This test is categorised as SL-D, which requires less documentation than higher levels, however more

than than these necessary steps have been carried out. The test started with a kick-off meeting on the

07.06.2024, after which the test preparation phase has begun and a test logbook was started. The test

setup had a major restructuring in between, which resulted in delays in the time schedule. Addition-

ally, non functional pump systems delayed the test preparation phase even further. During the test

preparation, all pre-tests and calibration steps are executed, resulting in the execution of most of the

as-run procedures in this phase. The ESA internal test plan document [45] is the outcome of these test

preparations, which is a very detailed documentation (236 pages) of the test setup, equipment and all

procedures. The Test Readiness Review (TRR) occurred on the 28.08.2024, which verified the test plan

and authorized the test execution. The primary test execution occurred on the 05.09.2024 where the re-

sistojet was fired. The Post Test Review (PTR) occurred on the 11.09.2024, which verifies the successful

acquisition of data and authorizes the venting of the chamber and the disassembly of the test setup. The

PTR occurred on the 24.09.2024, where the results are presented and the test is concluded. Finally, the

results are documented in the ESA internal test report document [46] (58 pages).

22 Chair of Space Mobility and Propulsion | Technical University of Munich



4. Experimental Setup

4.3. Test Item Description

4.3.1. Thruster

The test item is the XR100 resistojet made by ALTA SpA in 2011, which is presented in Figure 4.2.

ALTA SpA has undergone a corporate fusion into SITAEL in 2015, under which the XR-resistojet family

is by the day of writing available as commercial off the shelf (COTS) component. [18]

Figure 4.2.: The XR100 resistojet in the ESA propulsion laboratory

Due to protection of intellectual property of SITAEL, the published information in this thesis is restricted,

in particular on the performance and absolute values of the test item. Consequentially, all relevant values

are normalized in this thesis, however one reference for the performance of the XR100 model is publicly

available in a product sheet published by SITAEL in 2015, which is summarised in Table 4.3.

Table 4.3.: Technical Specifications of the XR100 model in 2015 according to its product sheet [53]

variable value unit
Propellant Type Ar,Xe,N2

Power P ≤80 W
Bus Voltage U 28 V
Thrust F 125 mN
Specific Impulse Isp 63..105 s
Thrust Efficiency ηT ≤60 %
Lifetime tlife >200 h
Thruster Mass mT 0.220 kg

As visible in Figure 4.2, the Resistojet (RJ) has a 1/8” Swagelok compression fitting connector for the

gas inlet, one type-K thermocouple interface for the internal temperature, as well as 4 connectors for the

electrical power input. The 4 connectors are due to the presence of two separated heater filaments, which

are referred to as heater A and heater B. The standard configuration to drive this thruster is powering

both heaters simultaneously from the identical Power Supply Unit (PSU) in an parallel electrical circuit.
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4.3.2. Thrust Balance

The thrust balance used in this test is refereed to as the ”ICL Thrust Balance”, due to it being designed

and supplied by the Imperial College London. A photo of the balance in the EPL is shown in Figure 4.3.

Figure 4.3.: The Imperial College London Thrust Balance in the EPL

This thrust balance is a hanging pendulum implementation, where the thruster is mounted to the movable

part. When a force is applied by the thruster, the pendulum experiences a displacement which is measured

by a laser. This displacement is then mapped to a force, by a sensitivity factor that was determined in

a calibration procedure beforehand. Hereby is the movable part of the balance designed to be as easily

disturbed as possible, in order to measure low thrust levels of mN, common in electric propulsion systems.

This is achieved by flexures of thin sheet metal that restrict the movement in one axis and create a hinge

point with very low dampening while still supporting the weight of the movable part up to 8kg. Due to its

undampend characteristics, the pendulum oscillates on its natural frequency, both during no-thrust and

during thrust phases. Therefore the thrust signal is ”contaminated” with the natural oscillation, when the

displacement is measured by the laser. Note that the absolute distance is not of importance and always

a relative displacement is being used. The laser is a commercial component (model optoNCDT 1700-10)

with a resolution of 0.5 µm. The calibration is performed via a Voice Coil Actuator (VCA), that is being

installed on the balance right before the facility is pumped down to vacuum. This VCA is applying a

known force to the balance and the resulting change in distance is recorded. The VCA is characterised
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beforehand on a mass balance to identify the relationship between the current applied on the VCA and

the exerted force. The balance is supplied with the capability to make a point measurement of thrust,

which requires the thruster to be shut off in order to measure this relative displacement. A rendering of

the computer-aided design (CAD) model is shown in Figure 4.4, with key elements highlighted.

Linkages

Flexures

Moving Platform

Interface Plate

Heaters

Laser Target

VCA

Calibration

Subsystem

Ceramic Break

In-situ

Calibration

Subsystem

Dolly Wheels

Laser Sensor

Side View

Isometric View

Figure 4.4.: CAD rendering of the Imperial College London Thrust Balance [41]

4.4. Test Objectives

The general objective of this test is the characterisation of the XR100 with the ICL balance, in order

to verify functionality of the thruster and achieve operational improvements on the thrust balance. The

central point of comparison of the thruster is the Acceptance Test of the XR100 [9], which provides a

reference in cold flow performance (CFP) and reference in the resistojet performance (RJP). Several

operation point (OP)s have been defined being OP1 to OP13, as increments in mass flow during the cold

gas mode, and OP14 as nominal resistojet mode (later also referred to as hot flow). The individual test

objectives are formulated as pass fail criteria and are listed in Table 4.4.
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Table 4.4.: Test Objectives as Pass Fail Criterion

#ID Title Criterion Description
Requirement

(CFP and RJP from [9])

Method Applied to fulfill

the Criterion Description

01
XR100 RJ

Thrust

Measure a value of the thrust

produced by the RJ for all OPs

A thrust value is successfully

recorded for each OP.

The ICL TB’s laser output (a displacement value)

will be read and converted to a thrust value,

using the ICL TB calibration methods.

02

XR100 RJ

Thrust

Comparison

Compare the measured thrust

value to the thrust value in

the Acceptance Test for

two OPs (CFP and RJP).

The measured

thrust value is:

CFP: mN ±20%

RJP: mN ±20%

The thrust value produced by the RJ will be

determined for CFP (OP13) and RJP (OP14).

and then compared to the results from

the Acceptance Test.

03

XR100 RJ

Thrust

Uncertainty

Budget

Perform an uncertainty

budget of the measured

thrust value.

An uncertainty budget is

successfully computed for the

recorded thrust values.

An uncertainty budget of the measured thrust

values will be performed by following the

procedure used in [6].

04
XR100 RJ

Mass Flow

Read and set a mass flow

to the RJ

for all OPs

A mass flow is successfully

set and recorded.

For every OP, a value of the RJ’s inlet mass flow

will be set and read by a software used to set and

read the Mass Flow Controller (MFC).

05

XR100 RJ

Mass Flow

Comparison

Compare the measured

mass flow value to the

mass flow value in the

Acceptance Test for two

OPs (CFP and RJP).

The measured

mass flow value is:

CFP: mg/s Ar ±20%

RJP: mg/s Ar ±20%

A value of the RJ’s inlet mass flow will be

measured for two OPs, CFP (OP13) and

RJP (OP14), and then compared to

the results from the Acceptance Test.

06

XR100 RJ

Mass Flow

Uncertainty

Budget

Perform an uncertainty

budget of the mass flow

measurement values.

A mass flow measurement

uncertainty budget is

successfully computed

A mass flow UBC will be performed according

to the procedure in [38].
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07
XR100 RJ

Isp

Compute a value of the

Isp produced by the RJ

for two OPs (CFP and RJP).

A value for Isp is

successfully computed.

An Isp of the RJ will be computed of each mode

(CFP and RJP) by using a value of the RJ’s

read inlet mass flow (measured with the MFC)

and a value of the RJ’s read thrust

(measured with the ICL TB).

The Isp is computed with the following formula:

Isp = F
ṁ·g0

08

XR100 RJ

Isp

Comparison

Compare the computed

Isp to the Isp from the

Acceptance Test for

two OPs (CFP and RJP).

An Isp is recorded for:

CFP: s ±20%

RJP: s ±20%

A value of the RJ’s Isp, measured for two OPs,

CFP (OP13) and RJP (OP14) will be compared

to the results from the Acceptance Test.

09
XR100 RJ

Power

Set the voltage at which

the RJ is running, for

two modes (CFP and RJP).

The set voltage is:

CFP: 0 V

RJP: 28 V

The power to the RJ will be indirectly set

by the voltage.

10

XR100 RJ

Power

Comparison

Compare the read power for

two modes (CFP and RJP),

to the ones stated in

the Acceptance Test.

The read power is:

CFP: 0 W

RJP: W ±20%

The power (which was set by volage) will be

read by the current according to OP14,

using a PSU connected to the RJ’s

internal heaters. The power is derived

from the voltage and current accordingly:

P = U · I

11
XR100 RJ

Pressure

Set the inlet pressure to the

RJ as the same as applied

in the Acceptance Test

for two OPs (CFP and RJP).

The set RJ

inlet pressure is:

CFP: bar (a) ±5%

RJP: bar (a) ±5%

The RJ’s inlet pressure will be set by

a pressure regulator on the argon bottle.
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12

XR100 RJ

Pressure

Comparison

Read the inlet pressure to

the RJ and compare it to

the Acceptance Test

for two OPs (CFP and RJP).

The read RJ

inlet pressure is:

CFP: bar (a) ±5%

RJP: bar (a) ±5%

The inlet pressure will be read by a

Pressure Transducer (PT)

placed on the feeding line, reading the

MFC’s outlet pressure.

(When the MFC restricts the flow,

the inlet pressure is different from

the set pressure before the MFC.)

13
XR100 RJ

Temperature

Read the temperature of

the RJ.

A temperature of the RJ is

successfully acquired.

The temperature of the RJ will be read

by one Thermocouple (TC) (TC1),

placed inside the RJ.

14
Interface

Temperature

Read the temperature of

the interface the RJ

is mounted on

A temperature of the RJ’s

interface

is successfully acquired.

The temperature of the interface plate where

the RJ is mounted is measured by a TC (TC4).

15
Flexure

Temperature

Read the temperature near

the flexure of the balance

A temperature of a

flexure

is successfully acquired.

The temperature of the metal block which

holds the flexures is measured by a TC (TC3).

Verify that the temperature here does

not thermally drift higher than the requirement.

16

SPF

Gas

Temperature

Read the temperature of

the gas inside the

Vacuum Facility (VF) .

A temperature of the RJ’s

chamber gas

is successfully acquired.

The temperature of the gas inside the VF

will be measured by a TC (TC2) placed freely

hanging above the thruster inside the VF,

mounted to the steady part of the balance

from an outwards extending pipe.

2
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17

SPF

Vacuum

Pressure

Read the ultimate pressure

and the background pressure

in the VF for the two OPs

that was used in the

Acceptance Test(CFP and RJP).

The background pressure is:

CFP: mbar N2 ±50%

RJP: mbar N2 ±50%

However, higher pressures are

expected, as a weaker

Primary Pump (PP)

combination

(PP7 and PP8) is used.

For the ultimate pressure,

no reference is found.

The background pressure will be measured

in the hatch and in the main chamber.

In both of them two different models

(TTR91 and ITR90) are used for acquisition,

resulting in 4 Vacuum Gauge (VG)s in total.

These two models have different accuracies

at different operating ranges,

meaning that when the RJ is firing and

the turbopump is off, one VG is appropriate

(TTR91), but while the turbopump is on and

lower pressures are reached, the other

model (ITR90) provides a more accurate reading.

Before the test starts, the ultimate pressure

will be recorded by these VGs.

18

SPF

Pumping

Speed

Compute the pumping speed

of the used pumps of the

VF and compare it to what

is specified on the pump’s

datasheet.

The pumping speed is:

for PP7 & PP8

(together): 111 L/s (air)

The pumping speed of the VF will be computed

by reading the ultimate pressure and the

background pressure in the VF, the temperature

inside the VF and the inlet mass flow to the RJ

when the RJ power is off and when the RJ

power is on, which should result in a

different gas temperature
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4. Experimental Setup

4.5. Test Facility

The vacuum facility used in this test is the Small Plasma Facility (SPF), which is the second biggest

vacuum chamber standing in the EPL. This facility was also used for the Acceptance Test of the XR100

in the EPL. The facility is split into the main chamber and the so called hatch, where the thrust balance

will be located. The dimensions are 3.35m × �2m for the main chamber and 1m × �1m for the hatch.

This facility is one of the main EPL chambers that is running in daily business and has a booked out

calendar for planned tests. The SPF has installed a great number of pump systems, which are being a

turbo pump with a primary pump backing in each section, two additional primary pump systems, one

two-staged cryo pump, 4 cryo heads and a liquid nitrogen cooled target. A schematics of the facilities

is shown in Figure 4.6. Its lowest achievable pressure is around 10−7 mbar with a theoretical pumping

speed of 128000 L/s of Nitrogen in nominal test conditions [17]. These pressure levels however can only be

maintained with a very low mass flow, which will not be the case in this test. As the expected pressures

during this test are to high for the cryo pumps or even the Turbo Pump (TP), this test will run on

primary pumps only. During the test preparations, the primary pump system (PP5 and PP6) and the

turbo pumps (TP1 and TP2) with their backing pumps have been used to leak detect the entire vacuum

facility. During the thruster firing, the replacement primary pump system (PP7 and PP8), which can be

seen in Figure 4.5, was used due to multiple repairs on the other initially planned primary pumps. This

replacement system has a lower pumping speed than the primary pumps used during the Acceptance Test

of the XR100, which is why higher background pressures are expected during firing.

 

PP5

 

PP6

 

PP8

 

PP7

 

Figure 4.5.: Primary pumps on the SPF used in this test (PP5,PP6 and PP7,PP8)
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PP4
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VG4

MV LD Hatch

AV1

AVM Ven�ng

GV2

N2
TP1

MV LD Main

AV2

PP3

Air

GV5 GV1

FV-Valve

PP2

Cryo

Air

CP 

Cryo

CP2

LN2

LN2

LN2

LN2

SPF Pumping System Scheme

Vacuum elements interac�on 

Global View (Posiion of elements not representaive)

Version: 1 Review: 2

Ref: ESA-TECMPE-DW-2023-002621

Status: Dra�
Author: Maxime Saumier, Brenda Hernandez,

Sven Steinert

Date: 03/09/2024

Sheet: 1 / 1

Glossary

AV Angular Valve

CH Cold Head

CP Compresor

GV Gate Valve

LD Leak Detec�on

MV Manual Valve

PP Primary Pump

TP Turbopump

VG Vacuum Gauge

Cap�on

Air

Nitrogen

Liquid Nitrogen

Vacuum

Helium

VG3

Changes
Added PP5, PP6 and GV6 from TEC-MPC 

Added PP7, PP8 and GV7 from TEC-MPC

Notes
The numbering of Cryopanels / the name of the turbos / the name of the gate and angular valves are the ones which 

can be found in the SPF So�ware

The name of the Manual valves were created for this drawing

PP1

CP1 CP4CP3

VG5

CH1 CH2 CH3 CH4

PP6

PP5

Exhaust

GV6

AV Cryo

PP8

PP7

GV7

Figure 4.6.: Schematics of the Small Plasma Facility (SPF) Vacuum Facility
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4. Experimental Setup

4.6. Test Setup

4.6.1. Physical

Figure 4.7.: Front view of the entire test setup

Figure 4.8.: XR100 mounted to the Imperial College London thrust balance
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4. Experimental Setup

Figure 4.9.: Front view of the test setup inside the vacuum facility

Figure 4.10.: Right view of the test setup inside the vacuum facility
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E1 E2 
E3 

E4 

E5 

E6 

E7

 

E8 

E9 E10

 E11 

E12 

E1 PSU for the Control box (XR100 CB01) 

E2 PSU for the Resistojet 

E3 GRAPHIX controller connected to the 
two TTR91 

E4 Monitor for the ICL TB DAQ 

E5 Sourcemeter used to calibrate the VCA 

E6 ICL TB Electronic Support Box 

E7 EXTRA DAQ (additional information) 

E8 ICL TB DAQ (Laser acquisition and 
Servo control) 

E9 RJ DAQ (log and control the main 
parameters of the RJ) 

E10 Monitor for the EXTRA DAQ 

E11 Monitor for the RJ DAQ 

E12 Control box (XR100 CB01) 

Figure 4.11.: Main view of the test setup with key components marked
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E13

 

E14

 

E15

 

E13 Monitor for the SPF DAQ 

E14 CENTER controller connected to the 
two ITR90 

E15 SPF DAQ (facility pump control) 

Figure 4.12.: Side view of the test setup with key components marked
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4. Experimental Setup

4.6.2. Data Acquisition and Software

The data acquisition (DAQ) is spread over three separate units, that each record a set of variables with

their own software. These systems are National Instrument computers which can be expanded by modules

to suit any given test setup. These proprietary National Instrument systems with all expansion cards are

operated and programmed via their associated LabVIEW software.

Resistojet DAQ The first DAQ is the resistojet DAQ , which is assembled by the components that are

used in the user manual [36] and the acceptance test of the thruster [9]. This assembled hardware can be

seen in Figure 4.13. ALTA did also provide a corresponding LabVIEW software with which the thruster

is operated and tracked. This software came with the restriction that nothing could be edited, as it was

pre-compiled. This has the consequence, that if any additional variables are planned to be recorded, an

additional DAQ is required. The parameters that can be recorded with the XR100 control software are:

the mass flow (MFC), the inlet pressure (PT2), the resistojets total power consumption (RJ glsPSU),

the thruster temperature (TC1) and the interface temperature (TC4).

Figure 4.13.: Resistojet data acquisition system (RJ DAQ)

EXTRA DAQ The EXTRA DAQ is the solution to track any extra variables for this test. Those

are being all the four vacuum gauges, two additional thermocouples (TC2 and TC3), one additional

pressure transducer (PT1) and the current through one of the heaters (heater A). Note that for this

DAQ no restrictions of older hardware was given, which leads to this DAQ being built from a more

modern architecture, which can measure for example the thermocouple signal with a substantial increased

precision. The LabVIEW software on this DAQ was self-developed.
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4. Experimental Setup

Figure 4.14.: Extra data acquisition system (EXTRA DAQ)

ICL DAQ The DAQ for the ICL thrust balance consists of most parts that are bound to the balance, as

e.g. the electronic support box, and was delivered with multiple small softwares for each of its tasks. The

acquisition of the laser distance data is done via a standalone application from the sensor manufacturer.

For the servo control (used during the In-situ calibration) a LabVIEW software was supplied. In order to

also automate the cross calibration, an additional LabVIEW software was self-developed to control the

sourcemeter in a predefined pattern. The assembly of the ICL DAQ is pictured in Figure 4.15.

Figure 4.15.: ICL thrust balance data acquisition system (ICL DAQ)
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4. Experimental Setup

4.6.3. Electrical

The electrical wiring is separated here into three nets, one for each of the data acquisition systems.

RJ DAQ The first net is from the resistojet DAQ (RJ DAQ), which is laid out in Figure 4.16. It connects

the main pieces for the resistojet, as the MFC, the PSU and the inlet pressure from the second pressure

transducer (PT2). The original electrical connection did only record the total current of both heaters

together, however this was modified on purpose to gain insight on each heater currents individually. This

was achieved by tapping into one of the power lines of the resistojet with an ammeter which is controlled

by the EXTRA DAQ.

Chassis

PXI-1052

14DE918

Computer

PXI-8108

14DF807

Digitizer

PXI-6251

14E8C5A

Vacuum 

Chamber Wall

Vacuum 

Side

Air 

Side

MFC

1179BX-14C-R-1-B-V

G493522G20

Input Module

SCXI-1124

11235C0

Input Module

SCXI-1100

14C677A

Terminal Block 

SCXI-1303

112026E

TC

FT

XR100 RJ

RJ FT

RS232

PT2

722B14TCD2FA

021823568

XR100 CB-01

ALTA

RS232

USB

EXTRA DAQ

USB to RS232

USB-232/2

15ED966

PXI

SCXI

PSU CB

TTi EX355P

587278

PSU RJ

TTi EX355P

327178

Terminal Block 

SCXI-1325

1132781

Input Module

SCXI-1100

14C677B

Terminal Block 

SCXI-1303

14CCCFB

Figure 4.16.: Electrical wiring of the RJ DAQ
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EXTRA DAQ The second net is from the EXTRA DAQ, which connects to all vacuum gauges and

the first pressure transducer (PT1) that measures the pressure before the MFC. Additionally, the tap-in

current measurement to one of the resistojets heaters is shown here. Hereby is a current divider utilised,

as the maximum expected current could exceed the maximum current allowed by the multimeter. The

current divider was realised by a simple bypass of the same cable that normally carries the current, which

results in only a tiny fraction of the current to flow through the multimeter. The fraction by how much

the current is divided depends on the two used resistances (the internal resistance of the multimeter, and

the resistance of the bypass cable) and was characterised beforehand with the sourcemeter, which yielded

accurate and reproducible results.

COM7

COM11

Chassis

PXIe-1088

31F463C

Computer

PXIe-8861

031F01B5

RS232 Input Module

PXIe-8430/8

01F1DD2D

Vacuum 

Side

Air 

Side

ITR90

Hatch

ITR 90

Main

TTR91

Main

TTR91

Hatch

TC Input Module

PXIe-4353

01F2C472

TC Terminal Block 

TB-4353

01EE6B31

TC

FT

Multimeter

PXIe-4070

EA6927

Vacuum 

Chamber Wall

XR100 RJ

RJ FT

TTR91 Controler 

GRAPHIX THREE

1729-2021 

230682V01

ITR90 Controller

CENTER THREE

230003 FN: 1916/2008

Multimeter

PXIe-4070

EAABD0

PT1

722B14TCD2FA

021912687

PSU RJ

(RJ DAQ)

PSU CB

(RJ DAQ)

Figure 4.17.: Electrical wiring of the EXTRA DAQ
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ICL DAQ The third net is from the ICL DAQ, which connects to the sourcemeter (drives the VCA

during cross calibration) and the electronic support box (ESB), which controls the laser distance sensor,

and the servo.

GPIB

Chassis

PXI-1052

1601B00

Computer

PXI-8108

1502E6

Vacuum Chamber 

Wall

Vacuum 

Side

Air 

Side

ESB
ICL 

TB FT
ICL TB servo motor Card

PXI-6221

1641A1D

Servomotor Controller 

Terminal Block

SCB-68

Sourcemeter

Keithley 2440

0938264

 

Figure 4.18.: Electrical wiring of the ICL DAQ

Many vacuum ports had to be modified for this test, where one is shown here for reference in Figure 4.19.

Figure 4.19.: Vacuum feedthrough of the electrical power connections to the resistojet
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4.6.4. Thermocouples

In this test are four thermocouples utilised to quantify different thermal aspects. The first thermocouple

(TC1) is contained within the thruster unit and gives information of the conditions inside the thruster.

The second thermocouple (TC2) is mounted on an extended rod that hangs freely into the vacuum

chamber to measure the SPF gas temperature. The thrid thermocouple (TC3) is mounted on the block

that holds the flexures of the thrust balance, in order to capture if thermal drift could be present. The

fourth thermocouple (TC4) is mounted on the back of the interface plate of the thruster unit, hereby has

this temperature a maximum that shall not be exceeded, according to the user manual of the thrust unit

[36]. All thermocouples, except internal one (TC1), are made with type-K ”OMEGA cement-on” fast

response surface thermocouples that have a welded tip. The four mentioned thermocouples are shown in

Figure 4.20 on their mounting location, covered with aluminium tape for better heat conduction.

Figure 4.20.: Location of thermocouples: TC1 thruster internal (top left), TC2 SPF gas temperature
(top right), TC3 balance flexure block (bottom left) and TC4 thruster interface plate (bottom right)
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4.6.5. Fluidic

The fluidic components in are shown in their assembled feeding line in Figure 4.21.

 

F1 
F2 

F3 

F4 

F6 

F5 

F7 

F6 

F8 

F7 

F9 

F8 

F10 

F11 

F10 

F5 

Label Description

F1 Argon 6.0 gas bottle, 200 bar

F2 Pressure Regulator

F3 Manual Valve (Pressure Regulator)

F4 Leak detection port

F5 Pressure Transducer 1

F6 Manual Valve (General)

F7 Particle Filter

F8 Manual Valve (Purge)

F9 Mass Flow Controller

F10 Pressure Transducer 2

F11 Manual Valve (Main)

Figure 4.21.: Fluidic setup marked with key components
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4.7. Measurement Equipment and Calibration

The selection and integration of all the necessary hardware was a great subject during the test prepara-

tions, where in this chapter the resulting list of used equipment is provided. All relevant measurement

equipment is undergoing a regular calibration schedule in the EPL. However, despite best efforts, multiple

of the used parts have been over their due date in calibration. This is a sensitive aspect, especially when

those sensors are used for uncertainty calculations and the results are of major importance. For this test

this turned out not to be an issue, as the most important components for the uncertainty calculation,

the sourcemeter, the MFC and the mass balance have a valid calibration.

4.7.1. Electrical

The electrical measurement equipment is listed in a tabular form in Table 4.5.

4.7.2. Physical

The physical measurement equipment is listed in a tabular form in Table 4.6.
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Table 4.5.: Electrical Measurement Equipment

Requirement Range Resolution and Uncertainty
Manu-

facturer
Model Number

Calibration

Due Date

NEN3140

Due Date

PSU for CB01

(MFC and PT)

30V 0.3A

0-35 V

0-5 A

Resolutions: 10mV; 10mA

Voltage: 0.3% RD ± 1 digit

Current: 0.6% RD ± 1 digit

TTi EX355P
not calibrated

(new item)
01.07.2028

PSU for the RJ

30V 4A

0-35 V

0-5 A

Resolutions: 10mV; 10mA

Voltage: 0.3% RD ± 1 digit

Current: 0.6% RD ± 1 digit

TTi EX355P 02.11.2024 01.05.2027

RJ DAQ chassis

2 PXI and 3 SCXI slots

4 PXI

8 SCXI
- NI PXI-1052 - 01.09.2025

RJ DAQ Computer

embedded controller CPU
- - NI

PXI-8108

(PXIMod1)
- -

RJ DAQ

Chassis communicator

to digitize SCXI cards

(Multifunction DAQ)

-
Gain Error: 60-150 ppm RD

Offset Error: 20-150 ppm FS
NI

PXI-6251

(PXIMod4)
10.03.2025 -

RJ DAQ Input Module

to set the MFC setpoint

1 channel, 0-5V

12 bit

0 - 10V

±5mA

Voltage: 0.05% FS

Current: ±0.1% FS
NI

SCXI-1124

(SC1Mod1)
11.04.2024 -

RJ DAQ Terminal Block

to set the MFC setpoint
- - NI

SCXI-1325

(SC1Mod1)
- -

RJ DAQ Input Module

to read the TCs

2 Channel

32 Channel

±100mV

10kHz filter

Gain Error: 0.1% RD

Offset Error: 100 µV
NI

SCXI-1100

(SC1Mod2)
22.03.2024 -
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RJ DAQ Terminal Block

to read the TCs

2 Channel

Thermistor

cold junction

0.5 °C from 15 to 35 °C

0.9 °C from 0 to 15 °C

0.9 °C from 35 to 55 °C

Not calibrated as chain

NI
SCXI-1303

(SC1Mod2)
13.10.2021 -

RJ DAQ Input Module

to read the MFC and PT

32 Channel

±10V

10kHz filter

Gain Error: 0.04% RD

Offset Error: 600 µV
NI

SCXI-1100

(SC1Mod3)
15.10.2021 -

RJ DAQ Terminal Block

to read the MFC and PT

2 Channel

32 Channel - NI
SCXI-1303

(SC1Mod3)
14.10.2021 -

RJ DAQ

USB to RS232 interface
2 Channel - NI USB-232/2 - -

ITR90 Controller

2 Channel

16 bit

3 Channel

Gain error: ≤ 0.005 % FS

Offset error: ≤0.01 % FS
Leybold

CENTER

THREE
- 01.06.2028

TTR91 Controller

2 Channel

16 bit

3 Channel

Gain error ≤ 0.02 % FS

Offset error ≤ 0.05 % FS
Leybold

GRAPHIX

THREE
- 01.06.2028

EXTRA DAQ Chassis - - NI PXIe-1088 - 01.09.2025

EXTRA DAQ Computer

Embedded controller
- - NI PXIe-8861 - -

EXTRA DAQ RS232

Serial Interface Card

2 Channel

8 Channel - NI PXI-8430/8 - -

EXTRA DAQ

Digital Multimeter

Read PT1 voltage

1 Channel

6½ digits

(10 µV)

26 ppm of reading

+ 7 ppm of range
NI PXI-4070 22.09.2023 -

C
h
a
ir
o
f
S
p
a
ce

M
o
b
ility

a
n
d
P
ro
p
u
lsio

n
|

T
ech

n
ica

l
U
n
iv
ersity

o
f
M
u
n
ich

4
5



4
.
E
x
p
erim

en
ta
l
S
etu

p

EXTRA DAQ

Digital Multimeter

Read Heater A

partial current

1 Channel

6½ digits

50 ppm of reading

+ 5 ppm of range
NI PXI-4070 22.09.2023 -

EXTRA DAQ TC

Terminal Block

2 Channel, Type K

32-Channel,

24-Bit

-100 – 1400°C

see input module

for uncertainty
NI PXIe-4353 TB 12.11.2021 -

EXTRA DAQ TC

Input module
-100 – 1400°C

When paired with PXIe-4353 TB,

for K-type TC

measuring between 0-300°C,

Uncertainty: 0.38°C

Not calibrated as chain

NI PXIe-4353 29.11.2023 -

SPF DAQ chassis - - NI PXIe-1088 - 01.09.2025

SPF DAQ computer

Embedded controller
- - NI PXIe-8861 - -

ICL DAQ computer

Embedded controller
- - NI PXI-8108 - -

ICL DAQ Chassis - - NI PXI-1052 - 01.05.2027

ICL DAQ Command

of servomotor

PWM signal

±10 V At full scale 3.23µV NI PXI-6221 17.07.2020 -

Servomotor Controller

Terminal Block
- - NI SCB-68 - -

PSU for the

ICL TB VCA

Characterization

(Sourcemeter)

0-42V

0-5.25A

(Error ± Uncertainty) (Range)

(0.0 ± 1.4) (200mV)

(0.0 ± 0.24) mV (40V)

(0.0 ± 0.5) nA (10µA)

Keithley 2440 09.11.2024 06.01.2028

4
6

C
h
a
ir
o
f
S
p
a
ce

M
o
b
ility

a
n
d
P
ro
p
u
lsio

n
|

T
ech

n
ica

l
U
n
iv
ersity

o
f
M
u
n
ich



4
.
E
x
p
erim

en
ta
l
S
etu

p

Table 4.6.: Physical Measurement Equipment

Requirement Range Resolution and Uncertainty
Manu-

facturer
Model Number

Calibration

Due Date

NEN3140

Due Date

MFC for Argon to RJ

(from ALTA)

expected mass flow X mg/s Ar

at expected pressure X bar

10000 sccm

N2 at 1 bar(a)

analog signal

±(0.5% RD + 0.1% FS)
MKS

1179BX 14C

R 1 B V
06/12/2024 -

PT after the MFC

for RJ inlet pressure (PT2)

10 000 torr

(˜ 13 bar)

analog signal

±0.5% RD
MKS 722B14TCD2FA 13/04/2024 -

PT before the MFC

for the mass flow UBC (PT1)

10 000 torr

(˜ 13 bar)

analog signal

±0.5% RD
MKS 722B14TCD2FA 20/04/2024 -
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4. Experimental Setup

4.7.3. Auxiliary

The auxiliary equipment is also supplied in a tabular form in Table 4.7.

Table 4.7.: Auxiliary Equipment

Equipment/Resource Use/Properties

ALTA Control Box
XR100 CB-01

To connect the MFC and PT to the system

Swagelok filter
SS-4FW-VCR-15

Filter to prevent particles 15µm from RJ inlet

Swagelok valves
SS-4BG-V51

To manually control the flow during procedures

ISO-K 250 flange
with two KF16 FT-connections
and two VCR connections

Support the weight of the MFC, PT and whole gas feeding line.

TC FT
KF16, Type K,
TFT2KY00008
from Kurt J. Lesker

Thermocouple feedthrough into the vacuum chamber
to connect all 4 thermocouples

RJ heater electrical FT
model undetermined
reaching 56 degC with 3.5A

Power to the RJ’s internal heaters.
All 4 wires are passed through (A1,A2,B1,B2).

Argon bottle Propellant for the RJ.
Westfalen Argon 6.0,
Volume: 10 Liters, Pressure: 200 bar(a)

Pressure regulator for Argon
Messer FM60-1

Nitrogen
max. in pressure 200 bar
max. out pressure 10 bar

Leak detector
Leybold PhoeniXL300

Outputs leak rate of detected Helium to quantify leaks
(Calibrated in 09/2023)

Helium Bottle To spray Helium on the connections for leak detection

GPIB Adapter from NI To connect the sourcemeter to the EXTRA DAQ

Camera
Sony Alpha 7 IV (ILCE-7M4)

Used to video record the view inside
the vacuum chamber during the test

Mass balance
Sartorius BP 211D

Used during the procedure to characterize the VCA
borrowed at the ESA materials laboratory
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5. Results and Analysis

5.1. Post Processing

5.1.1. VCA Characterisation

In order to identify the relationship between the applied current IV CA and the resulting force FV CA,

the voice coil actuator (VCA) and its magnet assembly have been mounted on top of a mass balance

(Sartorius BP 211D), while a sourcemeter (Keithley 2440) was driving the VCA by a known current. The

measurement result table of this characterisation is given in Table A.2.

As foreseen by the user manual of the ICL-TB, this data is to be linear fitted on the range that is planned

to be used in the test [40]. Note that the fitted parameters change depending on the points that are

being considered. In this test a thrust of around 125 mN was expected, therefore the rough range of 0 -

190 mN was considered for the linear fit, which corresponds to the measured points between 0 - 350 mA

in current. The linear fit for this selected range is shown in Figure 5.1.
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Figure 5.1.: Linear fit for the VCA characterisation

The acquired linear fit in this case shows a remarkable R² of 0.99999995 which underlines the linearity

of this relationship. The gradient v1 and the intercept v2 are now set as in Equation 5.1, where only the

gradient v1 will be used later for the sensitivity parameter.

v1 = 0.540068468 mN
mA

v2 = 0.012311175 mN
(5.1)

Chair of Space Mobility and Propulsion | Technical University of Munich 49



5. Results and Analysis

5.1.2. Cross Calibration

The cross calibration identifies the relationship between the applied current of the VCA and the resulting

displacement measured by the laser. The VCA is current controlled by the same sourcemeter (Keithley

2440) and the distance is measured by the laser (optoNCDT 1700-1). To apply the current and processing

the laser displacement for each step was initially supplied as a manual procedure, which turned out to

be very time-consuming and tiresome. In order to improve on this, both the execution and the post

processing was automated in this work. For the auto-cross-calibration execution, a LabView software

was written that commands the sourcemeter through a pre-defined sequence of currents and timings. The

parameters for the sequence definition that was used for this test are the steps in current from the VCA

calibration with a 30 s enabled time and a 60 s wait time, resulting in a increasing square wave pattern.

For the post processing of the auto-cross-calibration, a MATLAB code was developed, that is able to

process the entire pattern at once. This is achieved by aligning the known pattern of current with the laser

distance flanks. The natural frequency of the balance has been filtered out through a newly developed

method, identical to Section 5.1.4. The flank detection was previously not an algorithm either but a

manual selection through a user interface. The here introduced algorithm for the flank detection is quite

extensive and due to secondary importance described in the appendix in Section A.2. After the flank has

been found, the pattern can be aligned to determine the displacement for each set-point of current. The

resulting alignment is shown in Figure 5.2, with the zero reference and the enabled value which are used

to calculate the displacement.
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Figure 5.2.: Pattern alignment of the auto-cross-calibration (left: full view, right: zoomed section)

The resulting data table of the cross calibration is given in Table A.3. The linear fit between current and

displacement is shown in Figure 5.3.

50 Chair of Space Mobility and Propulsion | Technical University of Munich



5. Results and Analysis

0 50 100 150 200 250 300 350
Current IVCA (mA)

0.0

0.1

0.2

0.3

0.4
Di

sp
la

ce
m

en
t D

 (m
m

)
Data points
Linear fit: y= 0.00121254 x+ 0.00087085

Figure 5.3.: Linear fit for the cross calibration

The gradient c1 and the intercept c2 of the cross calibration are now set as in Equation 5.2.

c1 = 0.001212545 mm
mA

c2 = 0.000870848 mm
(5.2)

The sensitivity parameter Scal can now be determined by both gradients v1 and c1 to achieve the rela-

tionship between displacement and force (Equation 5.3).

Scal =
c1
v1

= 0.0022451686
mm

mN
(5.3)

Additionally, the intercept bcal is computed in Equation 5.4, which is used for the uncertainty calculation.

bcal =

(

v2 − v1 ·
c2
c1

)

· Scal = −0.00084320717 mN (5.4)

5.1.3. In-situ Calibration

The purpose of the In-situ calibration is to ensure that the conditions have not changed from the point

of the cross calibration, so that the sensitivity factor is still valid. This can not be done via the VCA

assembly, as electromagnetic interference is feared, which is why the VCA assembly is removed before

vacuum is applied. It is instead achieved by a servo motor that is installed on the balance that can exert

a small force on the balance depending on the angle it is commanded. The servo has a predefined pattern

that puts a range of forces on the balance. This pattern and the alignment with the laser recording can

be seen in Figure 5.4. In order to automatically post process these recordings as well, the MATLAB code

from Section 5.1.2 was reused, as it is effectively the identical task with a different pattern. Note that

the servo pulls the balance in the opposite direction than the VCA or the thruster. This is an issue that

was already present when the balance got delivered and should be fixed by changing the arrangement of

the servo in the future.
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Figure 5.4.: Pattern alignment of the auto in-situ calibration (left: full view, right: zoomed section)

Note that the exact amount of the forces applied by the servo is unknown, only the repeatability of those

forces is of importance for now. However, ideally the applied forces would match the range of forces

applied during the cross calibration, which is a point to improve on for the future. The procedure of the

user manual was extended with a criterion on how much deviation is allowed, as well as how this criterion

is derived. Therefore, in order to verify the legitimacy of the sensitivity factor, the following approach

was taken. The in-situ calibration is first done immediately after the cross calibration to create a baseline.

This baseline should not only provide the expected displacement for each angle of the servo, but also

tell how much deviation can be expected naturally as the setup is not perfectly reproducible. This is

achieved by performing the in-situ calibration baseline twice. The average of the change in displacement

between baseline1 and baseline2 is called in-situ calibration threshold value (ICTV). The result data of

the baseline recordings is shown in Table 5.1, which results in an ICTV = ∆D = 0.000241212 mm.

Table 5.1.: In-situ calibration baseline result

Baseline1 Baseline2

Servo Angle (deg) Displacement D (mm) ∆D

10 -0.00037 -0.00045 7.6625E-05

20 -0.00344 -0.00357 0.0001331

30 -0.00791 -0.00777 0.000143543

40 -0.01384 -0.01374 0.000109322

50 -0.02114 -0.02065 0.000497156

60 -0.02955 -0.02926 0.000288136

50 -0.02041 -0.02042 9.51457E-06

40 -0.01373 -0.01341 0.000319643

30 -0.00834 -0.00774 0.000604874

20 -0.00332 -0.00322 9.96813E-05

10 -0.00043 -0.00080 0.000371732
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This ICTV is now expanded by the factor 3 to define a range of acceptable deviation when the in-situ

calibration is done before and after the test in vacuum. The factor of 3 is debatable, however this

expanded 3 · ICTV can be translated into a thrust uncertainty, which in this case amounts to 0.32 mN.

Ideally a requirement on thrust uncertainty would be used here for future tests to define the expanded

ICTV. The in-situ calibrations before and after the test are called spotcheck1 and spotscheck2, and can

now be compared to both baselines and the expanded 3 · ICTV . If the mean deviation in displacement

∆D is bigger than 3 · ICTV , the test would need to be aborted and repeated. The result of the spot

check in-situ calibrations and the pass/fail of the criterion is shown in Table 5.2.

Table 5.2.: In-situ calibration spot check result

Baseline1
∆D (mm)

Criterion
(3 · ICTV )

< 0.000724 mm

Baseline2
∆D (mm)

Criterion
(3 · ICTV )

< 0.000724 mm

Spotcheck1 0.000378 pass 0.000206 pass

Spotcheck2 0.000491 pass 0.000296 pass

5.1.4. Thrust Measurement Method

In order to achieve the most meaningful thrust signal from the laser distance recording, two processing

steps are applied on the laser distance data before the mapping to thrust values is applied. The first

modification is the removal of the natural frequency of the balance, which is not part of the thrust signal.

The second modification is the zero point adjustment, as the zero point experiences a drift over time.

Natural Frequency Removal

The method originally supplied in the user manual of the thrust balance is a 5th order Butterworth filter

with a cut off frequency around 0.0015 Hz [40]. This however, acts like a low pass filter and suppresses

not only the natural frequency, but also all other high frequencies altogether. This is a problem, as those

frequencies can not be surely assigned to be external noise, they could be part of the exerted thrust from

the thruster. Therefore, the thrust signal is supposed to retain all noise components, to not suggest a

lower noise floor than actually present, which is especially of importance for the determination of the

uncertainty. As a solution a method is created here to remove the natural frequency of the balance

while ideally retaining all other frequencies of the thrust signal. The approach here is to convert the

recording into the frequency domain by a fast Fourier transform (FFT), where the natural frequency can

be identified precisely. In the frequency domain are then the magnitudes of the natural frequency set to

zero before it is transformed back into the time domain.

One crucial prerequisite for applying a fast Fourier transformation (FFT) is that all time steps in the

recording are equally sized. The distribution of the time steps of the acquired measurements during

cold flow and hot flow is illustrated in Figure 5.5. It can be seen that the time steps are not perfectly

identical over the full data-set, however they feature a very low standard deviation of only 0.378 µs,

which corresponds to 0.0945 % of the average 400 µs. Interestingly almost identical characteristics can

be observed in both data-sets. This low variation in time step size is taken as a sufficient condition to

apply a FFT.
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Distribution

(Violin)

Figure 5.5.: Distribution of the time step variation in the two thrust measurements

The result of the FFT of the cold flow measurements can be seen in Figure 5.6, where the natural

frequency of the balance can be identified by the significant magnitude spike around 1 Hz. Note that this

spike is not perfectly thin, but affects surrounding frequencies, which results in a smeared out influence

of this natural oscillation. Additionally, the harmonics of multiples of the natural frequency can be seen

as well around 2.2 Hz, which also features the smeared out effect.
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Figure 5.6.: Fast Fourier transform of the cold flow measurement in the frequency domain

In order to remove the influence of the natural oscillation, not only the natural frequency itself with

fn = 1.117 Hz is removed, but a range of fn ± 0.3 Hz. Hereby is the value of 0.3 Hz debatable as it

influences the noise magnitude later in the time domain. It was chosen here as it covers the main part of

the smeared out spike, so that the result is a more continuous noise level, which is shown in Figure 5.7.
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Figure 5.7.: Filtered fast Fourier transform of the cold flow measurement in the frequency domain

While the selected range of frequencies is considered to be primarily caused by the natural oscillation,

it can not be ruled out that relevant noise was present under these frequencies. In fact the EPL has

conducted noise characterisation studies in the past [7], which showed increased noise levels from 10 Hz

and higher on the structures (Figure A.2) and especially elevated noise levels around 1 Hz on a balance

when thrust was applied (Figure A.3). In those past tests, a reference setup (labeled as TCA) was

measuring the noise only in order to subtract the noise from the thrust setup (labeled as MBA). Such a

noise measuring reference does not exist on the ICL thrust balance.

The result of the frequency removal can be seen in Figure 5.8 in three different zoomed sections, which

show that the filtered signal features no characteristics of the major oscillation from the raw signal, yet

a noise band and smaller disturbances are preserved, which would have been lost with a Butterworth filter.
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Figure 5.8.: Result of the natural frequency removal of the cold flow laser distance data
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Zero Point Adjustment

In order to transform the laser distance recording into a thrust value, a zero point reference has to be

defined. This is due to the functional principle of the thrust balance that a relative displacement is

mapped to a corresponding force. To obtain this zero reference in laser distance, a no-thrust phase is

required. The two no-thrust phases in the start and the end of the cold flow test are shown in Figure 5.9.
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Figure 5.9.: No thrust phases marked in the filtered laser distance of the cold flow test

According to the user manual of the ICL-TB [40], the displacement for the thrust value is obtained by

the difference between two linear fittings, once on the thrust phase and once on the no thrust phase

immediately after. However, this imposes the restriction to measure the thrust only point-wise, and not

as a continuous signal. In the attempt to improve on this, this procedure is revised to define a zero

reference over the full recording, so that a continuous thrust signal can be obtained. Note that hereby

the result of the point-wise measurement (old procedure) is practically identical and contained in the

continuous measurements obtained by this new procedure. For the cold flow measurement this is the

case for the last step tested, as the thruster was shut off directly afterwards. Note that for a hot flow

measurement of the resistojet, the thruster can not be shut off directly after, as the filament would get

damaged, therefore a point-wise measurement according to the old procedure is generally inappropriate.

The new procedure developed here defines a zero point reference over time by the two no-thrust phases

in the start and the end. As this zero point reference experiences a drift over time, this imposes an

interpolation and a characteristics assumption for the zero drift in the thrust phase. This drift is not only

present between two no-thrust phases around a thrust phase, but also within a no-thrust phase itself.

The drift characteristics is assumed linear, which is fitting the drift within a no-thrust phase very well.

If a pure linear drift, decoupled from the thrust, would be present, the linear fit of the two no-thrust

phases would be identical, when extended to the other. As shown in Figure 5.10 this is not completely

the case, which invokes, that the drift is not purely linear. However, as there is no further information

available on the drifft characteristics, the linear fit over both no-thrust phases (black line in Figure 5.10)

is used as the zero reference for the measurement.
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Figure 5.10.: Zero reference Z(t) determination of the cold flow measurement (closeup)

Displacement

With a continuous zero reference Z(t) defined, the continuous displacement D(t) can be simply calculated

by subtracting the continuous laser distance L(t) from the zero reference as in Equation 5.5. The resulting

displacement is plotted in Figure 5.11 for the cold flow data.

D(t) = Z(t)− L(t) (5.5)
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Figure 5.11.: Displacement D(t) of the cold flow measurement

Thrust Mapping

The continuous thrust signal F (t) can now be yielded from the displacement by the sensitivity factor

Scal by Equation 5.6. The sensitivity factor was determined earlier from the results of the VCA char-

acterisation and the cross calibration. The resulting thrust signal for the cold flow measurement can be
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seen in Figure 5.12, which concludes the post processing efforts. Although only the cold flow is shown

here as an example, the hot flow measurements were processed in the identical way.

F (t) =
D(t)

Scal
(5.6)
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Figure 5.12.: Thrust F (t) of the cold flow measurement

5.1.5. Pressure Variation Test

In order to characterise the pressure dependency of the mass flow controller (MFC), a pressure variation

test is performed. The pressure is varied with ±4 % around the target pressure for three levels of mass

flow across the range that is used in this test. The continuous pressure and mass flow recordings have been

hand-selected and averaged to determine the result value in Table 5.3. The relative standard deviation is

used for the mass flow uncertainty, where the worst case is assumed, which is σrel = 1.67532%. Note that

this deviation is unusually big, which is caused by a single measurement and the low sample number.

Table 5.3.: Result of the pressure variation test in normalised units

Set
mass flow
ṁset (units)

Pressure
before MFC
pPT1 (units)

Read
mass flow
ṁread (units)

standard
deviation
σ (units)

arithmetic
mean

¯̇mread (units)

relative standard
deviation to mean

σrel (%)

0.0802

0.9570 0.07733

9.316 E-5 0.07727 0.120560.9998 0.07735

1.0398 0.07714

0.6057

0.9622 0.58890

8.044 E-6 0.58891 0.001371.0010 0.58892

1.0394 0.58892

1.0000

0.9604 0.94151

1.616 E-2 0.96436 1.675321.0104 0.97586

1.0432 0.97571

58 Chair of Space Mobility and Propulsion | Technical University of Munich



5. Results and Analysis

5.2. Test Results

5.2.1. Cold Flow Test

The base characteristic of the resistojet is the performance under pure cold flow conditions, which is

characterised here by operating the resistojet on different levels of inlet pressure. The relevant variables

of this cold flow test can be seen in Figure 5.13 as a time series, which is put together from various DAQs.
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Figure 5.13.: Cold flow test timeline in normalised units (steady state sections marked in grey)
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The grey marked areas in Figure 5.13 indicate the sections (each 10 seconds long) that are used to

determine the performance at these equilibrium conditions. The average performance in those operation

points is listed in Table 5.4, where Fcalc and Isp,calc are estimations by the ALTA XR-100 control software.

Note that only every second planned operation point was executed, as the stabilisation in background

pressure took more time than expected and a buffer of propellant was still required for the hot flow test.

Table 5.4.: Result table of the cold flow test in normalised units

OP ṁ
[units]

pin
[units]

pback
[units]

Tthruster

[units]
Fcalc

[units]
F

[units]
Isp,calc
[units]

Isp
[units]

1 0.0773 0.0708 0.09044 1.0054 0.0675 0.0700 0.8732 0.9061

3 0.2334 0.2300 0.25581 1.0034 0.2194 0.2272 0.9400 0.9731

5 0.3895 0.3875 0.41667 1.0019 0.3697 0.3810 0.9493 0.9784

7 0.5457 0.5447 0.57235 1.0010 0.5197 0.5356 0.9523 0.9814

9 0.7017 0.7013 0.72545 1.0002 0.6690 0.6930 0.9534 0.9875

11 0.8580 0.8564 0.87339 1.0000 0.8170 0.8514 0.9522 0.9923

13 1.0000 1.0000 1.00000 1.0000 0.9540 1.0000 0.9540 1.0000

A comparison is drawn in Table 5.5 to the Acceptance Test of the EPL from 2013 [9]. It shows that

the inlet pressure and mass flow have been almost perfectly reproduced, while the measured thrust and

specific impulse are about 20% larger than in the Acceptance Test. The characterisation is visualised

in Figure 5.14, which represents the determined performance map of the XR-100 resistojet in cold gas

mode, including the uncertainties that will be determined later in Section 5.3.

Table 5.5.: Comparison of the cold flow test to the acceptance test in normalised units

pback
[units]

pin
[units]

Tthruster

[units]
ṁ
[units]

Fcalc

[units]
Ft

[units]
Isp,calc
[units]

Isp
[units]

Acceptance Test 1.00000 1.00000 1.00000 1.00000 1.09544 1.00000 1.13223 1.00000

This test 2.56338 1.01649 1.00476 1.00058
±0.0154

1.14004 1.20156
±0.0103

1.13963 1.20110
±0.0104

∆ [%] +156.3% +1.6% +0.06 % +20.1% +20.1%
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Figure 5.14.: Performance map of the XR-100 in cold gas mode (normalised)
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The reason for this high deviation in thrust and therefore specific impulse is considered to be caused

by the uncertainties of the two thrust balances. When the measured thrust from the Acceptance Test

is compared to the expected value of the control software Fcalc of that test, it is evident that actually

less thrust than expected was measured (about −9%). In contrast, the thrust measurements of this test

have been higher than the expected values from the control software (about +5%). This shows that

the calculated values from the ALTA control software are actually in between the measurements of the

Acceptance Test and this test. Luckily there is one more point of reference available, which is from

2013 the ALTA internal testing result [35]. Together, all this data with its proportional relationship

is visualised in Figure 5.15, which shows that the ALTA internal test from 2013 does almost perfectly

match the expected values Fcalc from both EPL tests and the measurements of the EPL are distributed

around. This is taken as a reason to assume that the actual thrust is nearby Fcalc and thrust measurement

uncertainties are present in both EPL tests.
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Figure 5.15.: Thrust results of multiple tests of the XR-100 in cold gas mode (normalised)

5.2.2. Hot Flow Test

The hot flow mode of the resistojet is its primary point of operation, where the electrical heating of

the gas reduces the mass flow and the specific impulse is increased. The execution of such an operation

requires a continuous mass flow while the thruster goes through a heat up phase. During this heat up

phase the voltage is increased in steps. This voltage is then held constant for a few minutes, according to

the user manual [36]. This procedure was executed, when for the final step in voltage suddenly the control

software did shut down the power supply to the resistojet. After further investigation it became evident

that one of the two heaters behaved abnormal and became unstable in the heat up phase and finally

burned through, which triggered an alarm in the control software to shut down the power. However,

this alarm did not prevent the burn through of the filament, so that afterwards no electrical continuity

was measurable on heater A. Unfortunately, despite this thruster having two heaters for redundancy, the

control software did not allow to operate the thruster on one heater alone. After multiple attempts to

re-initiate the heat up phase with one heater alone, which was always interrupted by the control software,
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the hot flow test had to be declared failed. This timeline of events can be followed well in the recorded

parameters in Figure 5.16
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Figure 5.16.: Hot flow test timeline in normalised units

When the heater current is followed in Figure 5.16, it can be seen that for the first step in voltage, the
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current in both heaters jumps to a constant value, which is the nominal behaviour of the filament. With

the second step in voltage, heater B (marked green) still behaves with a constant current consumption,

however heater A (marked orange) shows a linear increase in current with even a random jump back to

a constant consumption, which is its first indication of its failure. When the final step in voltage was

applied, heater A has experienced a burn through.

Up until then, the thruster temperature was increasing steadily as expected, where the different gradients

of the temperature increase in Figure 5.16 mark the steps in voltage applied and therefore also roughly the

levels of power insertion. For this point in time, the resistojet was already working in its hot flow mode,

which is clearly indicated by the decreasing mass flow, without a lower level in thrust. The pressure

before the mass flow controller (MFC) was not completely constant, which is caused by the pressure

regulator drifting, and therefore also influenced the thrust, which would otherwise be expected to be

more constant.

The whole duration of this test was recorded by a camera pointing into the vacuum chamber, which

showed a point of light emitted from the resistojet under hot flow operation. On the video recordings it

could also be seen, that this emission of light was not constant and occasionally increased in brightness

into small flashes of light. This is considered the visual evidence of heater A’s abnormal behaviour. A

stacked photo from these video recordings is illustrated in Figure 5.17.

Figure 5.17.: The firing XR100 resistojet, emitting a point of light inside the vacuum facility during its
heat up phase

Due to the reason that no equilibrium was reached, no meaningful characterisation for an operation point

in the hot flow mode can be determined. This has the consequence that the test objectives regarding the

hot flow mode could not be accomplished.
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5.3. Uncertainty Calculation

5.3.1. Mass Flow Uncertainty

In order to state the uncertainty of the measured mass flow of one operating point, the EPL mass

flow measurement procedure [38] is followed, which is based on the standard JCGM 100:2008 “Guide

to the Expression of Uncertainty in Measurement” (GUM) [28]. The model equation 5.7, with variable

definitions in Table 5.6, defines a number of influences that are being considered.

ṁf = ṁf,meas ·
(

1 + δṁf,cal + δṁf,leak + δṁf,press

)

(5.7)

Table 5.6.: Variable definition of the mass flow uncertainty budget calculation

Symbol Unit Definition

ṁf mg/s Mass flow to be determined

ṁf,meas mg/s Mass flow measured by the flow meter

δṁf,cal - standard uncertainty of the calibration of the mass flow meter

δṁf,leak - standard uncertainty due to propellant leaks in the flow line

δṁf,press - standard uncertainty due to external and feed pressure variation

Depending on the source of knowledge of the uncertainty, the contributions are classified as type A or

type B. Type A are series of observations, where type B are other means than observations, for example

approximations or theoretical models [28]. The different influences from the model equation are grouped

and listed in Table 5.7 with their type and distribution.

Table 5.7.: Mass flow uncertainty influences summary, types and distributions

Symbol Value Unit Uncertainty Type Distribution Sensitivity

ṁf ,meas x̄ mg/s s(x̄) A experimental 1

δṁf , cal 0 - uf,cal B rectangular ⌊x̄⌉
δṁf , leak 0 - uf,leak B rectangular ⌊x̄⌉
δṁf , press 0 - uf,press A experimental ⌊x̄⌉

Measurements

The first contribution to the uncertainty comes from ṁf,meas itself, which is the standard deviation, more

precisely the corrected sample standard deviation in Equation 5.8, of all N measurements xi.

s(x) =

√

√

√

√

1

N − 1

N
∑

i=1

(xi − x̄)
2 (5.8)

As the uncertainty decreases when more samples N are acquired, the actual contribution to the uncer-

tainty is defined as the standard deviation of the mean in Equation 5.9.
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s(x̄) =
s(x)√
N

(5.9)

Note that the average of this data series x̄ is also the only non-zero contribution to the absolute value,

as listed in Table 5.7. The sensitivity coefficient α can be yielded by the partial derivative on the model

equation, as shown in Equation 5.10.

αf,meas =
∂ṁf

∂ṁf,meas
= 1 + δṁf,cal + δṁf,leak + δṁf,press = 1 (5.10)

Calibration Certificate

The second influence is the uncertainty supplied with the calibration certificate, which is a defined range

depending on the read value (RD) and the full scale (FS), in this case ± (0.005 ·RD + 0.002 · FS). The

read value boils down to x̄ and the full scale of the used mass flow controller is 416 mg/s Ar. In order to

yield the uncertainty per unit of measured mass flow, the absolute uncertainty is normalised by ṁf,meas,

which is x̄. The half width hw of the rectangular distribution is therefore yielded through Equation 5.11.

hwf,cal =

(

0.005 · x̄+ 0.002 · 416 mg/s
)

x̄
(5.11)

The standard uncertainty can be now derived from the rectangular distribution as in Equation 5.12.

uf,cal =
hwf,cal√

3
(5.12)

The sensitivity coefficient α can be yielded again by the partial derivative on the model equation, as

shown in Equation 5.13. The sensitivity coefficient is hereby rounded to the closest integer value.

αf,cal = ⌊ ∂ṁf

∂δṁf,cal
⌉ = ⌊ṁf,meas⌉ = ⌊x̄⌉ (5.13)

Propellant Leaks

The next influence is the mass flow by leaks in the feeding line, where the approximation from a previous

test [12] is made, that if the maximum leak rate along the feeding line is below 1E − 7 mbar · l/s, the
uncertainty of δṁf , leak is lower than 0.01% of the mass flow. The standard uncertainty can therefore

be directly computed as in Equation 5.14 by its rectangular distribution.

uf,leak =
0.0001√

3
= 5.77E − 5 (5.14)

Note that the leak testing with the helium leak detector could verify this requirement up until the last

connection to the thruster and the thruster itself. Any leaks in that area are therefore not covered. The

sensitivity coefficient can be yielded identical as before, as shown in Equation 5.15.
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αf,leak = ⌊ ∂ṁf

∂δṁf,leak
⌉ = ⌊ṁf,meas⌉ = ⌊x̄⌉ (5.15)

Pressure Variation

The last considered influence is the pressure variation, for which the pressure variation test from Section

5.1.5 was conducted. The worst case result was a relative standard deviation of σrel = 1.67532%. The

standard uncertainty can be derived from the experimental distribution, as shown in Equation 5.16. The

sample number is set to 9, as 3 pressures for 3 mass flow levels have been tested.

uf,press =
σrel√
9

= 5.5844E − 3 (5.16)

The sensitivity coefficient can be yielded identical as before, as shown in Equation 5.17.

αf,press = ⌊ ∂ṁf

∂δṁf,press
⌉ = ⌊ṁf,meas⌉ = ⌊x̄⌉ (5.17)

Note that the pressure variation test covered ±4% in pressure variation, however during the mass flow

measurements the maximum pressure variation before the MFC was below ±0.05%. Together with the

unusually high σrel, due to an apparent outlier, the contribution to the uncertainty due to the pressure

variation is likely to be overestimated.

Combined

The combined uncertainty can be calculated by the weighted sum as in Equation 5.18.

uc =
√

s(x̄)2 + α2
f,cal · u2

f,cal + α2
f,leak · u2

f,leak + α2
f,press · u2

f,press (5.18)

Finally, the combined uncertainty is expanded with a coverage factor k, which is set to k = 2 for a 95 %

coverage level. This yields the expanded uncertainty ue in Equation 5.19, which is rounded to one digit

after the decimal as absolute value.

ue = k · uc (5.19)

When this set of equations is applied for each operation point (OP), the uncertainty in mass flow can be

determined for all OPs, which is stated in Table 5.10.

The uncertainty budget calculation (UBC) was additionally carried out in a statistical software called

GUM Workbench Pro, whose output tables are used in the reference EPL procedure [38]. The result table

of GUM Workbench Pro is given for OP1 in Table 5.8 and for OP13 in Table 5.9, which are the operation

points with the smallest and biggest mass flow measured in the cold flow test. When the “Index” value

is compared between Table 5.8 and Table 5.9, it can be observed, how the different influences take over

in significance when the mass flow is increased. For low mass flows, the combined uncertainty is almost
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entirely determined by the uncertainty of the calibration certificate, where under high mass flows the

uncertainty due to pressure variation slightly overtakes in significance.

Table 5.8.: Mass flow uncertainty normalised GUM Workbench Pro result table of OP1

Quantity Value
Standard

Uncertainty
Distribution

Sensitivity
Coefficient

Uncertainty
Contribution

Index

ṁf ,meas 0.077303 1.165E-5 normal 1.0 1.155E-5 0.0 %
δṁf , cal 0.0 0.0328 rectangular 0.077 2.551E-3 97.2 %
δṁf , leak 0.0 2.778E-7 rectangular 0.077 4.477E-6 0.0 %
δṁf , press 0.0 2.686E-5 normal 0.077 4.332E-4 2.8 %

ṁf 0.0773 0.00257

Quantity Value
Expanded

Uncertainty
Coverage
Factor

Coverage

ṁf 0.0773 ±0.005 2.0 95 % (normal)

Table 5.9.: Mass flow uncertainty normalised GUM Workbench Pro result table of OP13

Quantity Value
Standard

Uncertainty
Distribution

Sensitivity
Coefficient

Uncertainty
Contribution

Index

ṁf ,meas 1.0000 1.665E-5 normal 1.0 1.685E-5 0.0 %
δṁf , cal 0.0 2.503E-5 rectangular 1.0 5.295E-3 46.4 %
δṁf , leak 0.0 2.777E-7 rectangular 1.0 5.777E-5 0.0 %
δṁf , press 0.0 2.686E-5 normal 1.0 5.776E-3 53.6 %

ṁf 1.0000 0.00765

Quantity Value
Expanded

Uncertainty
Coverage
Factor

Coverage

ṁf 1.0000 ±0.0154 2.0 95 % (normal)

It is evident that both implementations, the GUM Workbench Pro output tables (Table 5.8 & Table 5.9)

and the result of the applied equations (Table 5.10), lead to the identical result. When the expanded

uncertainty is computed as relative percentage of the mass flow, a diminishing characteristic, similar to

the calibration certificate, can be observed.

Table 5.10.: Mass flow uncertainty result table in normalised units

OP ṁ
[units]

ue

[units]
ue

[% of ṁ]

1 0.0773 ±0.0053 ±6.85

3 0.2334 ±0.0063 ±2.68

5 0.3895 ±0.0082 ±2.10

7 0.5457 ±0.0096 ±1.76

9 0.7017 ±0.0116 ±1.65

11 0.8580 ±0.0135 ±1.57

13 1.0000 ±0.0154 ±1.54
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5.3.2. Thrust Uncertainty

For the thrust uncertainty calculation, the process is less straight forward, as the supplied method of the

balance [41] differs substantially from the EPL procedure for other balances [6]. The supplied method

used Equation 5.20, which only considers random influences of displacement x during the cross calibration

and the effect from that on the sensitivity parameter Scal.

σFt
= Ft ·

√

(

σx

x

)2

+

(

σScal

Scal

)2

(5.20)

However, this is considered overly optimistic, as there are more factors that influence the uncertainty that

should be assessed individually. This is why the uncertainty model equation is expanded with further

influences and is being brought into a more similar shape to the EPL thrust measurement procedure [6].

When the original equation F = x/Scal is used as a model equation for GUM, the sensitivity factor can

not be computed by the partial derivative due to a division by zero. To solve this issue, the formula

is readjusted to F = x · S−1
cal , where S−1

cal is the pre-computed inverse. The new model equation that

considers additional effects is shown in Equation 5.21 with the vairable definitions in Table 5.11. Note

that if the additional influences are set to zero, this model equation yields the same result as the supplied

method.

Ft =
(

xmeas · (1 + δxrand + δxlaser) · S−1
cal,meas · (1 + δS−1

cal,rand + δS−1
cal,align)

)

· (1 + δcos) (5.21)

Table 5.11.: Variable definition of the thrust uncertainty budget calculation

Symbol Unit Definition

Ft mN Thrust to be determined

xmeas mm Displacement measurements,
natural frequency filtered and zero reference adjusted

δxrand - Standard uncertainty of the displacement due to random disturbances
(supplied method)

δxlaser - Standard uncertainty due to the laser sensor non-linearlity

S−1
cal,meas

mN
mm Sensitivity factor measurement by the cross calibration (pre-inversed)

δS−1
cal,rand - Standard uncertainty of the sensitivity factor due to random disturbances

(supplied method, pre-inversed)

δS−1
cal,align - Standard uncertainty due to VCA alignment error during cross calibration

δcos - Uncertainty related to the misalignment of the thruster with the balance axis.
If the uncertainty on the alignment angle is δα, then δcos = 0± (1− 1/cos(δα))

Again, depending on the source of knowledge of the uncertainty, the contributions are classified as type

A or type B. Type A are series of observations, where type B are other means than observations, for

example approximations or theoretical models [28]. The different influences from the model equation are

grouped and listed in Table 5.12 with their type and distribution.
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Table 5.12.: Thrust uncertainty influences summary, types and distributions

Symbol Value Unit Uncertainty Type Distribution Sensitivity

xmeas x̄ mm s(x̄) A experimental S̄−1
cal

δxrand 0 - ux,rand B normal x̄ · S̄−1
cal

δxlaser 0 - ux,laser B rectangular x̄ · S̄−1
cal

S−1
cal S̄−1

cal
mN
mm s(S̄−1

cal) A experimental x̄

δS−1
cal,rand 0 - uScal,rand B normal x̄ · S̄−1

cal

δS−1
cal,align 0 - uScal,align B rectangular x̄ · S̄−1

cal

δcos 0 - ucos B rectangular x̄ · S̄−1
cal

Displacement Measurements

The first newly considered influence comes from the displacement time series xmeas that is used for the

thrust determination. The uncertainty for this influence is the standard deviation s(x), more precisely

the corrected sample standard deviation in Equation 5.22, of all N displacement measurements xi.

s(x) =

√

√

√

√

1

N − 1

N
∑

i=1

(xi − x̄)
2 (5.22)

As the uncertainty decreases when more samples N are acquired, the actual contribution to the uncer-

tainty is defined as the standard deviation of the mean in Equation 5.23.

s(x̄) =
s(x)√
N

(5.23)

Note that the average of this data series x̄ is used for the non-zero contribution to the displacement value,

as listed in Table 5.12. The sensitivity coefficient α can be yielded by the partial derivative on the model

equation, as shown in Equation 5.10, where only S̄−1
cal remains as a non-zero value.

αx,meas =
∂Ft

∂xmeas
= S̄−1

cal (5.24)

Random Disturbances in Displacement

This influence comes from the supplied method, from the balance authors dissertation [41]. Hereby are

the deviations from the measurements to the fitting during the calibration used for an estimation on the

uncertainty of the displacement. In Equation 5.25 is shown the computation of the uncertainty with the

fitting intercept bcal (from Equation 5.4) and Scal (from Equation 5.3) and the used N points of force Fi

shared between the VCA characterisation and the cross calibration.

σx,rand =

√

∑N
i=1 (xi − bcal − Scal · Fi)

2

N − 2
(5.25)
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In order to get the standard uncertainty, this has to be normalised by x̄ as in Equation 5.26, due to the

model formulation.

ux,rand =
σx,rand

x̄
(5.26)

The sensitivity coefficient α is yielded by the partial derivative on the model equation (Equation 5.27).

αx,rand =
∂Ft

∂δxrand
= x̄ · S̄−1

cal (5.27)

Laser Non-Linearity

The data sheet of the optoNDCT-1700-10 states a maximum deviation from linearity as 0.08% of the

full scale output ( FSO = 10 mm) [27]. Therefore, an uncertainty of 8µm for any distance measurement

in the worst case. For a displacement measurement x two distance measurements are used. However,

one of them, the zero reference, is yielded not only by one measurement but by a data series, which

would actually reduce its uncertainty. However in favour of simplicity, the uncertainty for both distance

measurements is assumed to be the worst case of the stated non-linearity. The standard half width of

limits hwx,laser is determined by Equation 5.28, where the average displacement x̄ is entered in units of

mm.

hwx,laser(x̄[mm]) =

√

(0.008 mm)2 + (0.008 mm)2

x̄ [mm]
=

0.008 ·
√
2 mm

x̄ [mm]
(5.28)

Due to the rectangular distribution the uncertainty ulaser is obtained through Equation 5.29.

ux,laser =
hwx,laser√

3
(5.29)

The sensitivity coefficient α is yielded by the partial derivative on the model equation (Equation 5.30).

αx,laser =
∂Ft

∂δxlaser
= x̄ · S̄−1

cal (5.30)

Sensitivity Factor Measurements

The sensitivity factor is determined during the calibration in Section 5.1.1 and Section 5.1.2, where ideally

this determination would be performed multiple times in order to gain a better estimate. This would

mean multiple VCA characterisations and multiple cross calibrations in the same position. For multiple

determinations of Scal (and hence S−1
cal), the uncertainty can be computed via Equation 5.31 and 5.32.

s(S−1
cal) =

√

√

√

√

1

N − 1

N
∑

i=1

(

S−1
cal,i − S̄−1

cal

)2
(5.31)

s(S̄−1
cal) =

s(S−1
cal)√
N

(5.32)
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In this test however, Scal was only determined once, which gives no information on the standard deviation

or uncertainty. Therefore, for N = 1 the value and uncertainty are defined through Equation 5.33.

S̄−1
cal = S−1

cal

s(S̄−1
cal) = 0

(5.33)

The sensitivity coefficient α is yielded by the partial derivative on the model equation (Equation 5.34).

αScal =
∂Ft

∂S−1
cal

= x̄ (5.34)

Random Disturbances on Sensitivity Factor

This influence again stems from the supplied method by the balance authors dissertation [41]. The

random disturbances on the displacement ux,rand from Equation 5.25 are now translated into the random

disturbances on the sensitivity factor shown in Equation 5.35, with forces Fi and the average force F̄ .

σScal,rand =
ux,rand

√

∑N
i=1

(

Fi − F̄
)2 (5.35)

In order to get the standard uncertainty, the standard deviation is adjusted in Equation 5.36. Note

that this standard uncertainty is already in the right form for the used model equation with the inverse

sensitivity factor S−1
cal , as it is now standardised.

uScal,rand =
σScal,rand

S̄cal
(5.36)

The sensitivity coefficient α is yielded by the partial derivative on the model equation (Equation 5.41).

αScal,rand =
∂Ft

∂δS−1
cal,rand

= x̄ · S̄−1
cal (5.37)

VCA Alignment

Another newly introduced influence is the alignment error of the VCA during the cross calibration.

The operational procedure of the balance uses a linear stage to retract the coil assembly by a defined

distance (2 mm) from the last point of contact, however this is not perfectly reproducible. This is a

very crucial point, as the central calibration assumption is that the conditions are identical to the VCA

characterisation, which is why this aspect should receive special attention. In order to examine how big

of a difference a given misalignment would have on c1 and therefore Scal, the cross calibration was done

additionally with 3 different retraction distances d. The results of the coil alignment test and the effect

on an example thrust are listed in Table 5.13.
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Table 5.13.: Effect of the coil alignment on the cross calibration gradient c1

Test Setup Coil Distance
Last point of contact + d

d [mm]

Cross Calibration
Gradient
c1[

mm
mA ]

Example Thrust
x = 0.25 mm
v1 = 0.54 mN

mA

Initial cross calibration 2.0 0.001212515857964 111.3

Coil alignment test 1 1.5 0.001263485282264 106.8

Coil alignment test 2 2.0 0.001227258397413 110.0

Coil alignment test 3 2.5 0.001172004842578 115.2

From this data, a relationship between a change in retraction distance d and the cross calibration gradient

c1 is determined by a linear fit. The result is a 9.148044E − 5 change in c1 for each 1 mm of d. To put

this into an uncertainty, d is estimated to be ±0.1 mm reproducible, which is applied in Equation 5.38.

Note that this assumed alignment error roughly matches the difference in c1 observed between the two

tests with the nominal retraction distance d = 2.0 mm.

σc1 =

(

9.148044E − 5

[

1

mA

]

)

· 0.1 [mm] = 9.148E − 6

[

mm

mA

]

(5.38)

The standard half width of limits in Equation 5.39 is also here already standardised and suited for the

inverse sensitivity factor S−1
cal .

hwScal,align =
σc1

c1
(5.39)

Due to the rectangular distribution, the final uncertainty for the VCA alignment error is shown in

Equation 5.40.

uScal,align =
hwScal,align√

3
(5.40)

The sensitivity coefficient α is yielded by the partial derivative on the model equation (Equation 5.41).

αScal,align =
∂Ft

∂δS−1
cal,align

= x̄ · S̄−1
cal (5.41)

Thrust Vector Alignment

Due to the thrust vector never being perfectly aligned with the axis of the balance, the measured thrust is

only the axis component of the actual thrust. When δα is the angle of misalignment, then the real thrust

can be determined via the trigonometric relationship Freal = Faxis · 1
cos(δα) . In the EPL thrust measure-

ment procedure the usage of the equivalent term F · (1+ δcos) in the model equation is demonstrated [6].

Also here the division by zero is prevented by pre-computing the numbers for δcos = 0± (1− 1/cos(δα)).

Here should be pointed out, that there is actually a mistake present, as with a symmetric uncertainty

(±) the measured thrust on axis can also be reduced as an estimate for the real thrust. However, that

the real thrust is lower than the measured thrust is physically impossible. The correct formulation of the
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uncertainty due to misalignment therefore needs to be asymmetric with no reducing part of the on-axis

thrust. However, the necessary correction will be postponed to a later date, in favor to reach compliance

with the current procedure. As the angle of misalignment can not easily be measured, δα is estimated to

3◦ which is a common conservative estimation from the EPL procedure [6], which is shown in Equation

5.42.

hwcos =

∣

∣

∣

∣

1− 1

cos(δα)

∣

∣

∣

∣

=

∣

∣

∣

∣

1− 1

cos(3◦)

∣

∣

∣

∣

≈ 0.00137235 (5.42)

When the rectangular distribution is applied, the final uncertainty can be expressed in Equation 5.43

ucos =
hwcos√

3
(5.43)

The sensitivity coefficient α is yielded by the partial derivative on the model equation (Equation 5.44).

αcos =
∂Ft

∂δcos
= x̄ · S̄−1

cal
(5.44)

Combined

The combined uncertainty can be calculated by the weighted sum for all n influences in Equation 5.45.

uc =

√

√

√

√

n
∑

i=1

(

α2
i · u2

i

)

(5.45)

Where the sum is explicitly formulated in Equation 5.46.

n
∑

i=1

(

α2
i · u2

i

)

= α2
x,meas · s(x̄)2 + α2

x,rand · u2
x,rand + α2

x,laser · u2
x,laser + α2

Scal · s(S̄−1
cal)

2
+

α2
Scal,rand · u2

Scal,rand + α2
Scal,align · u2

Scal,align + α2
cos · u2

cos

(5.46)

Finally, the combined uncertainty is expanded with a coverage factor k, which is set to k = 2 for a 95 %

coverage level. This yields the expanded uncertainty ue in Equation 5.47, which is rounded to one digit

after the decimal as absolute value.

ue = k · uc (5.47)

The uncertainty calculation was again executed both by applying the listed equations and with the GUM

Workbench Pro software. The result table from the GUM software is shown for OP1 and OP13 in Table

5.14 and Table 5.15, which are the operation points with the lowest and the highest thrust. When also

here the Index value is observed in Table 5.14, it can be seen that the uncertainty is dominated by

the uncertainty of the lasers non-linearity and secondly influenced by the random disturbances on the

displacement. For higher thrust levels in Table 5.15, more influences start to rise in significance, which

are being the random disturbances on the sensitivity value and the VCA alignment error.
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Table 5.14.: Thrust uncertainty normalised GUM Workbench Pro result table of OP1

Quantity Value
Standard

Uncertainty
Distribution

Sensitivity
Coefficient

Uncertainty
Contribution

Index

xmeas 1.5726E-4 6.104E-8 normal 450 4.342E-5 0.0 %
δxrand 0.0 1.033E-3 normal 0.070344 8.337E-3 9.8 %
δxlaser 0.0 3.135E-3 rectangular 0.070344 2.518E-2 90.2 %

S−1
cal,meas 445.40076 0.0 normal 1.57E-4 0.0 0.0 %

δS−1
cal,rand 0.0 3.040E-5 normal 0.070344 2.432E-4 0.0 %

δS−1
cal,align 0.0 3.786E-5 rectangular 0.070344 3.040E-4 0.0 %

δcos 0.0 6.878E-6 rectangular 0.070344 5.558E-5 0.0 %
Ft 0.070045 0.026748

Quantity Value
Expanded

Uncertainty
Coverage
Factor

Coverage

Ft 0.070 ±0.05345 2.0 95 % (normal)

Table 5.15.: Thrust uncertainty normalised GUM Workbench Pro result table of OP13

Quantity Value
Standard

Uncertainty
Distribution

Sensitivity
Coefficient

Uncertainty
Contribution

Index

xmeas 2.2452E-3 9.076e-08 normal 450 6.426E-5 0.0 %
δxrand 0.0 7.243E-3 normal 1.0421 8.337E-3 9.4 %
δxlaser 0.0 2.197E-4 rectangular 1.0421 2.518E-2 86.3 %

S−1
cal,meas 445.40076 0.0 normal 2.25E-3 0.0 0.0 %

δS−1
cal,rand 0.0 E-5 normal 1.0421 3.474E-3 1.7 %

δS−1
cal,align 0.0 E-5 rectangular 1.0421 4.342E-3 2.6 %

δcos 0.0 E-6 rectangular 1.0421 7.902E-4 0.0 %
Ft 1.0000 0.028345

Quantity Value
Expanded

Uncertainty
Coverage
Factor

Coverage

Ft 1.0000 ±0.05669 2.0 95 % (normal)

The result of the thrust uncertainty budget calculation for all operation points is stated in Table 5.16.

Table 5.16.: Thrust uncertainty result table in normalised units

OP F
[units]

ue

[units]
ue

[% of F ]

1 0.0700 ±0.0534 ±76.30

3 0.2272 ±0.0530 ±23.31

5 0.3810 ±0.0535 ±14.05

7 0.5356 ±0.0538 ±10.05

9 0.6930 ±0.0539 ±7.78

11 0.8514 ±0.0541 ±6.35

13 1.0000 ±0.0567 ±5.67
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5.3.3. Specific Impulse Uncertainty

The uncertainty of the specific impulse Isp can be computed directly from the results of the mass flow

uncertainty and the thrust uncertainty. The model equation is the general formula of specific impulse in

Equation 5.48 with the standard gravity g0 = 9.80665m
s2 [34].

Isp =
F

ṁ · g0
(5.48)

The combined uncertainty can be determined by Equation 5.49 from both combined uncertainties uc,ṁ

(Equation 5.18) and uc,F (Equation 5.45), where Isp, ṁ and F are holding the absolute value for each

operation point.

uc,Isp = Isp ·

√

(

uc,ṁ

ṁ

)2

+

(

uc,F

F

)2

(5.49)

This combined uncertainty is again expanded by the coverage factor k = 2 into Equation 5.50.

ue = k · uc,Isp (5.50)

Table 5.17 shows the result of the expanded uncertainties for all operation points, which are highly

dominated by the uncertainty contribution of thrust.

Table 5.17.: Specific impulse uncertainty result table in normalised units

OP Isp
[units]

ue

[units]
ue

[% of Isp]

1 0.9061 ±0.6938 ±76.56

3 0.9731 ±0.2284 ±23.47

5 0.9784 ±0.1389 ±14.20

7 0.9814 ±0.1002 ±10.21

9 0.9875 ±0.0786 ±7.96

11 0.9923 ±0.0649 ±6.54

13 1.0000 ±0.0587 ±5.87

5.4. Chamber Response

From the experimental results of the cold flow test in Table 5.4, the relationship between ṁ and pback is

used to determine the pumping speed of the vacuum facility and its effective pressure response. The result

is a linear dependency between the injected mass flow and resulting vacuum pressures, that corresponds

to the pumping speed of the used roughing pump system. The determined pumping speed is a relatively

steady 87 L/s (Argon), which is a good resemblance of the 111 L/s (air) specification of the manufacturer.

The effective pumping speed Seff was computed via Seff = R0 · Tgas · ṁ/
(

M · (pback − pback,ult)
)

, with

the gas temperature inside the vacuum facility Tgas and the ultimate pressure pback,ult.
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5.5. Model Comparison

The experimentally determined results from Section 5.2 are now compared to the simulation results of

the model from Section 3.3.2. Due to the breakdown of one heater during the heat-up phase, only

the performance under cold flow condition was experimentally characterised, however the model was

additionally executed for elevated temperatures, to draw out the expected effects. The visual comparison

of both results is plotted in Figure 5.18, which shows the most characteristic variables ṁ, F and Isp.

Additionally, the result of a previous experimental characterisation of the Acceptance Test is shown.
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Figure 5.18.: Performance map of the XR-100 in cold gas mode compared to the model

From this figure, multiple observations can be derived. Starting at the mass flow, a clear difference

between the expected mass flow at 300K and the measured mass flow can be seen. This deviation of

roughly 10 % was already found before the Acceptance Test and is mentioned in a technical report form

ALTA as a so called ”mass flow anomaly” of this thruster unit [35]. The settled explanation that is stated

in this report is a leak at the thruster body, with the justification that otherwise the expected thrust was

met. This was concluded as confirmed, as both the ALTA internal tests and the EPL Acceptance Test

measured both the mass flow deviation and the expected thrust. Therefore does the measurement align

with previous tests and the deviation in mass flow to the theoretical model persists.

Comparing the thrust level next, the measurements show a clear overshoot to the expected value of

the model, but this time also an overshoot to the Acceptance Test. The thrust measurements have been

previously compared in Section 5.2.1 in Figure 5.15 to the theoretical model from ALTA and more previous

tests, which suggests that the true thrust level lies somewhere between the measurements of this test and

the Acceptance Test. In that case, the model would fit reality decently with a slight underestimation,

however for the measurements of this thrust balance it means that a high uncertainty is present. The

result of the uncertainty calculation from Section 5.3.2 is shown here in error bars which could explains

part of up for the difference to the considered true value. Note that an uncertainty can only be as good

as the considered effects and the modelling of that

For the specific impulse, the model perfectly aligns with the measurements, which must be a coincidental

cancellation of the mass flow anomaly and the thrust overshoot of the ICL balance. When the true Isp

lies again between the measurements and the Acceptance Test, the model provides a decent prediction

with an overestimation that could be explained by the mass flow anomaly.
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6. Conclusion and Outlook

In order to arrive at the planned test conditions for the characterisation, the experimental test set up at

the ESA Propulsion Laboratory required a great effort in preparation. The available hardware hereby

showed a great influence on the ease of use and quality of the acquired data. Where the most hardware

showed a seamless commissioning, the Imperial College London thrust balance required a deep dive into

its functionality as improvements have been desired. The operation of the thrust balance was upgraded by

the automation of the execution of calibration procedures as well as their post processing. Furthermore,

an uncertainty budget calculation was developed for the thrust balance in compliance with the EPL

operational procedures, which now considers multiple additional effects. Yet, the uncertainty budget

calculation is still one of the main points to improve on for this balance in future work, as a noticeable

deviation in thrust was measured from previous tests with this thruster unit, that can only be partially

explained with the currently determined uncertainty. Next to the identification of the true uncertainty,

active countermeasures could be implemented in future to lower the uncertainty physically. This could be

approached by investigating and characterising the effects with the highest contribution to the combined

uncertainty first, which presupposes that the effect is included in the first place.

The execution of the characterisation was successful for the cold flow operation of the XR-100 resistojet,

however unsuccessful for the resistojet in hot flow mode, due to the breakage of one of the two internal

heaters during the heat-up phase. The presence of two heaters in the resistojet was designed with the

goal of redundancy in mind, however instead being implemented as a fail-safe mechanism, the thruster

became unusable at nominal voltage after the breakdown of one heater, due to triggered safety shut-offs in

the control software. In fact, the initially planned redundancy was already compromised by the nominal

operation being defined to run both heaters in parallel, as one heater alone is not capable to deliver the

nominal performance. Furthermore, the design of the filament, was optimised for efficiency in the heat

transfer and the maximum gas temperature, however this came by the price of fragility of the filament

itself. As a comparison, the single filament XR-150 resistojet was instead designed for robustness, with

a slightly lower gas temperature [37], but has been proven to outlast the now already second failure of

this XR-100 thruster unit. This sets an example that reliability does not always need to be approached

by redundancy, but can be achieved with robustness instead.

The general methodology of the characterisation of a thruster was attempted to be carried out with the

variation of each of the relevant operational parameters to create a performance map across the entire

possible operational range. For the resistojet these degrees of freedom in operation are essentially the

inlet pressure and the power input. The performance was characterised for a series of steps in the inlet

pressure during the cold flow mode, which covers one degree of freedom of the thruster. However, it was

not possible to me to apply also a step-wise variation in the power input, due to guiding restraints as

it was not explicitly allowed in the user manual, but ultimately also due to the heater breakdown. In a

future work all degrees of freedom should be explored to provide a full characterisation of a thruster.
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A.1. Resistivity of Tungsten

Table A.1.: Resistivity of tungsten depending on temperature (data from [14])

T [K] ρW [10−8Ωm] T [K] ρW [10−8Ωm] T [K] ρW [10−8Ωm]
0 0.0000150 200 3.18 1500 40.33
1 0.0000157 250 4.30 1600 43.65
4 0.0000267 273 4.82 1700 47.01
7 0.0000580 293 5.28 1800 50.41
10 0.000137 298 5.40 1900 53.85
15 0.000567 300 5.44 2000 57.33
20 0.00196 400 7.83 2200 64.41
25 0.00553 500 10.35 2400 71.63
30 0.0133 600 13.00 2600 79.00
40 0.0543 700 15.76 2800 86.51
50 0.141 800 18.61 3000 94.18
60 0.266 900 21.53 3200 102.00
70 0.422 1000 24.51 3400 110.00
80 0.606 1100 27.57 3600 118.30
90 0.809 1200 30.68 3660 120.80
100 1.020 1300 33.84
150 2.088 1400 37.06

A.2. Flank Detection Algorithm

In order to reliable detect the known pattern, multiple methods of pattern recognition have been tried

out and the following algorithm finally delivered satisfactory results. The recording is analysed from the

back to the front, where the idea is here, that the pattern is best recognisable by its biggest signal peak

in the sequence. In the case of the VCA characterisation, the biggest signal is the last signal. Later this

detection algorithm was also used for the in-situ calibration, where a backwards evaluation would not

necessarily be required anymore, as the peak signal is now in the middle of the pattern, but the code

was instead kept to evaluate backwards just with a different starting position near the maximum value

in the recording. The key identifier that was selected is the so called peak-to-peak value of a window of a

given time frame that is shifted over the data to create the peak-to-peak value signal. The width of the

window, hence the time section was chosen to be 2 times the natural period of the signal. The natural

period was derived by multiplying the sample frequency with the natural frequency of the balance. The

natural frequency was was determined via the main magnitude in the frequency domain between 0.5 Hz

and 1.5 Hz, that was computed via an FFT. This peak-to-peak value from the shifted window is very

steadily increasing before the flank is reached, which represents the slow dampening of the oscillation.
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When the flank in the distance measurement is reached, the peak-to-peak value will experience a local

maximum that drops as soon the window does not cover the full flank anymore. Through this window

evaluation, the hardly detectable flank in the oscillating distance measurement has been converted into a

steady but narrow bell curved characteristic. After this local maximum is crossed and the peak-to-peak

value falls under 80 % of again, this window evaluation is stopped and the center of the flank can now

be found by the bell curve alone. On this bell shaped cure, the center of the peak is identified by taking

the center value of the steep gradients. This is evaluated at 80 % of the maximum value before and after

the maximum, where then, the middle point in time aligns perfectly with the center point of the flank in

the original distance measurements.

A.3. Heat Capacity Ratio Map of Argon

Figure A.1.: The heat capacity ratio γ of the gas phase of argon depending on temperature and pressure
(obtained through CoolProp, with missing information below the triple point temperature)
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A.4. VCA Characterisation Data

Table A.2.: Result data table of the VCA Characterisation

IV CA (mA) Measured Mass (g) Corrected
Mass (g)

FV CA (mN)

Current
Measured

Mass reading
before

current applied

Mass reading
while

current applied

Change
in Mass

VCA Force

0.100001 0.0254 0.0317 0.0063 0.0618

0.50000 0.0254 0.0538 0.0284 0.2785

0.99998 0.0254 0.0814 0.0560 0.5492

2.5000 0.0255 0.1641 0.1386 1.3592

5.0000 0.0262 0.3018 0.2756 2.7027

7.4999 0.0263 0.4395 0.4132 4.0521

9.9999 0.0263 0.5773 0.5510 5.4035

25.000 0.0263 1.4038 1.3775 13.5087

50.001 0.0263 2.7812 2.7549 27.0163

75.001 0.0263 4.1583 4.1320 40.5211

99.998 0.0263 5.5351 5.5088 54.0229

125.02 0.0263 6.9144 6.8881 67.5492

150.00 0.0263 8.2901 8.2638 81.0402

174.97 0.0264 9.6656 9.6392 94.5283

199.98 0.0263 11.0427 11.0164 108.0340

224.99 0.0264 12.4195 12.3931 121.5348

250.02 0.0264 13.7972 13.7708 135.0454

275.01 0.0263 15.1724 15.1461 148.5325

299.98 0.0263 16.5470 16.5207 162.0127

349.99 0.0264 19.2985 19.2721 188.9947

400.02 0.0264 22.0478 22.0214 215.9562

450.00 0.0263 24.7964 24.7701 242.9117

500.03 0.0264 27.5467 27.5203 269.8819

600.02 0.0263 33.0423 33.0160 323.7764

800.02 0.0263 44.0224 43.9961 431.4544

1000.00 0.0264 54.9902 54.9638 539.0107
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A.5. Cross Calibration Data

Table A.3.: Result data table of the auto cross calibration

I (mA) Laser Distance D (mm)

Applied
Current

Reference
Zero

Reference
Enabled

Displacement

0.1 5.6009 5.6008 0.000075577

0.5 5.6009 5.6003 0.000641792

1.0 5.6009 5.5998 0.001130020

2.5 5.6011 5.5980 0.003096597

5.0 5.6011 5.5948 0.006246860

7.5 5.6009 5.5916 0.009363764

10.0 5.6010 5.5884 0.012585122

25.0 5.6008 5.5698 0.031070145

50.0 5.6007 5.5386 0.062064762

75.0 5.6004 5.5078 0.092640550

100.0 5.6003 5.4771 0.123277623

125.0 5.6001 5.4465 0.153613602

150.0 5.6001 5.4159 0.184183346

175.0 5.6001 5.3856 0.214450287

200.0 5.6000 5.3552 0.244800255

225.0 5.5998 5.3251 0.274689972

250.0 5.5997 5.2949 0.304760762

275.0 5.5996 5.2653 0.334270352

300.0 5.5993 5.2356 0.363698844

350.0 5.5990 5.1772 0.421814568
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A.6. EPL Noise Characterisation

Figure A.2.: Noise spectral density (NDS) on structures with no thrust applied of a previous test
(published by Bosch Borras [7]) in the vacuum facility GALILEO on the uNTB

Figure A.3.: Noise spectral density (NDS) with thrust applied of a previous test (published by Bosch
Borras [7]) in the vacuum facility GALILEO on the uNTB
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