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Abstract

The Air-Breathing Electric Propulsion (ABEP) is a novel propulsion system com-
posed of a passive intake that collects the atmospheric gas and feeds an electric
thruster. This new concept could potentially compensate for the drag force experi-
enced by spacecraft flying in Very Low Earth Orbit(VLEO).

The objective of this thesis is to design a test procedure within a high vacuum in-
stallation with the aim of providing the transmissivity to a fast flux of particles. This
parameter is of paramount importance to the evaluation of the intake performance.

First, the pressure evolution within the two chambers of the installation is sim-
ulated based on a 0-D model implemented in MATLAB. The model is based on
kinetic theory and determines an expression for all the flows circulating in the vac-
uum facility. It allows defining the various factors impacting the facility operation
and the relevant intake perfomance parameters.

Then, a series of tests is proposed. These are required to determine all facility
operational parameters which are not measurable directly or within a single test.
Two assumptions are considered to determine the intake performance. We will show
that one can provide slightly more precise measurements than the other

Finally, an analysis of the error propagation is realized to estimate the uncer-
tainty of the test results. The large uncertainties associated with some of the tests
increase the uncertainty associated to the fast flux transmissivity estimative. This
uncertainty depends not only on the analytical reasoning chosen but also on the
configuration. The developed 0-D model and uncertainty propagation will be used
in the future to assist in the configuration definition of the VKI low density facility.
Moreover, the 0-D model will be valuable to retrieve the relevant transmissivities
from interpretation of each chamber pressure.
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A.1 Case 1: Āintake ≥ A1 . . . . . . . . . . . . . . . . . . . . . . . . . . . 80
A.2 Case 2: A1 > Āintake ≥ A2 . . . . . . . . . . . . . . . . . . . . . . . . 81
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Chapter 1

Introduction

Today, many observation and telecommunication satellites are placed in Low Earth
Orbit (LEO). This type of orbit is generally located between 300 and 2000 km
altitude. However, some missions requiring very high precision measurements must
place their satellites at lower altitudes. It is the case of the “Gravity field and
steady-state Ocean Circulation Explorer” (GOCE) spacecraft launched in 2009 by
the European Space Agency (ESA). The objective of this mission was to collect data
from the gravitational fields of the Earth and the upper layer of the atmosphere
with significantly higher accuracy with respect to its predecessors. Consequently,
the satellite orbited at an average altitude of 250 km and could descend at 224 km
altitude. Orbits with an altitude below 300 km are defined as Very Low Earth Orbits
(VLEO).

1.1 Motivation and RAM-EP concept

1.1.1 Motivation

As proved by the GOCE mission, there are many advantages to operating in VLEO.
As exposed in [1], some of these advantages are:

• The optical equipment of the satellite obtains better ground resolution.

• The radiometric performances are also improved.

• The satellite needs less propellant to reach its orbit.

• No end-of-life maneuver is required.

• There is less risk of collision with space debris.

However, the satellites are more exposed to atmospheric drag and must com-
pensate for it using propulsion. In the case of the GOCE mission, its lifespan was
limited by the quantity of propellant (xenon) on board. Therefore, this mission
had a short lifespan (two years) compared to other missions with more conven-
tional orbits. Recently, a concept called RAM-Electric Propulsion (RAM-EP) or
Air-Breathing Electric Propulsion (ABEP) has emerged in an attempt to solve this
problem. This means of propulsion generates thrust by collecting atmospheric par-
ticles as propellant.
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1.2. VKI FACILITY

1.1.2 RAM-EP concept

ABEP systems development is, currently, a topic of intensive research. ESA’s RAM-
EP, designed and developed by SITAEL in Italy, was first tested in a laboratory in
May 2017.

Figure 1.1: The RAM-EP system concept by SITAEL, Italy

As depicted in Figure 1.1, the system consists of three parts (see [18] and [2]).
First, a passive air inlet collects atmospheric gas. Next, it is thermalized by the
collector. Finally, the gas enters in a two-stage Hall effect thruster. The first stage
is the ionization stage and allows the gas particles to be ionized. The second stage
is the particle acceleration stage that provides thrust to the spacecraft. An ABEP
could potentially extend the lifetime of satellites in LEO and VLEO up to 10 years
or theoretically even more. The optimal altitude for an Earth-orbiting ABEP is
between 120 - 250 km.

1.2 VKI facility

A facility will be built at Von Karman Institute (VKI) for the ground testing of
RAM-EP systems. Its purpose is to determine the intake performance of such sys-
tems. The tests carried out within this installation must meet three conditions.

First, the pressure in the installation containing the intake must be very low.
This condition aims to obtain a medium resembling the atmospheric medium as
much as possible. To decrease the pressure inside a chamber, the installation vac-
cuum chambers are connected to a particular pumping system. It allows it to reach
pressures of the order of 10−8 mbar.

Then, a flow similar to the atmospheric flow must be able to reach the intake.
Atmospheric flow is not simple gas and is different for different orbital altitudes.
It is a very fast ionized gas or plasma, composed of neutral particles and a small
fraction of charged particles (ions and electrons). To replicate such flow on ground,
it is required to use a Particle Flow Generator (PFG).

Finally, the flow characteristics of each intake side must be measured indepen-
dently. The intake is therefore placed at the level of a duct connecting two vacuum
chambers.

The VKI installation is represented in Figure 1.2. Its structure makes it possible
to respect the three conditions mentioned above. It comprises two vacuum chambers,
each associated with a pumping system. The PFG is located in the main chamber.
It is aligned with the chamber connection and sends a particle flow directed towards
the intake entrance.

2



1.3. OBJECTIVES

Figure 1.2: VKI facility is composed of two vacuum chambers and two turbopumps.
The PFG is placed in the main chamber and an ABEP system is comprised in a
duct linking both chambers.

The different installation systems are dealt with in more depth in Chapter 3.

1.3 Objectives

By considering the configuration described previously, the objective of this study is
to determine if it is possible to devise a series of tests to determine the performance
of the intake placed between the two chambers. The investigation analyzes first
the evolution of each chamber pressure through a simple 0-D model. The relevant
parameters that influence the facility operation are established and estimates of
the steady-state pressure for a given configuration are computed. A series of tests is
then proposed to estimate the parameters characterizing the intake. Finally, an error
propagation analysis analyzes the accuracy of the results based on the measurements
realized in the installation.

1.4 Outline

The thesis is structured as follows:

• Chapter 2 introduces the fundamental concepts of rarefied gases. These con-
cepts will be used for the model development of Chapter 4.

• Chapter 3 describes in detail the theory of vacuum facilities and some of
their equipment namely the pumping system and the Particle Flow Gener-
ator (PFG).

• In Chapter 4, the installation is analyzed by a 0-D model. Within this model
the transmission probability of the intake is defined.

• Chapter 5 presents a series of tests that can be carried out within the instal-
lation to determine the value of this transmission probability.

3



1.4. OUTLINE

• Chapter 6 performs an error propagation analysis. This study studies the level
of reliability of the tests carried out as well as the results obtained.

• Finally, Chapter 7 concludes the thesis work and proposes some possible future
developments.

4



Chapter 2

Physical models for rarefied gases

This chapter provides the fundamental theory required to define a rarefied gas. Some
expression based on the Boltzmann equation are derived in this chapter. They will
be used for the installation model.

2.1 Dilute gas

Depending on the scale used, a gas can be represented in two ways. On a macro-
scopic scale, a gas is a continuous medium. It is defined by a set of macroscopic
properties, such as pressure, temperature, speed, etc. On a microscopic scale, a gas
corresponds to a large number of small molecules or particles. Each is characterized
by a position, a velocity, a size, a mass, and an internal state. For simplicity reasons,
the discussion in this section studies a gas composed of a single chemical species.
The particles are therefore identical.

The number density n is the number of molecules in a given volume of gas divided
by that volume. It allows to determine the average volume available per molecule,
1
n
, and the mean molecular spacing

δ = n−
1
3 . (2.1)

A simplified model analyzing the particle collision is the Hard-Sphere (HS)
model. This model considers that each particle corresponds to a hard-sphere of
diameter d. When at least two of these spheres approach at a distance equal to d,
they collide. Collisions are considered purely elastic.

Although this model is a little too simplistic to explain the interactions between
particles, it allows obtaining a simple expression of a useful parameter for the study
of rarefied gas. The mean distance traveled by molecules between two collisions,
also called the mean free path λ. It is possible to show that the mean free path for
a simple gas at equilibrium is

λ =
1√

2nπd2
.

In reality, each molecule includes electrons and nuclei. These charged compo-
nents are the interaction force sources between particles. So even if the molecules
do not touch each other, they can be influenced by one another. To take this aspect
into account, a more realistic interaction potential like the Lennard-Jones poten-
tial is needed. According to this model, the interaction force between particles is

5



2.1. DILUTE GAS

Figure 2.1: Collision in the Hard-Sphere model

isotropic and depends only on the distance between them. Its amplitude is rep-
resented by Figure 2.2. It appears that this force tends towards zero when the
inter-particle distance tends towards infinity. As the particles get closer, it becomes
slightly attractive. But when the particles get too close, the force suddenly becomes
repulsive.

Figure 2.2: Electrostatic interaction force between molecules as a function of the
distance between them

Thanks to all these aspects, it is now possible to define a dilute gas. Equation
2.1 shows that the lower the density, the larger the space between molecules. The

proportion of the gas volume actually containing a particle is of the order of
(
d
δ

)3
.

For the same type of particle (same diameter d), the lower the density, the lower
this volume proportion. Thus, when the density is very low, the volume proportion
occupied by a particle is also small and implies

δ � d.

This condition defines a criteria to considering a gas dilute. The inter-particle
distance is so large compared to their dimension that each particle is beyond the

6



2.2. MOLECULAR MODELS

reach of the influence of others. When a collision occurs, it is almost always binary.
Interactions involving more than two particles are highly unlikely in this situation.

2.2 Molecular models

Two different gas descriptions were given in the previous Section. Depending on
the chosen representation, the different models are applied. When the gas is a con-
tinuum medium (macroscopic scale), it follows the Navier Stokes(NS) equations.
When the gas is a particle set (microscopic point of view), the mathematical model
is based on the Boltzmann equation. These two models are complementary because
the NS equations are simpler but not always applicable. The properties used at
the macroscopic scale (pressure, temperature, etc.) are comparable to the average
values of the particle quantities. As long as the number of particles per unit volume
is sufficient, collisions are very numerous, and the mean free path is very low. The
molecules almost constantly exchange their energy with each other and guarantee
uniform properties within the gas. When the density decreases strongly, these col-
lisions become very rare, and the mean free path increases. The properties are no
longer uniform. When their gradients are of the same order of magnitude as the
mean free path, the equations of NS are no longer applicable.

To express this more precisely, the Knudsen number Kn is introduced. This
parameter corresponds to the degree of rarefaction of the gas and is given by

Kn =
λ

L
, (2.2)

with L the scale length of the macroscopic gradients. When Kn > 0.1, the error in
NS results becomes significant.

Another limit can be defined. The macroscopic properties of the continuous
model are associated with a “point”. This “point” corresponds to a set of N particles
contained in an elementary volume V which includes the “point”. The particle
number in each volume varies around an average value nV . It is possible to prove
that the standard deviation of the fluctuation is given by 1√

nV
(see [3]). Thanks to

relation 2.1, this deviation can be written 1√
V/δ3

with δ the average distance between

the particles. So the fluctuations are negligible and the macroscopic quantities have
a meaning, if

V
1
3 � δ, (2.3)

with V 1/3 the typical dimension of an elementary volume. The macroscopic prop-
erties are based on the molecules of the element. They depend on the elementary
volume size. For a three-dimensional system, V 1/3 is less than L. And the condition
2.3 is equivalent saying that the statistical fluctuations are negligible, if L� δ.

All the concepts seen previously are summarized on the graph 2.3. This graph
shows clearly the limits of validity of the approximation of the dilute gas and the
different gas modelling approaches. The gas density is normalized by the standard
condition density ρ0.

The diluted gas assumption requires that δ
d
� 1, the author of the document

[3] selected the limit δ
d

= 7. This line is purely vertical because δ and d are in-
dependent of L. The continuous model is considered valid as long as the Navier
Stokes equations are applicable. When Kn = 0.1, the molecular model substitutes

7
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Figure 2.3: Limits of the different mathematical models from [3]

for the continuous model. Finally, the macroscopic properties are subject to statis-
tical fluctuations. These become consequent when L

δ
≤ 100. This criterion states

that for the fluctuations to be negligible, L must be greater than the dimension of
ten elementary volumes, each possessing 1000 molecules.

In the case of the VKI installation, the nominal pressure is approximately 10−5

mbar, and the characteristic length scale L is 1 m. The red point on the graph
represents these conditions. It shows that the microscopic approach must be used,
but the statistical variations being negligible. The medium can be defined by a
series of macroscopic variables.

2.3 Kinetic theory

The molecular model describes a diluted gas by using kinetic theory. This theory
characterizes each particle by a position, a velocity, and an internal state. A gas is
fully defined, only when all the particle parameters for each time step are known.
The number of particle in a real gas is so large that this approach is impossible to
implement. Instead, probability distributions are used.

2.3.1 The distribution function

The macroscopic flow properties depend on the characteristics of the particles. A
typical molecule has a position r = (x, y, z) and a velocity c = (u, v, w). The x, y,
and z components define a physical space. An elementary volume is given by the

8



2.3. KINETIC THEORY

product dxdydz written d3r. A particle belongs to such a volume, if its position
components are between [x;x+ dx], [y; y + dy] and [z; z + dz].
Likewise, u, v, and w define a velocity space. In this space, a particle can also
be represented by a point. Its location depends on the value of its velocity vector.
An elementary volume in this coordinate system is given by dudvdw, also written
d3c. A particle belonging to this volume has velocity components in the intervals
[u;u+ du], [v; v + dv] and [w;w + dw].

These two spaces can be combined to form the six-dimensional phase space. An
elementary volume in this space is d3rd3c. Knowing this, the velocity distribution
function in phase space f(r, c, t) is given by

dN(r, c, t) = f(r, c, t)d3rd3c, (2.4)

with dN the particle number in the elementary space d3rd3c = dxdydz×dudvdw in
the neighbourhood of the position r, with velocity around c. The particles therefore
have position components included in [x;x+dx], [y; y+dy] and [z; z+dz] and speed
components in [u;u+ du], [v; v + dv] and [w;w + dw].

Given the definition of the distribution function, it is possible to calculate the
macroscopic properties by integrating over the velocity coordinates. The first of
these is the number density n(r, t). In the phase space, it corresponds to the number
of particle in the elementary volume dr at the instant t. It is independent of the
velocity. It is related to the distribution function by the relation

n(r, t) =

∫ ∞
−∞

∫ ∞
−∞

∫ ∞
−∞

f(r, c, t)d3c. (2.5)

As the macroscopic quantities 〈Ω〉 corresponds to the average value of the molec-
ular properties. They are linked to the molecular quantity Ω by

〈Ω(r, t)〉 =

∫∞
−∞

∫∞
−∞

∫∞
−∞Ωf(r, c, t)d3c∫∞

−∞

∫∞
−∞

∫∞
−∞ f(r, c, t)d3c

.

As the denominator corresponds to the number density, a more convenient expression
relating the macroscopic property to the distribution function is

〈Ω(r, t)〉 =
1

n(r, t)

∫ ∞
−∞

Ωf(r, c, t)d3c.

The distribution function can also be used to calculate the flux of a macroscopic
property 〈Ω〉. Considering a surface dA immersed in a gas. A particle with a velocity
between c and c + dc crosses this surface between t and t + dt, if and only if its
initial position belongs to the volume adjacent to dA of length cdt. The volume
shown on Fig. 2.4 is given by

dr = c · ndAdt,

with n is the unit vector normal of dA.
The particle number with a velocity between c and c + dc in this volume is

therefore
fdrdc = fc · ndAdtd3c. (2.6)
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n

c
n · cdt

cdt

Figure 2.4: Volume containing the molecules that will cross dA in the time interval
dt

The total flux Φ of the property Ω crossing the surface dA is given by the integral of
this number over all the velocity directions and multiplied by Ω. This flow represents
the quantity of the property Ω transported per unit of time and per unit of area.
The flux is given by

Φ(Ω) =

∫
c·n>0

Ωfc · nd3c. (2.7)

Only the particles for which respect c ·n > 0 are considered. Otherwise the particle
was not initially in the volume and crossed the surface to enter it.

2.3.2 The Boltzmann equation

The time evolution of the distribution function f follows Boltzmann’s equation

∂f

∂t
+ c · ∇rf +

F

m
· ∇cf =

∂f

∂t

∣∣∣∣
coll

,

where m is the particle mass, F is the external force acting on particle, ∇r is the
traditional nabla operator and ∇c is the nabla operator in the velocity space

∇c =

(
x̂
∂

∂u
+ ŷ

∂

∂v
+ ẑ

∂

∂w

)
.

It has the form of a continuity equation, and considers the effect of three phenomena:

• The scattering of molecules into and out of d3rd3c is taken into account by

the term ∂f
∂t

.

• The molecule convection across the face dA which corresponds to the term
c · ∇rf .

• The convection of molecules caused by external force represented by F
m
· ∇cf .

The term ∂f
∂t

∣∣∣
coll

is the collision term. As the gas is assumed rarefied, only binary

collisions are considered.
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2.3.3 The Equilibrium state

At the equilibrium state, molecule interactions do not affect the distribution function
over time, and there is no spatial gradient in the number density. Therefore, the
equilibrium distribution function is the stationary Boltzmann’s equation solution
when no external force acts on the system. If no external forces are present, the
force term is canceled (F = 0). As the particles are uniformly distributed in space,
the spatial derivative of the distribution function cancels (∇rf = 0). Finally, the

solution does not depend on time (∂f
∂t

= 0). The Boltzmann’s equation for the
equilibrium state is therefore

∂f

∂t

∣∣∣∣
coll

= 0. (2.8)

Many authors have proved that the Maxwell-Boltzmann velocity distribution sat-
isfies the equation 2.8 (in [20]). The particle distribution function of the gas at
equilibrium is

f(c) = n
( m

2πkT

) 3
2

exp

(
m|c− v|2

2kT

)
, (2.9)

where k is the Boltzmann constant, v is the bulk velocity of the gas and T the
kinetic temperature. This latter is the temperature linked to the average kinetic
energy by the relation

3

2
nkT =

1

2
nm〈c〉2 =

1

2
m

∫ ∞
−∞

Fc2dc, (2.10)

Where c = |c| is the norm of the velocity vector.
Equations 2.9 and 2.10 allow defining the speed distribution function F (c). Con-

sidering the bulk speed null and integrating 2.9 in all directions for the speed c, the
speed distribution function corresponds to

F (c) = 4πn
( m

2πkT

) 3
2
c2 exp

(
−mc

2

kT

)
.

Figure 2.5 represents the evolution of this function as a function of the norm of the
velocity vector c.

As shown by Figure 2.5, this function makes it possible to distinguish three
particular speeds namely: the most probable speed cmp, the average speed 〈c〉, and
the root mean square speed cq. They are given by

cmp =

√
2kT

m
, (2.11)

〈c〉 =

√
8kT

πm
, (2.12)

cq =
√
〈c〉2 =

√
3kT

m
. (2.13)

These speeds are used to determine the expression of the particle flow through an
immersed surface in gas at equilibrium. With relation 2.7 and knowing that Ω = 1,
the flux is equal to

Φ =

∫ ∞
w=−∞

∫ ∞
v=−∞

∫ ∞
u=0

f(u, v, w)u dudvdw, (2.14)
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Figure 2.5: Normalized distribution function of the absolute values of particle ve-
locity c for the Maxwell-Boltzmann equilibrium distribution function.

where u is the gas speed component in the direction normal to the surface such that
c · n = u. As for the expression 2.7, only particles crossing the surface in the right
direction are considered. The component u is either zero or positive.

The integration of 2.14 provides the expression

Φ =
1

4
n

√
8kT

πm

[
e−S

2
p +
√
πSp(1 + Sp)

]
,

with Sp = u
cmp

the speed ratio of the gas in the direction normal to the surface.

Two extreme cases can be identified. When Sp → 0, the gas has no bulk velocity
component in the x-direction. The flow through the surface is only caused by the
thermal movement of the particles. The thermal flux is equal to

Φ =
1

4
n

√
8kT

πm
=

1

4
n〈c〉. (2.15)

When Sp � 1, the random movement of particles is negligible compared to bulk
speed. The gas velocity vector is nearly perpendicular to the surface. Moreover the
speed ratio is linked to the Mach number Ma (see [11]) by

Sp =

√
γ

2
Ma,

where γ is the ratio of specific heats of the gas. Therefore the flow of this case is
supersonic. Its value is determined by

Φ = nu. (2.16)

12



2.4. CONCLUSION

2.4 Conclusion

This section covers an overview of the diluted gas theory. First, parameters such as
the mean free path λ, the Knudsen number Kn, and the average distance between
the particles δ are introduced. They define criteria to consider a gas dilute and
select the appropriate mathematical model for the installation. Then, based on the
kinetic theory, some expressions essential to the 0-D model detailed in Chapter 4
are obtained. These are the average speed, thermal flux, and speed ratio.
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Chapter 3

VKI vacuum facility

This chapter introduces the basic concepts for understanding the operation of the
VKI installation and each of its components. These are based on the theory discussed
in Chapter 2 and will be used to model the installation. The first section explains
how molecules from the external environment or the facility itself can enter the
vacuum medium and the consequences of such phenomena. The second part deals
with the facility pumping system. Finally, the particle flow generator is discussed
in more depth.

3.1 Contamination

In reality, creating a “vacuum” is a lengthy procedure. The time required to reach
a certain pressure depends on the pumps used and the vessel’s properties. Some
unwanted materials or substances enter the installation and degrade its operation.
These components not only prevent the desired ultimate pressure to be reached, but
also damage the facility. This phenomenon is called contamination. Typical sources
of contamination are:

• residues of the vacuum system such as oil and grease on the surface, screws,
and seals.

• particles generated by the experiments carried out in the chambers,

• contaminants from ambient air.

Among all the molecules present in the ambient air, water is one of the most con-
taminating components. Normal ambient air contains approximately 10 g of water
vapor per m3. Condensed water vapor is therefore found on the entire surface of the
installation. In addition, water molecules are polar, which facilitates their adsorp-
tion. As the installation must be as “clean” as possible, all of its components must
be dry and grease-free. In addition to the adsorption of water, other components
and other phenomena can contaminate the interior of the chamber.

3.1.1 Desorption

Before the pump-down operation begins, the pressure inside the chamber is equal
to the ambient atmospheric pressure. The gas molecules contained in the vessel can
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adhere to the internal surface. They can be absorbed by the surface, i.e. enter the
wall depending on its permeability. But they can also be adsorbed. That means
that they are simply fixed to the surface without migrating towards the interior of
it. When the chamber is emptied using a pump, these particles bound to the walls
are desorbed under the vacuum effect. As the number of particles at the surface
decreases, the desorption rate Qdes from metal surfaces decreases over time. In
general, this reduction is assumed proportional to the time during some duration.
But as the installation runs and vacuum is present for a sufficient period, this rate
becomes negligible and can be considered null.

3.1.2 Diffusion with desorption

When the installation includes polymer components (as seals), these can also impact
the vessel medium even if they are not directly in contact with the interior of the
chamber. Their impact can become significant when the pressure drops below 10−6

mbar. As explained in [19], polymers can dissolve and store gases depending on
their permeability. As with the particles coming from the chamber surface, the gas
molecules stored in the polymer seals desorb and diffuse through the facility walls.
Although the plastic component surfaces are smaller, if the pumps run for a long
enough time, then the plastic desorption can dominate the metal surface desorption.
Indeed the polymer desorption rate Qdiff decreases less slowly than that of the metal
surface. By way of comparison, the metal desorption decreases linearly as a function
of time, while the polymer desorption decreases with

√
t.

Note that after some time, this flow rate also becomes negligible. Therefore,
Qdiff is equal to zero after a while.

3.1.3 Permeation and leaks

When the pressure difference between the ambient environment and the chamber
medium (of the order of 10−8 mbar) becomes sufficiently large, small particles such
as helium can diffuse through the joints and the walls of the installation. This
phenomenon also called permeation, is independent of time and increases pressure
constantly. Its flow rate Qperm varies according to the pressure gradient but also the
thickness and the permeability of the wall.

Finally, if the installation has leaks, i.e. an “opening” in a wall or seal, then
ambient gas can enter the installation. Like permeation, this source of contamination
increases pressure steadily. Its rate Ql depends on the pressure difference between
the chamber and the external environment.

3.1.4 Impact on the pressure

After pump down of a chamber in the case of pump shutdown, the evolution of its
pressure as a function of time is given by curve 3 of Figure 3.1. As shown by this
graph, its increase is the result of two types of contribution. Curve 1 represents the
increase in pressure caused by constant sources of contamination such as permeation
and leaks. Curve 2 represents the pressure evolution caused by phenomena varying
over time as desorption.
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Figure 3.1: Pressure evolution of an isolated vacuum chamber exposed to different
contamination rate from [10]

If a vessel is continuously pumped out at a volume flow rate S, its internal
medium can reach an equilibrium pressure, the ultimate pressure Pu. It corresponds
to the pressure reached when the sum of contamination flux and the flux exiting by
the pump are the same. Its value depends on all the phenomena discussed above
and on the pumping speed. Its expression as a function of time t is

Pu(t) =
Qdes(t) +Qdiff (t) +Qperm +Ql

S
,

where Qdes, Qdiff , Qperm and Ql are expressed in [mbar.L/s], the pumping speed in
[L/s] and the ultimate pressure in [mbar].

For practical reasons, the total leak rate Qleak considering all the contamination
phenomena is defined as

Pu(t) =
Qleak(t)

S
.

If the installation has been operating for long enough, the total leak flux stabilizes
at a constant value. According to this value, it is possible to classify the facility
according to three categories:

• when Qleak < 10−6 mbar.L/s, the system is considered “very tight”,

• when 10−4 > Qleak > 10−6 mbar.L/s, the system is “sufficiently tight”,

• when Qleak > 10−4 mbar.L/s, the system is “leaky”.

3.2 Pumping system

In the field of vacuum technology, there is a wide variety of vacuum pumps. Depend-
ing on the operating principle, they are not all used for the same applications and
the same type of flow. As the installation of the VKI uses a wide pressure interval,
two types of pump are used. This section only presents the types of pump used by
the installation.
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3.2.1 Types of vacuum

As a reminder of Section 2.2, the ratio of the mean free path to the macroscopic
scale length, as flow channel diameter, is the Knudsen number Kn. This number
characterizes the degree of rarefaction and for a given characteristic length assigns it
to a pressure range. When Kn < 0.01, the flow is assumed viscous flow or continuous.
The collisions between gas molecules are frequent. The mean free path of the gas
molecules is significantly shorter than the dimensions of the flow channel. It is the
Low Vacuum.

When 0.01 <Kn < 0.5, the flow is called Knudsen flow. The vacuum associated
with this Knudsen number is the medium vacuum.

Finally, when Kn> 0.5, the flow is molecular. The mean free path is much
greater than the diameter of the flow channel. And the molecular interaction no
longer happens. This situation corresponds to the High or Ultra-high vacuum.

Table 3.1 summarizes the classification of the different types of vacuum.

Vacuum type Low Vacuum Medium Vacuum High/Ultra-High Vacuum
Flow type Viscous flow Knudsen flow Molecular flow

Knudsen number Kn < 0.01 0.01 < Kn < 0.5 Kn> 0.5

Table 3.1: Overview of types of flow regimes.

Figure 3.2 linked them to the pressure.

Figure 3.2: Representation of flow range dependant on pressure and characteristic
length scale.

3.2.2 Rotary vane pump

Rotary vane vacuum pumps are usable for the entire low and medium vacuum ranges.
As described in Figure 3.3, a rotary vane pump is composed of a housing (1), an
eccentrically installed rotor (2), vanes (3) that move radially, the inlet and outlet (4).
The working chamber (5) in the housing is restricted by the stator, rotor, and vanes.
When the rotor rotates, gas enters the suction chamber until a second vane seals
the passage. The gas is then confined in the vane and compressed until the outlet
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valve opens against atmospheric pressure. The oil used by the pump lubricates the
moving parts, fills unoccupied volumes, compresses the space between the blades,
and allows an optimal thermal balance by heat transfer. But the outlet valve must
stay oil-sealed.

Figure 3.3: Operating principle of a rotary vane pump.

The pump used in the installation of the VKI has some additional features. First,
it is fitted with a vacuum safety valve to isolates the pump when the installation
standstill and prevents oil from entering the vacuum chamber. Then, the pump has
two stages to reach lower ultimate pressures. Finally, it can perform a gas ballast
operation. This procedure prevents some components from condensing during the
compression. This condensation is dangerous for the pump operation because it can
contaminate the oil and reduce the pumping performance. Furthermore, if there are
corrosive species, it may damage the structure of the pump. During a gas ballast
operation, gas from outside is injected into the sealed suction chamber. The pressure
increases and the outlet valve opens more rapidly. Therefore, the compressed gas
no longer has time to condense.

This type of pump is used in the installation as a backing pump. It allows
reducing sufficiently the pressure (about 0.1 mbar) in order for the turbomolecular
pumps to start. As shown in the next section, these are able to further decrease the
pressure.

3.2.3 Turbomolecular pump

The principle

The principle of operation of a turbomolecular pump is illustrated in Figure 3.4.
A particle moves according to its random thermal velocity. If this particle collides
a moving orifice or opening, its velocity post-collision is composed of its thermal
velocity and a component in the direction of the motion of the opening. In addition,
if a second orifice faces the first one, then the process repeats. The new velocity
components added to the initial thermal velocity yield a final directional velocity.
If it is large enough, the particle can go according to the desired direction. It is
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Figure 3.4: Principle of the molecular pump

this directional movement that allows pumping of the gas. In reality, the blades
of the turbopump play the role of these ideal moving orifices. This process is only
applicable when the mean free path is at least higher than the distance between the
two moving orifices. In fact, if the pressure is too high, the mean free path may be
small, such that the particle leaving the first orifice loses the new velocity component
by collision with other particles. It never acquires sufficient speed to allow it to be
evacuated from the room. Therefore, this process does not work for a Low Vacuum.
But in a molecular flow, the mean free path becomes much higher than the distance
between the blades. Each blade imposes a new velocity component to the vessel
exit, and the particle releases efficiently. As this process only works for molecular
flow, pumps using this principle are called molecular pumps.

Figure 3.5: Schematic of a turbomolecular pump

A turbopump is a molecular pump composed of rotors similar to turbine rotors.
Their blades rotate between corresponding stator blades as depicted in Figure 3.5.

Pumping speed

The most important parameter of a turbomolecular pump is its pumping speed S.
It corresponds to the mean volumetric flow rate of the gas through the cross-section
of the pump intake, and it is expressed in [L/s]. It depends on the pump entrance
area and the blades’ rotation speed. But it also varies in function of the used gas.
The pumping speed dependence on the type of gas is represented in Figure 3.6. It
appears that for a given pump, the speed decreases as the mass increases.

In a molecular flow corresponding to the High and Ultra-High Vacuum, the
pumping speed is independent of the pressure. It decreases in the Medium Vaccum
and tends to zero in the Low Vacuum. A typical pumping speed evolution following
the intake pressure is shown by Figure 3.7.
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Figure 3.6: Pumping speed S as a function of the relative molecular mass Mr.

Figure 3.7: Pumping speed as a function of the pressure for various gases.

When the chamber pressures reach acceptable values (thanks to the backing
pump), the installation’s turbopumps switch on. As shown in Chapter 4, these will
allow to reach pressures of the order of 10−8 mbar.

3.3 Particle flow generator

The Particle Flow Generator (PFG) used by the VKI facility is provided by the
company ThrustMe and allows simulating the environment in Very Low Earth Orbit.
The device is composed of a plasma source, where neutral gas is split into ions and
electrons, and of a system to accelerate the ions produced. Its operation is similar
to a gridded ion thruster. The principle of this thruster is presented by Figure 3.8.

This propulsion system uses a discharge chamber equipped with an electron gun.
The feed gas is ejected into this cavity and is ionized by the electrons from the gun.
The ions then released pass through two highly electrically charged grids and thus
undergo an acceleration. Note that these same grids confine the electrons within the
cavity. Thus they have a better chance of ionizing a gas molecule. At the output of
the plasma generator, a charged grid set accelerate further the ions to generates the
plume.

According to [25], the PFG it is not equipped with a cathode. An important pa-
rameter to characterize the plasma plume is the mass utilization ηm. It corresponds
to the ratio of the number of ionized particles to the total number of particles emit-
ted by the PFG. This parameter is particularly important as it dictates the ratio of
fast to slow particles leving the PFG exit.
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Figure 3.8: Principle of a gridded ion thruster from [23]

3.4 Conclusion

This chapter introduces the different contamination phenomena induced by the gen-
eration of a vacuum medium. These phenomena involve different sources of particles
entering the installation. And for a given pumping system, they allow the pressure
to stabilize at a certain value: the ultimate pressure.

Secondly, this chapter discusses the basic principle and the specifics of different
equipment in the installation. The pumping system is composed of a backing pump
and two turbopumps. The backing pump is a rotary vane pump and allows the
pressure in the two chambers to reach values of around 0.1 mbar. At this moment,
the turbopumps continue to decrease the pressure of the chambers that allow them
to reach 1×10−8 mbar. Only the turbopumps are considered in the model of Chapter
4. At sufficiently low pressure, they evacuate a constant volumetric flow rate S.

The Particle Flow Generator (PFG) is also covered in this chapter. Its operat-
ing principle is similar to that of a gridded ion thruster. It simulates the flow of
atmospheric gas encountered by the VLEO satellite. The ion proportion contained
in the particle flow corresponds to the mass utilizationηm.
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Chapter 4

Development of the 0-D model

The numerical model used to follow the evolution of the pressure in the installation
is described in this chapter. The first section defines the parameter related to the
performance of the intake which should be determined by the series of tests proposed
in Chapter 5. The second part discusses the assumptions and equations used by the
simulations. Finally, the last part is devoted to analytical verification.

4.1 Transmission probabilities of ducts

As explained in Section 3.2, the mean free path of a High or Ultra-High vacuum is
large compared to the tube size. Collisions between particles are therefore negligible
within the duct. If a particle passes through the tube, it only collides with the walls.
According to [15], the number of particles is always high. And the duct crossing
flow calculation requires a statistical approach.

If a gas particle passes through the entrance plane of the component possibly
making wall collisions, the probability that this particle exits through the exit plane
of the path is the transmission probability τ . By considering Figure 4.1, the particle
flow in [particle/s] exiting through the duct outlet is

Ṅ1,out = τṄin,

with Ṅin the total particle flux in [particle/s] entering the duct. And the particle
flow in [particle/s] returning to the duct inlet is

Ṅ2,out = (1− τ)Ṅin.

Ṅin

Ṅ2,out

Ṅ1,out

L

Figure 4.1: Representation of the fluxes defining the duct transmission probability.
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PFG
ṄPFG
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ṄP1 ṄP2

Ṅ1,slow

Ṅ1,fast

Ṅ2,slow

Ṅ1,leak

Ṅ2,leak

Turbopump 1 Turbopump 2

Figure 4.2: Representation of the VKI’s facility variable used in the model

It is this parameter which will have to be determined following a series of tests in
Chapter 5.

4.2 Analytical model

This section deals with a simple numerical model describing the pressure evolution
for different possible installation configurations.

4.2.1 Descritpion of the model

To simulate the VKI facility operation, the model presented in Figure 4.2 is used.
This system is composed of two chambers, the main chamber on the left and the
secondary chamber on the right. Both turbopumps are connected to a backing pump
(not shown in the figure). This simply provides a sufficient vacuum for the operation
of the turbopumps, and will not be considered in this work. The vessels are linked
together by a duct equipped with a gate valve that can isolate one chamber from
the other. Finally, the Particle Flow Generator (PFG) is placed in the first chamber
perfectly aligned with the duct inlet.

To facilitate the analysis, a hypothesis set is imposed:

• The flow is free molecular everywhere, i.e. particles only collide with walls and
not between themselves.

• All background particles in the main chamber have collided (at least one time)
with the primary chamber wall.

• All background particles in the secondary chamber have collided (at least one
time) with the secondary chamber wall.
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4.2. ANALYTICAL MODEL

• After collision with the facility walls, background particles get a Maxwellian
distribution at the wall temperature, thus the temperature of the gas in the
main chamber Tc1 is considered equal to the temperature of the main chamber’s
wall Tw1. And the temperature of the gas in the secondary chamber Tc2 is
considered equal to the temperature of the secondary chamber’s wall Tw2.

• The total PFG flux is imposed in SCCM (Standard Cubic Centimeters per
Minute) and doesn’t depend on the main chamber conditions. When it is
expressed in [particel/s], it is written ṄPFG.

• The flux extracted by the turbopumps, in [particle/s], only depends on their
adjacent chamber pressure, therefore ṄP1(pc1) and ṄP2(pc2).

• To consider the desorption, diffusion, permeation, and leaks phenomena, the
chambers are subject to constant entering flows of particles Ṅ1,leak and Ṅ2,leak

in [particel/s] or Q1,leak and Q2,leak in [mbar.L/s]. The leak gas is assumed of
the same species as the working gas.

• The perfect gas law p = nkT can be used. With p the pressure, n the number
of particle per volume unit, k the Boltzmann constant and T the temperature.

For clarity, each type of flow is treated separately.

Turbopumps flux Ṅp1 and Ṅp2

The volumetric flow rate that a turbopump can extract depends on the pump geome-
try, operational characteristics, and state of the gas reservoir upstream. A procedure
for the theoretical prediction of this performance can be found in [28]. In this work
the performance curves provided by the manufacturer (4.3a and 4.3b) are used.
They represent the realistic operation of the device.

10
-4

10
-3

10
-2

10
-1

10
0

0

500

1000

1500

2000

2500

3000

3500

(a) Pump capacity of the main chamber
turbo-pump for different gas from [27]
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(b) Pump capacity of the secondary cham-
ber turbo-pump for different gas from [26]

As shown in these figures, the pump speeds also vary with the used gas. Note
that these curves oblige to consider only one gas at a time. For the remainder of
the report, argon is the main gas used.
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4.2. ANALYTICAL MODEL

As seen in Section 3.2, the turbopump pumping speed is independent of the
pressure in the molecular flow range. Below the lowest graph pressures, the curves
become a horizontal straight line, and the turbopump speeds stay constant.

By defining the molar volume of gas , from the perfect gas law (pV = NRT )

Vm =
V

N
=
RT

p
,

where V is the volume in [m3], N is the number of moles, R in [J/(mol.K)] is the
universal ideal gas constant, T the gas temperature in [K] and p the gas pressure in
[Pa].
The turbopumps pumping speed are converted in [particle/s] by the expression

Npi = Si ×
(
Na

Vm,i

)
i = 1 or 2,

where NPi is the turbopump flux of the chamber i in [particle/s], Si is the turbop-
ump flux of the chamber i in [L/s], Vm,i is the gas molar volume in the chamber i
in [L/mole] and Na is the Avogadro constant.

PFG flux ṄPFG

The total PFG flux is imposed in SCCM (Standard Cubic Centimeters per Minute).
This a flow unit gives the volume flux in cubic centimeters per minute in standard
conditions for temperature and pressure. In the case of SCCM flux, these standard
conditions are Tn = 273.15 K and pn = 101325 Pa. By introducing the corresponding
standard gas molar volume Vm,n in [m3/mol]

Vm,n =
RTn
pn

.

The units are used to find an expression of the PFG flux in [particle/s]

SCCM

6× 107

1

Vm,n
Na ≡

[
m3

s

] [
mol

m3

] [
particle

mol

]
≡
[

particle

s

]
.

Therefore, it is given by

ṄPFG =
SCCM

6× 107
× Na

Vm,n
.

Fluxes from the main chamber to the secondary chamber Ṅ1,fast and Ṅ1,slow

There are two flux sources for the flux from chamber one to chamber two: the PFG
and the background gas. The contribution from the PFG can be further split in
two:

• fast and directional particles flux

• an isotropic slow particles flux
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4.2. ANALYTICAL MODEL

The first one is only composed of fast ions able to reach the duct connecting the two
chambers. Among these ions, only a fraction fion reaches the valve. This fraction
depends on the distance between the PFG and the duct inlet diameter dPFG, and
the fast-flux speed ratio Sp defined in the Section 2.3. More details about fion are
available in the next subsection 4.2.2.
Once entered in the valve, not all the ions go to the second chamber. As explained
in section 4.1, the probability that they reach the other side is τ1,fast. Note that the
speed vector being quite aligned along the valve axis, this transmission probability
is relatively high.
The fast flux in [particle/s] is then

Ṅ1,fast = fionηmṄPFGτ1,fast,

with ṄPFG the total PFG flux in [particle/s], ηm the mass utilization defined in Sec-
tion 3.3, τ1,fast the transmission probability of the fast flux towards the secondary
chamber.

The second PFG flux is isotropic, and composed of slow particles. It is assumed
not directional enough to transmit to the second chamber, and it will simply supply
the background gas of the main chamber.

The second flux source is the background gas. It also generates flux going from
the main chamber to the other one. But as its speed ratio is null, it is a thermal flow.
By considering the section 2.3, the flux of a thermalized gas expressed in [particle/s]
through a surface is

Ṅ1,slow =
nc1
4
〈v1〉A1τ1,slow,

where 〈v1〉 is the background particle mean velocity of the first chamber in [m/s],
A1 is the duct area in [m2] and τ1,low is the transmission probability of the slow flux
towards the secondary chamber.
As this flow does not have a speed vector aligned with the valve, τ1,slow is smaller
than τ1,fast. Again thanks to the reasoning of the section 2.3, the mean speed is
equal to

〈v〉 =

√
8kT

πm
,

where m is the mass of one particle in [kg]. And by using the perfet gs law, the slow
flux becomes

Ṅ1,slow =
pc1

4kTc1

√
8kTc1
πm

A1τ1,slow = pc1A1τ1,slow

√
1

2πmkTc1
,

where pc1 is the main chamber pressures in [Pa].
Finally the fluxes from the main chamber to the secondary chamber are given by

Ṅ1,fast = fionṄPFGηmτ1,fast

Ṅ1,slow(pc1) = pc1A1τ1,slow

√
1

2πmkTc1
.
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4.2. ANALYTICAL MODEL

Flux from the secondary chamber to the main chamber Ṅ2,slow

In the secondary chamber, there is no flow generator, but there is a background gas.
As in the main chamber, this gas is also a flux source. It creates a thermal flow
going to the first vessel. The expression of the total flow going to the first chamber
is therefore

Ṅ2,slow(pc2) = pc2A2τ2,slow

√
1

2πmkTc2
,

with τ2,slow the transmission probability of the slow flux towards the main chamber,
pc2 the secondary chamber pressures in [Pa], and A2 the area of the connecting duct
at the second chamber wall level in [m2].

Model equation

To study the pressure evolution of each chamber, the model uses the continuity
equation. It considers the different particle fluxes defined previously. The mass
conservation principle gives for each chambers the relations

ṄPFG + Ṅ2,slow(pc2) + Ṅ1,leak − ṄP1(pc1)− Ṅ1,fast − Ṅ1,slow(pc1) = V1
d

dt
(nc1),

Ṅ1,fast + Ṅ1,slow(pc1) + Ṅ2,leak − ṄP2(pc2)− Ṅ2,slow(pc2) = V2
d

dt
(nc2).

The flux are expressed in [particle/s], the volume chambers V1 and V2 in [m3] and
the chambers number densities nc1 and nc2 in [particle.m−3].
Since the temperatures are assumed constant, manipulation of the perfect gas law
yields

d

dt
(nc1) =

1

kTc1

d

dt
(pc1),

d

dt
(nc2) =

1

kTc2

d

dt
(pc2).

where pc1, and pc2 are the chamber pressures in [Pa].
By inserting these latter in the first two equations, the final system corresponds to
a set of first order differential equations.

d

dt
(pc1) =

kTc1
V1

(
ṄPFG + Ṅ2,slow(pc2) + Ṅ1,leak − ṄP1(pc1)− Ṅ1,fast − Ṅ1,slow(pc1)

)
(4.1)

d

dt
(pc2) =

kTc2
V2

(
Ṅ1,fast + Ṅ1,slow(pc1) + Ṅ2,leak − ṄP2(pc2)− Ṅ2,slow(pc2)

)
4.2.2 Ion fraction reaching the duct inlet

To calculate the fraction of PFG ions that reach the inlet of the valve, two methods
were used: the View factor method and the Test Particle Monte Carlo method
(TPMC).
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Figure 4.4: Scheme of an infinitesimal surface dAi emitting a radiation towards the
infinitesimal surface dAj at a distance r.

View-factor method

The View Factor method is often used to calculate the radiation heat transfer.
But in the case of this study, this method can provide the ion fraction reaching
the valve inlet. It is based on two assumptions. The gas is free molecular, and
the surface collisions are diffuse. This last condition implies that the scattered
particle velocities are distributed according to a Maxwellian distribution at the wall
temperature, independently of incident ones.
The method is to use the view factor Fij. It represents the radiation fraction emitted
from the surface Ai and received by the other surface Aj (as illustrated in Figure
4.4).

According to [17], the general expression of the view factor is

Fij =
1

Ai

∫
Ai

∫
Aj

cos(θi) cos (θj)

πr2
dAidAj,

where r represents the distance between the surfaces centers and the cosines θi and
θj denote the angles between r and the normal vectors of Ai and Aj respectively.

As shown in [22], the particles flux Φij is related to the view factor by the relation

Φij = ΓiFijMij,

with Γi the thermal mass flux through a surface and Mij a parameters considering
the flux alteration caused by the non-zero streaming velocity of the gas. The two
last expression provide the flux relation

Φij = Γi
1

Ai

∫
Ai

∫
Aj

cos(θi) cos(θj)

πr2
MijdAjdAi. (4.2)

In the case of the VKI facility:
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Figure 4.5: Scheme of the infinitesimal PFG surface dAi emitting a radiation towards
the infinitesimal duct entrance surface dAj at a distance r.

• Ai corresponds to the PFG area. As the dimension of the PFG is small com-
pared to the distance separating it from the duct dPFG, this surface is consid-
ered infinitesimal.

• Γi = 1
4
n
√

8kT
πm

is the thermal mass flux through the PFG surface.

• r is the radius of the sphere passing through the edge of the connecting duct
centered at the PFG.

• Aj = πr2 is the sphere portion at the valve entrance area.

• Mij takes into account the alteration of the PFG flux. It depends on the gas
speed ratio Sp and the angle between the velocity vector and the line-of-sight
between surfaces dAi and dAj.

As shown in Figure 4.5, the PFG is aligned with the valve and the the gas velocity
vector is parallel to the normal vector of the PFG surface. It is possible to assume

θi = θ θj = 0 σ = S cos(θ).

And the last term becomes

Mij = e−S
2

[
√
πσeσ

2

(σ2 +
3

2
)(1 + erf(σ)) + σ2 + 1].
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Figure 4.6: Profile view of the duct entrance.

Note that the ion flux can be fast and the resulting distribution anisotropic.

As represented in Figure 4.6, two distances can be used to express the maximum
value of θ.

For practical reasons, the distance between the PFG and the valve center dPFG
is chosen and the integral upper limit is θmax = arctan( R1

dPFG
). As Ṅ1,fast is the fast

ion flux actually entering the second chamber, the fast ion flux at the inlet of the

duct is equal to
Ṅ1,fast

τ1,fast
. By considering the expression 4.2, it is given by

Ṅ1,fast

τ1,fast

= Γi
1

Ai
Ai

∫
Aj

cos(θ).1

πr2
MijdAj

= Γi

∫ 2π

0

∫ θmax

0

cos(θ)

πr2
Mijr

2 sin(θ)dθdϕ

= Γi

∫ 2π

0

∫ θmax

0

cos(θ)

π
Mij sin(θ)dθdϕ

=
Γi
π

2π

∫ θmax

0

cos(θ) sin(θ)Mijdθ

= 2Γi

∫ θmax

0

cos(θ) sin(θ)Mijdθ

Considering that the fast ionised particle flow emit by the PFG is given by

ṄPFG,fast = 2Γi

∫ π
2

0

cos(θ) sin(θ)Mijdθ.

The fraction of fast ionised particle emitted by the PFG which reach the valve
entrance is equal to

fion =
Ṅ1,fast/τ1,fast

ṄPFG,fast

=

∫ θmax
0

cos(θ) sin(θ)Mijdθ∫ π
2

0
cos(θ) sin(θ)Mijdθ

Figure 4.7 shows the evolution of this parameter as a function of the speed ratio
and the PFG-valve inlet distance. It appears that the higher the speed ratio, the
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Figure 4.7: Evolution of the ion fraction in function of PFG-valve distance

higher the ion proportion reaching the inlet of the valve. Conversely, the greater the
distance, the more this fraction decreases.

Test Particle Monte Carlo method

The fraction of particles reaching the connecting duct can also be computed using the
TPMC method. It consists of tracking the trajectories of particles in 3D space, where
each particle is independent of the others. The initial velocities of the particles are
randomly sampled from appropriate distributions, in this case a drifting maxwellian
with appropriate speed ratio. The initial position is randomly generated on the
real PFG emitting surface (contrary to the single point assumption employed for
the view-factor method). Once arrived at the chamber wall, it is possible to test
whether it enters the duct or remains in the main chamber. By repeating this
process many times, the ion fraction can be computed to the desired precision. This
method is also able to determine specify. The fast flux transmission probability.
Indeed, some thermal flow transmission probabilities are easily found from data
present in numerous resources (see [8]). But when the particles have a non-zero
speed at the valve entry as in this case, it becomes tricky to find appropriate data
in literature corresponding to this specific case.

The method can determine this transmission probability. For that, it continues
to follow the particle once it has entered the pipe. To know the side where the
particle leaves, the algorithm can consider different collision models. In the case of
this study, only the Maxwell model is used. This model considers the parameter a
called accommodation coefficient, which corresponds to the diffuse collision rate. It
means that 100×a% of the time the collision is a diffuse collision and 100×(1−a)%
of the time the collision corresponds to a specular collision.

This parameter depends on the surface characteristics and determines the par-
ticle behavior following a surface collision. If the particle experiences a diffuse
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collision, it is re-emitted from the surface with a Maxwellian velocity distribution
corresponding to the wall temperature. If the collision is specular, then the momen-
tum exchange occurs just along the normal direction. The reflected particle leaves
along the specular direction.

Again, a large number of simulations can provide the particle percentage reaching
the other side. In the case of this study, all the simulations consider an accommo-
dation coefficient equal to 1. Therefore all surface collisions are diffuse collisions.

Comparison of both methods

Both methods have advantages and disadvantages.
The first is fast, easily implemented on MATLAB, and provides an accurate value

of the ionic fraction. However, it is required to find another model determining the
transmission probability of the fast stream, as little data is available for this specific
case.

The second provides the fraction of the ions and the transmission probabilities
τ1,fast, τ1,slow, and τ2,slow. As this method needs a lot of simulation, the values are
determined by interpolating a data series calculated by this program. The results
may lose some of their precision although not compromising the validity of the
presented analysis and its qualitative conclusions.

The decisive argument for the choice is the validity of the point source assump-
tion. As shown in Figure 4.8, this difference impacts the ion fraction. The greater
the distance separating the PFG from the valve and the speed ratio, the smaller the
model error of the view factor. In the case of the installation, the distance cannot
exceed the length of the main chamber (0.9 m), and the speed ratio is about 10.
According to the graph, the error of the view factor method can become significant.
Given the availability of the data, the model of this study is therefore based on the
values obtained by the TPMC method.

4.3 Verification of the model

This section is devoted to model checking. First, its results are compared with
exact theoretical values of the steady-state pressures of both chambers. Following
the valve and PFG states, four cases are studied:

• the valve at the duct entrance is closed and the PFG is not fed with gas.

• the valve is closed but the PFG is fed with gas

• the valve is open but the PFG flux is null.

• the valve open and PFG turned on.

Then, the pressure evolution of the model is compared to the theoretical temporal
function. As this step requires solving the differential equation, only the simplest
case (valve and PFG closed) is analyzed.

A nominal configuration is defined in Table 4.1. These different values have
been chosen to remain consistent with reality. But the installation being not yet
complete, they represent the current best estimates.
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Figure 4.8: Evolution of the Relative difference between the View factor method
and TPMC method in function of the PFG-valve distance

PFG

Gas Argon [-]
PFG flux SCCM 3 [SCCM]

Mass utilization ηm 0.05 [-]
Speed ratio Sp 10 [-]

PFG-valve distance dPFG 0.6 [m]

Main chamber

Temperature Tc1 300 [K]
Volume V1 0.2545 [m3]

Leak flux Q1,leak 10−4 [mbar.L/s]
Initial pressure pc1(t = 0) 10 [Pa]

Secondary chamber

Temperature Tc2 300 [K]
Volume V2 0.0177 [m3]

Leak flux Q1,leak 10−4 [mbar.L/s]
Initial pressure pc2(t = 0) 10 [Pa]

Theoretical First turbopump S1 2900 [L/s]
pumping speed Second turbopump S2 2000 [L/s]

Duct

Inlet area A1 0.0079 [m2]
Outlet area A2 0.0011 [m2]

Length L 0.3 [m]
Accommodation coefficient a 1 [-]

Table 4.1: Nominal conditions imposed during the code verification

As explained in Section 4.2, the ion fraction and the transmission probabilities are
determined from the installation parameters. By considering the nominal conditions
listed on 4.1, their nominal values are displayed in Table 4.2.
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Ion proportion reaching the duct fion 0.4230 [-]
Transmission probability τ1,fast 0.2350 [-]
Transmission probability τ1,slow 0.0602 [-]
Transmission probability τ2,slow 0.5154 [-]

Table 4.2: Flux parameters used during the code verification

4.3.1 Steady-state verification

Case 1: PFG off and valve closed

In the case where the PFG and the valve stay closed, the first equation of the system
4.1 becomes

d

dt
(pc1) =

kTc1
V1

(
Ṅ1,leak − ṄP1(pc1)

)
.

At the steady state d
dt

(pc1) = 0, the turbopump flux ṄP1 and the leak flux Ṅ1,leak

respect the relation
ṄP1(pc1) = Ṅ1,leak.

According to [28], the main chamber pressure and the turbopump gas flow are linked
by

Pc1 =
QP1

S1

, (4.3)

with Pc1 the main chamber pressure in [mbar], S1 is the turbopump pumping speed
of the main chamber in [L/s] and QP1 is the turbopump gas flow in [mbar.L/s].
Note pc1 and Pc1 represent the same parameter. But the first one is expressed in [Pa],
whereas the other is in [mbar]. By playing with the units of different parameters

k =
R

Na
≡
[

m3 Pa

particle K

]
≡ 1

10

[
L.mbar

particle K

]
,

it is possible to convert a particle flow into a gas flow in [mbar.L/s]

Q = 10ṄkT ≡
[

particle

s

] [
L.mbar

particle.K

]
[K] ≡

[
mbar.L

s

]
. (4.4)

Finally, Equations 4.3 and 4.4 provide

Pc1 =
10ṄP1kTc1

S1

= 10
Ṅ1,leakkTc1

S1

=
Q1,leak

S1

, (4.5)

where Q1,leak is the leak flux of the main chamber expressed in [mbar.L/s].
Using the data listed in the previous tables, the theoretical value is estimated

at Pc1 = 3.4483× 10−8 mbar. The model providing the very similar value of Pc1 =
3.4483× 10−8 mbar because the relative difference is about 6.98× 10−6%.

Case 2: PFG on and valve closed

When the PFG is turned on and the valve is closed, the first relation of Equations
4.1 is simplified

d

dt
(pc1) =

kTc1
V1

(
ṄPFG + Ṅ1,leak − ṄP1(pc1)

)
.
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At the steady state, the equilibrium pressure is the solution of

ṄP1(pc1) = ṄPFG + Ṅ1,leak.

As previously, equations 4.3 and 4.4 give

Pc1 =
10ṄP1kTc1

S1

=
10(ṄPFG + Ṅ1,leak)kTc1

S1

=
QPFG +Q1,leak

S1

, (4.6)

white QPFG and Q1,leak the PFG flux and the leak flux expressed in [mbar.L/s].

The theoretical pressure is therefore Pc1 = 1.9222× 10−5 mbar. The simulation
provides a pressure of Pc1 = 1.9226 × 10−5 mbar. And the relative error stays
acceptable, because it is equal to 0.024%.

Case 3: PFG off and valve open

In the case where the PFG is turned off and the valve is open, the system 4.1 at the
steady-state becomes

0 = Ṅ2,slow(pc2) + Ṅ1,leak − ṄP1(pc1)− Ṅ1,slow(pc1), (4.7)

0 = Ṅ1,slow(pc1) + Ṅ2,leak − ṄP2(pc2)− Ṅ2,slow(pc2). (4.8)

The sum 4.7 + 4.8 provides

ṄP1(pc1) + ṄP2(pc2) = Ṅ1,leak + Ṅ2,leak. (4.9)

And the subtraction 4.7 - 4.8 gives

ṄP1(pc1)− ṄP2(pc2) = 2Ṅ2,slow(pc2)− 2Ṅ1,slow(pc1) + Ṅ1,leak − Ṅ2,leak. (4.10)

To remind the thermal flow of the chamber i is given by

Ṅi,slow = pciAiτi,slow

√
1

2πmkTci
with i = 1 or 2,

where Ṅi,slow in [particle/s] and pci in [Pa].
By using the relation 4.4, this flux can be expressed in [mbar.L/s]

Qi,slow = 10Ṅi,slowkTci = 10kTci × pciAiτi,slow
√

1

2πmkTci
with i = 1 or 2.

To lighten the notations, ξi is introduced as

Qi,slow = Pciξi with i = 1 or 2, (4.11)

where Pci = pci
100

is the pressure of the chamber i in [mbar].
This new symbol corresponds to the slow flux expression divided by the correspond-
ing chamber pressure in [mbar]. It is equal to

ξi = 10kTci
pci
Pci

Aiτi,slow

√
1

2πmkTci
= 1000Aiτi,slow

√
kTci
2πm

.
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Thus, the equations 4.9 and 4.10 form a system of two equations with two un-
knowns Pc1 and Pc2.

QP1 +QP2 = Q1,leak +Q2,leak,

QP1 −QP2 = 2Q2,slow − 2Q1,slow +Q1,leak −Q2,leak.

Considering 4.3,4.4 and 4.11, it can be replaced by

S1Pc1 + S2Pc2 = Q1,leak +Q2,leak, (4.12)

S1Pc1 − S2Pc2 = 2Pc2ξ2 − 2Pc1ξ1 +Q1,leak −Q2,leak. (4.13)

The first equation of this system provides

Pc1 =
1

S1

(Q1,leak +Q2,leak − S2Pc2).

And the second one becomes

Q1,leak +Q2,leak − S2Pc2 − S2Pc2 = 2Pc2ξ2 −
2ξ1

S1

(Q1,leak +Q2,leak − S2Pc2) +Q1,leak −Q2,leak

2Q2,leak − 2S2Pc2 = 2Pc2ξ2 −
2ξ1

S1

(Q1,leak +Q2,leak − S2Pc2)

Q2,leak +
ξ1

S1

(Q1,leak +Q2,leak) = Pc2ξ2 +
ξ1

S1

S2Pc2 + S2Pc2

Finally, the pressure expressions are

Pc1 =
1

S1

(Q1,leak +Q2,leak − S2Pc2),

Pc2 =
Q2,leak + ξ1

S1
(Q1,leak +Q2,leak)

ξ2 + ξ1
S1
S2 + S2

.

Again the two tables at the beginning of this section allow us to obtain Pc1 =
3.4878×10−8 mbar and Pc2 = 4.9426×10−8 mbar as a theoretical value. The model
obtains the values Pc1 = 3.4878 × 10−8 mbar and Pc2 = 4.9426 × 10−8 mbar. And
the relative errors are 3.6× 10−6% and 4.1× 10−7% for the main chamber and the
secondary chamber respectively.

Case 4: PFG on and valve open

Finally, when the PFG is turned on and the valve is open, the system 4.1 at steady-
state becomes

0 = ṄPFG + Ṅ2,slow(pc2) + Ṅ1,leak − ṄP1(pc1)− Ṅ1,fast − Ṅ1,slow(pc1),

0 = Ṅ1,fast + Ṅ1,slow(pc1) + Ṅ2,leak − ṄP2(pc2)− Ṅ2,slow(pc2).

The sum of these two relations is

ṄP1(pc1) + ṄP2(pc2) = ṄPFG + Ṅ1,leak + Ṅ2,leak.
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And their subtraction is

ṄP1(pc1)− ṄP2(pc2) =ṄPFG + 2Ṅ2,slow(pc2)− 2Ṅ1,slow(pc1)− 2Ṅ1,fast(pc1) + Ṅ1,leak − Ṅ2,leak.

As for the third case, they form a new system allowing to find Pc1 and Pc2. If the
different flux are converted into [mbar.L/s], these equations become

QP1 +QP2 = QPFG +Q1,leak +Q2,leak,

QP1 −QP2 = QPFG + 2Q2,slow − 2Q1,slow − 2Q1,fast +Q1,leak −Q2,leak.

As Ṅ1,fast = fionṄPFGηmτ1,fast, the corresponding gas flow is given by

Q1,fast = fionQPFGηmτ1,fast. (4.14)

By using 4.14, 4.3 and 4.11 in the system, it is replaced by

S1Pc1 + S2Pc2 = QPFG +Q1,leak +Q2,leak,

S1Pc1 − S2Pc2 = QPFG + 2Pc2ξ2 − 2Pc1ξ1 − 2fionQPFGηmτ1,fast +Q1,leak −Q2,leak.

The main chamber pressure is therefore

Pc1 =
1

S1

(QPFG +Q1,leak +Q2,leak − S2Pc2).

And the second chamber pressure Pc2 is solution of

QPFG +Q1,leak +Q2,leak − 2S2Pc2 =QPFG + 2Pc2ξ2 −
2ξ1

S1

(QPFG +Q1,leak +Q2,leak − S2Pc2)

− 2fionQPFGηmτ1,fast +Q1,leak −Q2,leak

By removing terms present at both sides, it becomes

2Q2,leak − 2S2Pc2 = 2Pc2ξ2 −
2ξ1

S1

(QPFG +Q1,leak +Q2,leak − S2Pc2)− 2fionQPFGηmτ1,fast,

Q2,leak − S2Pc2 = Pc2ξ2 −
ξ1

S1

(QPFG +Q1,leak +Q2,leak − S2Pc2)− fionQPFGηmτ1,fast.

The Pc2 is isolated and an expression for both pressure is found

Pc1 =
1

S1

(QPFG +Q1,leak +Q2,leak − S2Pc2),

Pc2 =
Q2,leak + ξ1

S1
(Q1,leak +Q2,leak) +QPFG(fionηmτ1,fast + ξ1

S1
)

ξ2 + ξ1
S1
S2 + S2

.

Therefore, in the most general case, the theoretical steady-state pressure are
Pc1 = 1.8832 × 10−5 mbar and Pc2 = 6.1496 × 10−7 mbar. The model gives the
values Pc1 = 1.8836× 10−5 mbar and Pc2 = 6.1505× 10−7 mbar. Finally the relative
difference are 0.022% and 0.015% .
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4.3.2 Temporal verification

To complete the model verification, it is required to test the temporal evolution of
the pressures. For that, the pressure evolution given by the model is compared to
the curve of the theoretical pressure function. In this section, only the case where
the PFG and the valve remain closed is analyzed.

In this case, the first equation of the system 4.1 becomes

d

dt
(pc1) =

kTc1
V1

(
Ṅ1,leak − ṄP1(pc1)

)
.

Knowing that Ṅ1,leak is constant and ṄP1(pc1) = S1pc1
kTc1

, a first order differential
equation is obtained

V1

kTc1

dpc1
dt

= Ṅ1,leak −
S1pc1
kTc1

. (4.15)

The only unknown is pc1 and its expression is the sum of the homogeneous solution
and a particular solution.

Homogeneous solution

By considering the homogeneous equation

V1

kTc1

dpc1
dt

=
−S1

kTc1
pc1

dpc1
pc1

=
−S1

V1

dt

ln (pc1,h) =
−S1

V1

t+ c

The homogeneous solution is given by

pc1,h(t) = Ce
−S1
V1

t
, (4.16)

where C is an integration constant.

Particular solution

The relation 4.15 allows to impose the particular solution

pc1,p(t) = pc1,p = Ṅ1,leak
kTc1
S1

. (4.17)

Because it satisfies the equation

V1

kTc1

d

dt
(pc1,p)−

S1

kTc1
pc1,p =

V1

kTc1
· 0− S1

kTc1

(
Ṅ1,leak

kTc1
S1

)
= Ṅ1,leak
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Final solution

Thanks to 4.16 and 4.17, the global solution of the equation 4.15 is given by

pc1(t) = pc1,h(t) + pc1,p = Ce
−S1
V1

t
+ Ṅ1,leak

kTc1
S1

.

To find the integration constant C the boundary conditions must be used. The
initial pressure pc1,0 in [Pa] belonging to the nominal conditions, the relation at
t = 0 is

pc1(t = 0) = C + Ṅ1,leak
kTc1
S1

= pc1,0.

And the constant is equals to

C = pc1,0 − Ṅ1,leak
kTc1
S1

.

But as the final pressure corresponds to the equilibrium state pressure of the first
case, the equation at t =∞ is

pc1(t =∞) = C · 0 + Ṅ1,leak
kTc1
S1

= pc1,f ,

with pc1,f the final pressure of the main chamber in [Pa]. The constant can be
written in the form

pc1,f = Ṅ1,leak
kTc1
S1

⇒ C = pc1,0 − pc1,f .

Finally the pressure in function of time can be expressed as

p = (pc1,0 − pc1,f )e−
t
κ + pc1,f ,

where t is the time in [s], κ = V1
S1

is the time constant and S1 the turbopump pumping
speed considered as constant.

The imposition of a constant pumping speed can induce a shift compared to the
model if the initial pressure is not sufficiently low. Indeed the pumping speed is not
constant above a certain pressure and the dependency on this parameter is strong.
On 4.9, the turbopump is turned on when the main chamber pressure is about 0.1
[mbar]. The initial pumping speed of the model is about 803 [L/s] which is much
lower than the final value about 2900 [L/s]. Thus the pressure of the model will
decrease less quickly than the theoretical pressure formula.

But if a smaller initial pressure considered, the pumping speed of the turbopump
remains almost constant. As shown on the figure 4.10, the two pressure evolution
of the model and the theory are very similar.
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Figure 4.9: Comparison of the pressure evolution between the theory and the model
with an initial pressure of 0.1 mbar
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Figure 4.10: Comparison of the pressure evolution between the theory and the model
with an initial pressure of 0.01 mbar

4.4 Conclusion

This chapter describes a 0-D model capable of calculating the change in pressure in
the installation over time. It is based on the theory introduced in Chapters 2 and 3.
Using it, we have obtained a theoretical expression for each particle flow circulating
inside the chambers and determine the parameters influencing these flows. Based
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on the continuity equation, these expressions form system of equations having both
chamber pressures as the only unknowns.

Moreover, the implementation of the 0-D model is verified by comparison with
analytical solutions of four different cases. These include the computation of steady
state pressures of different facility configurations. The agreement between the ana-
lytical and numerical solutions is found to be very satisfactory. Finally, the transient
behavior of the model is verified by comparison with a simplified case with constant
coefficients for which an analytical solution is found. Both solutions agree. The
verification results give us confidence in the correct implementation of the model
and in its application as an analysis tool in the following chapters.
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Chapter 5

Test scenarios

One of the facility’s objectives is to determine the transmissivity of a device placed
between its two chambers. More precisely, it consists of measuring the transmis-
sion probability of particles of the fast flux passing through models of particular
geometries. As it is not possible to directly measure this parameter, it is obtained
through other quantities which are measured through different probes or dedicated
tests. This chapter consists of two sections: the first one deals with the measur-
able parameters and the sensors and probes used to provide them. The following
deals with parameters not measured by probes. For each parameter, this section de-
scribes the corresponding test scenario and provides the analytical reasoning to find
the parameter from the test. Moreover, each part provides the parameter expected
numerical value verifying the scenario and expressions used.

5.1 Measurable parameters and probes

To know the parameters to be determined, it is convenient to start from the pressure
expression at the steady-state. These relations contain all the parameters influencing
the final installation state. In the most general case (which corresponds to the fourth
verification case, Section 4.3), these expressions are

Pc1 =
1

S1

(QPFG +Q1,leak +Q2,leak − S2Pc2),

Pc2 =
Q2,leak + ξ1

S1
(Q1,leak +Q2,leak) +QPFG(fionηmτ1,fast + ξ1

S1
)

ξ2 + ξ1
S1
S2 + S2

,

where ξi is a function of Ai, τi,slow, Tci and m

ξi = 1000Aiτi,slow

√
kTci
2πm

.

The mass utilization ηm and the ion fraction fion reaching the valve inlet are not
easily measured. But there are some probes able to gives the fast particle flux at
the duct inlet: Q1,fast . In this chapter, the following expressions are used instead

Pc1 =
1

S1

(QPFG +Q1,leak +Q2,leak − S2Pc2), (5.1)

Pc2 =
Q2,leak + ξ1

S1
(Q1,leak +Q2,leak +QPFG) + τ1,fastQ1,fast

ξ2 + ξ1
S1
S2 + S2

, (5.2)
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where the product fionηmQPFG is replaced by Q1,fast.
Among all parameters present in 5.1 and 5.2, some quantities are assumed to be

known:

• k the Boltzmann constant [J/K]

• A1 and A2 the duct cross-sections at the main chamber side and at the sec-
ondary chamber side [m2]

• m the mass of one gas particle [kg]

Note that all the dimensions influencing the installation operation are assumed to be
known. The vessel volumes V1 and V2 are therefore also known. All other parameters
must be determined. Among them:

• Pc1 and Pc2 the pressures of both chambers in [mbar]

• S1 and S2 the effective pumping speed of both turbopumps in [L/s]

• QPFG the total PFG flux in [mbar .L/s]

• Q1,leak and Q2,leak the leak flux in both chambers in [mbar.L/s]

• Q1,fast the fast ion flux emitted by the PFG, reaching the duct inlet in [mbar.L/s]

• Tc1 and Tc2 the temperature of both chambers in [K]

As the PFG is equipped with a mass flow controller, the PFG flux (QPFG) is
the only parameter directly provided by a facility device. The remaining quantities
must either be measured by probes or be estimated by different detection methods.
To select a probe or method, various constraints must be considered. There are
the cost of the sensor, the time, the available space, and so on. Ideally a device or
test should be easily adaptable to the installation, not too expensive and provides
sufficiently accurate results.

Temperature measurements

There are two types of probes to measure the temperature of the chamber’s walls, for
which expected range is around room temperature: the Resistance Thermometers
(RTD) and the thermocouples.

According to [12], the former uses a precise sensing resistor, generally made of
platinum. Its use is based on the physical property that a metal resistance changes
with temperature. In practice, an electric current passes through a piece of metal
and allows measuring its resistance. Knowing the resistance characteristics of the
RTD element, the measured resistance provides the temperature.

The second type is the thermocouple. This is composed of two wires of different
metal alloys connected at one end. When the metal junction is heated or cooled, a
voltage difference is produced and which can be converted to a temperature reading.

As explained in [6], thermocouples can withstand a large temperature range and
are less expensive. Resistance Thermometers are more precise, more stable but also
less affordable.

In the VKI facility, the temperature is not supposed to vary greatly. However,
a high uncertainty on the temperature measurements deteriorates the transmission

43



5.1. MEASURABLE PARAMETERS AND PROBES

probabilities estimation. In this analysis, we will consider that the installation is
equipped with two Resistance Thermometers to provide the temperatures Tc1 and
Tc2.

Pressure measurements

The Pfeiffer vacuum company supplies a large part of facility components such as
turbopumps, vacuum chambers, etc. This company was chosen not only for its
deemed reliability for vacuum technology but also because choosing components
from the same manufacturer facilitates assembly. The pressure probes are therefore
also supplied by the company Pfeiffer vacuum.

It supplies four different pressure detector series: the DigiLine serie, the Active-
Line serie, the CenterLine serie, and the ModulLine serie. The choice depends on
different factors such as:

• Pressure range,

• Gas composition,

• Accuracy and repeatability,

• Plasma condition (ionization degree),

• Available space for installation,

• Compatibility with the probe controller,

• Cost,

• Installation complexity.

Considering the installation, each chamber must have a probe to measure Pc1 and
Pc2 respectively. The pressure can range from 0.1 mbar down to 10−9 mbar, they
must cover this entire range. As the turbopump controllers are sourced by Pfeiffer,
an adaptable model for other manufacturer controllers is not required. Therefore,
a PKR pressure probe of the ActiveLine is chosen( see [29]). Its uncertainty has a
component associated to the reading and one associated to the full scale value.

Fast flux measurements

There are different probes capable of measuring the flux of fast particles impinging
on their surface, but two of them stand out. These probes are affordable, easily
adaptable to the installation, and provide good results. These are the Faraday
Probe and the RPA (Retarding Potential Analyzer) probe.

In its most simple configuration, the Faraday Probe consists of a conductive sur-
face immersed in an ion beam as depicted in Figure 5.1. The colliding ions capture
electrons from the conductive sensor surface and return to a neutral state. This
interaction generates a probe current which is a good approximation of the ion flux.
However, the electrons contained in the ionic plume can influence the collected cur-
rent as well. As they are collected by the conductive sensor. Therefore, the current
drawn by the collector is not only a consequence of the ion interaction with the
surface but also of the electron-surface. When electrons reach the collector, there
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Figure 5.1: Diagram representing a Faraday probe. A collecting conducting surface
surrounded by a guard ring is attached on a ceramic insulator which prevents ions
going in the opposite direction from touching the probe (from [9])

are more electrons on the sensor, and the net current is diminished. Therefore, the
estimated ion flux may be lower than the real one. The collector surface is therefore
slightly negatively charged to repel electrons.
Another source of error is Charge EXchange (CEX) process. It occurs when a
fast ion exchanges charge with a neutral, creating a slow ion and a fast neutral.
This interaction creates ions in the background gas which are also detected by the
probe. The probe is not able to discern these ions from the fast flux and must
be calibrated. Calibration with regards to CEX effects has been performed in the
literature (see document [7]) by measuring the current ions of four ion beams with
different amounts of CEX ions production. As the exchange of charge is favored at
higher background pressures, it is good practice to measure the ion current of the
plasma at four different background pressures to correctly estimate the CEX effect
on the drawn current. According the authors of the same document, the maximum
background pressure is typically less than 5.0×10−5 Torr-Xe, and one of these pres-
sures must be the lowest achievable facility pressure during thruster operation. To
respect these conditions in the case of argon, the pressure stays in a range between
10−5 and 4× 10−5 mbar.

The more complex RPA probe consists of a collector surface with differently
biased grids in front (see Figure 5.2). As in the previous probe, this detector sup-
presses the electrons’ effect. The first grid is polarised negatively to repel electrons
traveling with an ion beam. Unlike the Faraday probe, it can select the minimum
energy of the detected ions. This is because the second grid is biased to a vary-
ing positive voltage U . Only ions (charge q) with kinetic energy higher than qU ,
pass through the grid and collide with the collecting surface. Finally, the secondary
electron emission from the other grid can also falsify the measurement. Another
negatively biased grid is part of the assembly to suppress the impact of these elec-
trons. This sensor does not only measure the flux, but it measures the ion energy
distribution in the plasma beam. As seen in Chapter 2, knowing the distribution
provides additional information such as: the ion flux, the CEX ion contribution, the
speed ratio, etc. The probe does not need pressure calibration to estimate CEX ef-
fects, but it is more complex and expensive, and it is not easy to find its uncertainty.
Therefore, the installation will initially use a Faraday probe.
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Figure 5.2: Schematic of an RPA probe. Four grids are arranged in front of a
collector plate. The four grids are biased to different potentials in order to repel
electrons and filter incoming ions from the gas plume.

5.2 Measurement procedure

In addition to the measurable parameters, some parameters are determined based
on tests. These are the leakage rates Q1,leak and Q2,leak, pumping speeds S1 and S2,
flux of fast ions reaching the duct Q1,fast, and the transmission probabilities τ1,slow,
τ2,slow, and τ1,fast. This section discusses the scenarios for each of these tests. For
clarity, each test starts from the same initial situation:

• initial pressure of the two chambers is 0.1 mbar

• open valve

• turbopumps operating at their maximum speed

• PFG off

The tests are presented in the order which they should be performed. The 0-D model
developed in Chapter 4 allows to visualize the behavior of the installation during
the tests. It allows assessing the feasibility of the tests and provides the expected
results.

5.2.1 Main chamber leak flux

Measurement test

Two methods can determine the leak rate Q1,leak.
The first method measures the ultimate pressure when only the leak flux and the
turbopump flux are present. The valve between the two chambers is closed. Thanks
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to these measurements and the steady-state pressure relations, it is possible to find
the leak rates.
In reality, this method has two flaws. First, the leakage rate is assumed constant.
As explained in Section 3.1 , this is not always the case. The flow can be consid-
ered constant after a while. This test cannot determine when the leak rate becomes
constant and may provide incorrect results. Then, the pumping speed of the first
turbopump S1 is not yet known. As it depends on the leak rate, it must be deter-
mined after Q1,leak. Therefore, this test requires an estimate of this speed, which
causes some errors in the result.
The second method is the pressure rise test. This method is also easy to set up but
takes more time. For this test, the chamber must have only one incoming flow: the
leak flux. Therefore, the valve is closed, and the turbopump stopped. It is possible
in the case of the VKI facility because each turbopump is independent and can be
stopped by a controller device. Moreover, the installation includes valves down-
stream of each turbopump. They prevent some external components from returning
to the chamber when the turbopump stops. When the leak flux enters the chamber,
the pressure increases. By measuring the pressure increase rate, it is possible to de-
termine the leak rate. This method is a good alternative because it only needs time
and pressure measurements. And the fact of following the pressure evolution during
a time interval makes it possible to determine when this flow becomes constant.
Therefore, the first leak rate is determined through pressure rise test.

We note that a mass spectrometer is the most accurate and widely used equip-
ment for leak detection in an installation. But this equipment being expensive, it
will only be considered if the uncertainties of the leak rate have a significant impact.

Test scenario To determine the leak rate from the main chamber a series of steps
must be followed. Except in cases where the configuration does not allow it, the
installation must reach a steady state before starting the next step. At the beginning
of this test and all the other, the chamber pressure has already reached 0.1 mbar
thanks to the backing pump, the valve is open and the PFG is turned off.

• Step 1: The turbopumps switch on and reduce the chamber pressures.

• Step 2: When the pressures stabilize, the valve between both chambers is
closed.

• Step 3: The turbopump of the first chamber is stopped and its downstream
valve is closed. The main vessel is isolated from the rest of the installation.

• Step 4: The pressure sensor follows the evolution of the main chamber pres-
sure. While the pressure increases is not stable, the leak flow is not constant.

• Step 5: When the pressure slope becomes constant, the stopwatch starts and
provides the required time for the chamber to reach a threshold pressure. As
the chamber has an incoming flux (the leak flow) but no outgoing flux, it
cannot reach a steady-state, and the pressure can only increase.

• Step 6: Finally, the turbopump is on again, and the downstream valve is
open. The main chamber regains its ultimate pressure.
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The evolution of both chamber pressures during this procedure is given by Figure
5.3. Each curve corresponds to the pressure of one chamber. The crosses represent
the intermediate situations between each step. The exact pressure and time values
at these points are given in Table 5.1. Note that the model considers that the leak-
age rate is always constant. The pressure slope is already constant at the instant
(2). Thus the fourth step does not appear. In the simulation, the turbopump is
turned on again when the pressure reaches 1× 10−5 mbar.
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Figure 5.3: Pressures evolution in both chamber during the first test

Situations
Time Main Chamber Secondary Chamber

[s] Pressure [mbar] Pressure [mbar]
(1) 2.6288 3.4879× 10−8 4.9426× 10−8

(2) 3.3586 3.4483× 10−8 5.000× 10−8

(3) 28.7240 1.0002× 10−5 5.000× 10−8

(4) 30.4302 3.4483× 10−8 5.000× 10−8

Table 5.1: Pressures and times of the intermediate situations of the first test

Notice that, if the vertical scale was linear, the pressure would rise line would
have a slope

Q1,leak

V1
. However, in Figure 5.3, the y-scale is logarithmic. The pres-

sure increase follows the logarithmic curve log
(
Pc1,2 +

Q1,leak

V1
t
)

, with Pc1,2 the main

chamber pressure at the situation (2).
Conversely, the turbopump of the second chamber does not stop, and the pressure

Pc2 remains constant.
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Analytical reasoning

According to [10], the pressure rise test method determines the leak rates of the
chamber i by the relation

Qi,leak =
Vi,l∆Pci
∆ti

i = 1 or 2, (5.3)

where Qi,leak is the corresponding leak flux in [mbar.L/s], Vi,l the chamber volume in
[L], ∆Pci is the pressure difference measurements in the chamber in [mbar], and ∆ti
the time in [s] for the vessel to reach the threshold pressure. Knowing the volume
(π × 0.32 × 0.9 = 0.081π m3 = 81π L) and the data in Table 5.1, the leak rate of
the first chamber is given by

Q1,leak =
81π(1.0002× 10−5 − 3.4483× 10−8)

(28.7240− 3.3586)
= 1.00× 10−4mbar.L/s.

This result is exactly equal to the leakage rate imposed as nominal condition. It veri-
fies that the method employed is correct, and that the model recovers the theoretical
result.

5.2.2 Secondary chamber leak flux

Measurement test

For the same reasons as the leak rate Q1,leak, the test determining Q2,leak is also a
pressure rise test. But now it is the second turbopump that must stop to allow the
pressure to increase.

Test scenario The initial situation is the same for all the tests. The chambers
have an initial pressure of 0.1 mbar, the valve is open, and the PFG is off. Before
each new step, a steady state must be reached. The steps to follow are:

• Step 1: The turbopumps switches on and pump the gas into both vessels.

• Step 2: The valve separating the two chambers is closed.

• Step 3: Now, the turbopump of the second chamber is stopped, and the
corresponding downstream valve is also closed.

• Step 4: The pressure sensor follows the secondary chamber pressure evolution.
When its slope becomes constant, the leak rate is constant and the pressure
rise test can start.

• Step 5: A stopwatch measures the time for the chamber pressure to reach a
threshold value.

• Step 6: Finally, the turbopump regains its initial configuration. The chamber
pressure drops to the ultimate pressure.

The evolution of the pressure during this test is described by Figure 5.4. Again,
the model assumes that the leak rate is constant. So the fourth stage of the scenario
does not appear in this graph. The limit pressure is also 1× 10−5 mbar.
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In the nominal conditions in Tables 4.1, both chambers have the same leak rate:
Q1,leak = Q2,leak = 1 × 10−4 mbar.L/s. Since the secondary vessel is much smaller
than the first, the test is much faster. The exact values in time and pressures are
listed in Table 5.2.
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Figure 5.4: Pressures evolution in both chamber during the second test

Situations
Time Main Chamber Secondary Chamber

[s] Pressure [mbar] Pressure [mbar]
(1) 2.6288 3.4879× 10−8 4.946× 10−8

(2) 3.3586 3.4483× 10−8 5.000× 10−8

(3) 5.1229 3.4483× 10−8 1.0034× 10−5

(4) 5.2968 3.4483× 10−8 5.000× 10−8

Table 5.2: Pressures and times of the intermediate situations of the second test

As for the previous test, the ordinate scale is logarithmic, and so is the evolution
of Pc2 is also.

Analytical reasoning

As for Q1,leak, the expression 5.3 gives the leak rate from the measurements made
during the test. The volume of the second vessel is π × 0.152 × 0.25 = 0.0056π m3

= 5.6π L. Based on the data in Table 5.2, the second leak flow is

Q2,leak =
5.6π(1.0034× 10−5 − 5.000× 10−8)

(5.1229− 3.3586)
= 1.00× 10−4mbar.L/s.

Once again, this result verifies the correct implementation of the 0-D model.
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5.2.3 First turbopump pumping speed

Now that the leakage rates are known, it is possible to estimate the pumping speeds
of the turbopumps.

Measurement test

There are two possible scenarios: either the previously determined leak rate is used
to measure the pumping speed, by measuring the ultimate pressure in the chambers,
or a known mass flow rate is injected using the PFG and the resulting steady state
pressure is used to determine the pumping speed.
The leak flux Q1,leak must be known because both cases consider the expressions of
the steady-state chamber pressure.
The leak rate was determined during the first test, while the PFG flow is a mea-
surable quantity. The latter is a much more reliable value than the estimate of the
leak rate. Unlike the first scenario, the second allows considering the two values. Its
estimation is then more precise because it is not only based on a parameter itself
estimated by a test. For this reason, the test scenario determining S1 considers the
second possibility.

Test scenario Again the test begins when the initial pressures are equal to 0.1
mbar, the valve is open, and the PFG flux is null. It is composed of the following
step:

• Step 1: The chambers are emptied by the turbopumps until their ultimate
pressure.

• Step 2: The valve of the duct between both chamber is closed.

• Step 3: A known mass flow rate is injected through the PFG and generates
an additional inflow which increases the pressure of the main vessel. The mass
usage does not matter here because the valve is closed.

• Step 4: At the steady-state, the pressure probe and the PFG provide the
main chamber pressure and the PFG flux.

• Step 5: The PFG stops emitting gas. The main chamber retrieves its ultimate
pressure.

Figure 5.5 presents the pressures evolution during the test and the intermediates
pressures and times are listed in Table 5.3.

Situations
Time Main Chamber Secondary Chamber

[s] Pressure [mbar] Pressure [mbar]
(1) 2.6288 3.4879× 10−8 4.9426× 10−8

(2) 3.3547 3.4483× 10−8 5.000× 10−8

(3) 5.1446 1.9226× 10−5 5.0000× 10−5

(4) 6.9284 3.4483× 10−8 5.000× 10−8

Table 5.3: Pressures and times of the intermediate situations of the third test
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Figure 5.5: Pressures evolution in both chamber during the third test

Note that in the model equations, the turbopump start time is not taken into
account. In reality, it takes several minutes before reaching its maximum speed.
The times displayed in Figure 5.5 and Table 5.3 allow a better understanding of the
tests but do not represent the actual duration of the test.

Analytical reasoning

As a reminder of the model analytical verification (second case of Section 4.3), when
the valve is open and the PFG is turned on, the steady-state pressure of the first
chamber is given by

Pc1 =
QPFG +Q1,leak

S1

.

Therefore, the pumping speed of the first turbopump is

S1 =
QPFG +Q1,leak

Pc1
.

According to Section 4.2, the PFG particle flux is equal to

ṄPFG =
SCCM

6× 107
× Na

Vm,n
,

with SCCM representing the PFG flux expressed in [SCCM] and Vm,n = RTn
pn

=
NakTn
pn

the standard gas molar volume in [m3/mol] also introduced in Section 4.2.

To convert it to flux expressed in [mbar.L/s], the equation 4.4 yields to

QPFG = 10ṄPFGkTc1.
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Knowing that the nominal value of the PFG flux is set at 3 SCCM (see Table
4.1), the gas flow of the PFG is

QPFG = 10
3

6× 107
× Na

Vm,n
kTc1

=
1

2× 106
× Napn
NakTn

kTc1

=
1

2× 106
× pn
Tn
Tc1.

If the probes provide the pressure of the situation (3), the pumping speed provided
by the model is S1 = 2899.3 L/s. As the parameter input to the simulation was
2900 L/s, the relative difference is 0.024 %. These results verify the test used as
well as the values provided by the model.

5.2.4 Second turbopump pumping speed

Measurement test

The pumping speed of the second turbopump should be found with a test analogous
to the first turbopump. As explained previously, the PFG flow must be integrated
into the calculations to increase the precision of the results. Unfortunately, the
different flows at the level of the valve are all unknown. To counter this difficulty,
the turbopump of the first chamber is stopped. Therefore, all the flow entering the
secondary chamber corresponds to the PFG flow.

Test scenario The initial condition remain the same. Before starting a new step,
the system should reach a steady state. The steps of this scenario are:

• Step 1: The turbopumps empty the two chambers. During this step, the duct
valve is already open.

• Step 2: PFG is turned on and its mass utilization is no null.

• Step 3: As in the first test (to determine Q1,leak), the first turbopump is
stopped, and its valve is closed to prevent the particles exiting the main cham-
ber.

• Step 4: At the steady-state, the secondary chamber pressure and the PFG
flux are measured.

• Step 5: The turbopump of the main chamber restarts and its downstream
valve opens.

• Step 6: The PFG stops emitting gas.

As for the previous tests, the model follows the pressure evolution expected
during the experiment. The result corresponds to Figures 5.6 and 5.7. The pressures
of the two chambers at the level of the dotted line are listed in Table 5.4.

As the system takes a long time to reach a state, two graphs are necessary
to represent the different stages distinctly. Note that the mass utilization slightly
influences the convergence times of each step but has no impact on the pumping
speed estimation (see analytical reasoning). The values and the graphs correspond
to the case where ηm is not null.
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Figure 5.6: First part of the pressures evolution in both chamber during the fourth
test
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Figure 5.7: Second part of pressures evolution in both chamber during the fourth
test

Analytical reasoning

To obtain the analytical expression of the pressure Pc2 at the situation (3), it is
required to consider Equations 4.1. At the steady-state (with first turbopump flow
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Situations
Time Main Chamber Secondary Chamber

[s] Pressure [mbar] Pressure [mbar]
(1) 2.6288 3.4879× 10−8 4.9426× 10−8

(2) 4.2545 1.8836× 10−5 6.1505× 10−7

(3) 108.7822 0.0012 2.8021× 10−5

(4) 110.7645 1.8836× 10−5 6.1505× 10−7

(5) 112.3786 3.4879× 10−8 4.9426× 10−8

Table 5.4: Pressures and times of the intermediate situations of the second test

null ṄP1 = 0), they become

0 = ṄPFG + Ṅ2,slow(pc2) + Ṅ1,leak − Ṅ1,fast − Ṅ1,slow(pc1),

0 = Ṅ1,fast + Ṅ1,slow(pc1) + Ṅ2,leak − ṄP2(pc2)− Ṅ2,slow(pc2).

The sum of these two expression gives

ṄP2(pc2) = ṄPFG + Ṅ1,leak + Ṅ2,leak.

As in Section 4.3, the terms can be replaced by the corresponding flux

QP2 = S2Pc2 = QPFG +Q1,leak +Q2,leak.

Therefore, the pumping speed of the secondary chamber is given by:

S2 =
1

Pc2
(QPFG +Q1,leak +Q2,leak) .

By using the values QPFG, Q1,leak and Q2,leak previously computed, the pumping
speed given by the model is S2 = 1992.9 L/s. For clarity, we reinstate that the
theoretical values is 2000 L/s as given in Table 4.1.

The relative deviation is 0.3 %, so this test is satisfactory to determine the
pumping speed of the second turbopump.

5.2.5 Charge exchange ions impact

Faraday probe calibration

This test calibrates the Faraday Probe to identify the CEX ion impact on the fast-
flux N1,fast. The calibration entails measuring the probe current at four background
pressures. There are two ways to vary this pressure. Either the feed gas flux changes
or the pumping speed changes. Indeed the lower the pumping speed, the higher the
background pressure.
For the sake of simplicity, different pumping speeds are used to obtain the four
background pressures. Four constraints have to be respected to ensure efficient
calibration. First, the pressure must stay between 10−5 and 4× 10−5 mbar. One of
these pressure is the lowest achievable pressure when the PFG runs. It corresponds
to the case where the pumping speed is maximum. Then, as ions rebound and
interact with the vessel walls, the valve between both chambers stays open during
the measurements. It prevents errors caused by particles bouncing off the closed
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valve. Finally, the mass utilization must be different from zero to produce CEX
ions in the background gas. Indeed, Charge EXchange ions come from an electron
exchange from a fast ion to a slow neutral. It results in a fast neutral particle and
a slow ion. But, if the mass utilization is null, no ion is produced, and no charge
exchange interaction occurs.

Test scenario At the beginning of this test, the PFG flux is null, the valve is
open, and the two turbopumps operate at their maximum speed. Again the system
must stabilize before starting the next step.

• Step 1: The pressures of both chambers are initially at 0.1 mbar. The tur-
bopumps switch on and decrease these pressures.

• Step 2: To start the calibration, The PFG switches on with a mass utilization
different from zero.

• Step 3, 5, 7, 9: These four steps are similar but provide different results due
to the different pumping speed S1. During these steps, the pumping speed of
the main chamber turbopump decreases, and the equilibrium state changes.

• Step 4, 6, 8, 10: At the steady-state, the Faraday Probe measures the
current, and the pressure sensor provides the main chamber pressure.

• Step 11: At the calibration end, the pumping speed of the first turbopump
retrieves its initial velocity.

• Step 12: The PFG switches off.
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Figure 5.8: Pressures evolution in both chamber during the Faraday Probe Calibra-
tion
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Situations
Time Main Chamber Secondary Chamber

[s] Pressure [mbar] Pressure [mbar]
(1) 2.6288 3.4879× 10−8 4.9426× 10−8

(2) 4.2545 1.8836× 10−5 6.1505× 10−7

(3) 5.8412 2.0895× 10−5 6.6226× 10−7

(4) 7.6305 2.3460× 10−5 7.9637× 10−7

(5) 9.6852 2.6744× 10−5 7.9637× 10−7

(6) 11.2315 1.8836× 10−5 6.1505× 10−7

(7) 128712 3.4879× 10−8 4.9426× 10−8

Table 5.5: Pressures and times of the intermediate situations of the Faraday Probe
Calibration

The evolution of the pressure obtained by the model is presented in Figure 5.8.
The precise values of the different situations indicated in the figure are given in
Table 5.5.

As predicted above, when the pumping speed decreases, the pressure increases.
Note that the four pressures of the situation (2), (3), (4), and (5) are all included
in the regulated interval.

5.2.6 Slow flux transmission probabilities

Using the values obtained in the previous tests, it is now possible to determine the
two transmission probabilities of slow flows. Indeed, when the mass utilization is
zero, that is means that PFG is used as feed of thermalized gas but it is not fired,
only the slow fluxes Ṅ1,slow and Ṅ2,slow are present in the duct. The fast flow terms
do not appear in the steady-state pressure expressions, and it is possible to find the
slow transmissivities values without knowing τ1,fast.

Conversely, when the mass utilization is different from zero, both slow and fast
fluxes are present. The pressures depend on the three transmissivities. Thus, it is
not possible to find τ1,fast without knowing τ1,slow, and τ2,slow.

These two last are determined by one manipulation. This section gives the test
scenario and the analytical reasoning providing probabilities at the same time.

Measurement test

The test consists of measuring the pressures, the PFG flow, and the temperatures
when the system is steady-state, the valve is open, and the PFG emits a gas flow.
Thanks to the analytical expression of the steady-state pressures, it is possible to
determine the slow flux transmissivities. To neglect the unknown fast flux in these
expressions, the mass utilization ηm must remain zero.

Test scenario When the test starts, the valve is already open, but the PFG is
still off. The different steps are:

• Step 1: The chambers are pumped by turbopumps.

• Step 2: The PFG is fed with gas but is not turned on (no production of ions
and zero mass utilization).
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• Step 3: When the two chambers have reached their equilibrium state, the
parameters required for the steady-state equations are measured. Therefore,
the two pressure probes provide the chamber pressure, the PFG gives the
PFG flux, and the resistance thermometers measure the temperature of each
chamber.

• Step 4: The PFG is turned off.
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Figure 5.9: Pressures evolution in both chamber during the sixth test

Situations
Time Main Chamber Secondary Chamber

[s] Pressure [mbar] Pressure [mbar]
(1) 2.6288 3.4879× 10−8 4.9426× 10−8

(2) 4.2558 1.8927× 10−5 4.8264× 10−7

(3) 4.6357 3.4879× 10−8 4.9426× 10−8

Table 5.6: Pressures and times of the intermediate situations of the sixth test

Figure 5.9 makes it possible to follow the evolution of the pressure during the
test. For more precision, the values at the intermediate time instants are in Table
5.6.

Analytical reasoning

Contrary to the other experiments, the model equations are not sufficient to deter-
mined the transmissivities. Considering the steady-state continuity equation of the
most general case

0 = ṄPFG + Ṅ2,slow(pc2) + Ṅ1,leak − ṄP1(pc1)− Ṅ1,fast − Ṅ1,slow(pc1),

0 = Ṅ1,fast + Ṅ1,slow(pc1) + Ṅ2,leak − ṄP2(pc2)− Ṅ2,slow(pc2).
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The fast flux terms disappear thanks to the null mass utilization.

0 = ṄPFG + Ṅ2,slow(pc2) + Ṅ1,leak − ṄP1(pc1)− Ṅ1,slow(pc1),

0 = Ṅ1,slow(pc1) + Ṅ2,leak − ṄP2(pc2)− Ṅ2,slow(pc2).

The particle flows are converted into gas flow. The system becomes

0 = QPFG + Pc21000A2τ2,slow

√
kTc2
2πm

+Q1,leak − S1Pc1 − Pc11000A1τ1,slow

√
kTc1
2πm

,

0 = Pc11000A1τ1,slow

√
kTc1
2πm

+Q2,leak − S2Pc2 − Pc21000A2τ2,slow

√
1kTc2
2πm

. (5.4)

It is possible to proves that this system does not provide a solution. In matrix form
the equations are [

1 −1
−1 1

] [
x
y

]
=

[
QPFG +Q1,leak − S1Pc1

Q2,leak − S2Pc2

]
,

with x = Pc11000A1τ1,slow

√
kTc1
2πm

and y = Pc21000A2τ2,slow

√
1kTc2
2πm

.

As the determinant of the first matrix is null (1.1 − (−1)2 = 0), the system
cannot provides a solution.
From now on, only Equation 5.4 is considered. It takes the form

Pc11000A1τ1,slow

√
kTc1
2πm

− Pc21000A2τ2,slow

√
kTc2
2πm

= S2Pc2 −Q2,leak. (5.5)

From here, it is required to make a simplification to obtain some results. Con-
sidering the case of the VKI’s facility, two different simplifications are possible.

First simplification The first possibility is to consider that the secondary cham-
ber pressure is much lower than the pressure of the first chamber. Consequently,
the slow flux towards the secondary chamber is much higher than the other one.
And the transmission probability τ2,slow is assumed null. This assumption is not
problematic because if Pc1 � Pc2 at the situation (2), the influence of τ2,slow on
τ1,slow becomes negligible. It can be observed by using the relation 5.5 to calculate

∂τ1,slow

∂τ2,slow

∣∣∣∣
τ2,slow=1

=
Pc2A2Tc2
Pc1A1Tc1

.

This observation still valid even when τ2,slow is maximal: τ2,slow = 1. The impact of
this simplification is studied during the fast-flux transmissivity anlysis. If the slow
flow going to the main chamber becomes insignificant, the relation 5.5 becomes

Pc11000A1τ1,slow

√
kTc1
2πm

= S2Pc2 −Q2,leak.

And the probability of transmission of the slow flow directed towards the second
chamber is

τ1,slow =
S2Pc2 −Q2,leak

Pc11000A1

√
2πm

kTc1
.

Using this first method, the model provides τ1,slow = 0.0582. As shown by Table
4.2, the theoretical value is τ1,slow = 0.0602. The relative difference is therefore 3.4%.
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Second simplification The other possible simplification is to assume that the
temperature difference between the two chambers is negligible. This simplification
allows to use the model described in [15]. Thanks to the reasoning described in
Appendix A, this model allows to get the simple relation

A1τ1,slow = A2τ2,slow. (5.6)

Equations 5.5 and 5.6 form therefore a system of two equations with two un-
knowns τ1,slow and τ2,slow. They yield to

τ1,slow =

√
2πm

1000A1

√
k

(
S2Pc2 −Q2,leak

Pc1
√
Tc1 − Pc2

√
Tc2

)
, (5.7)

τ2,slow =
A1

A2

τ1,slow. (5.8)

By using the pressures at (2), the model provides the value τ1,slow = 0.0597 and
τ2,slow = 0.4263. As their theoretical values are τ1,slow = 0.0602 and τ2,slow = 0.5154
(see Table 4.2). Their relative differences are 0.9 % and 17.3 %. This simplification
is therefore more accurate for the estimation of τ1,slow than the first one. The impact
of this assumption on τ1,fast is further discussed studied in the next section.

5.2.7 Fast flux transmission probability

Measurement test

To determine the fast-flux transmission probability, the test is the same as the
previous one. For this test, the mass utilization of the PFG is not zero, and the fast
flow in the duct must be measured by the Faraday Probe.

Test scenario The initial conditions are always the same: Pc1 = Pc2 = 0.1 mbar,
the valve is open and the PFG does not emit gas.

• Step 1: The vessels are pumped down.

• Step 2: The PFG is turned on and its mass utilization is different from zero.

• Step 3: As for the previous test, a set of measurements are realized at the
steady-state. Therefore, the pressure probes give the pressures of both cham-
bers, the thermometers estimate the two temperatures, the PFG displays its
flow, and the Faraday Probe provides the fast ions flux.

• Step 4: The PFG turns off, and the chamber returns to their ultimate pres-
sure.

Figure 5.10 presents the pressure evolution during this last manipulation. Table
5.7 lists the pressure corresponding to the dotted lines of the figure.
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Figure 5.10: Pressures evolution in both chamber during the seventh test

Situations
Time Main Chamber Secondary Chamber

[s] Pressure [mbar] Pressure [mbar]
(1) 2.6288 3.4879× 10−8 4.9426× 10−8

(2) 4.2545 1.8836× 10−5 6.1505× 10−7

(3) 4.6344 3.4879× 10−8 4.9426× 10−8

Table 5.7: Pressures and times of the intermediate situations of the seventh test

Analytical reasoning

The flow equations are sufficient to find the transmission probability of the fast flux.
Converting,

0 = Ṅ1,fast + Ṅ1,slow(pc1) + Ṅ2,leak − ṄP2(pc2)− Ṅ2,slow(pc2),

into,

0 = τ1,fastQ1,fast+Pc11000A1τ1,slow

√
kTc1
2πm

+Q2,leak−S2Pc2−Pc21000A2τ2,slow

√
kTc2
2πm

,

The transmissivity is therefore

τ1,fast =
1

Q1,fast

(
Pc21000A2τ2,slow

√
kTc2
2πm

+ S2Pc2 − Pc11000A1τ1,slow

√
kTc1
2πm

−Q2,leak

)
.

Thanks to the values in Table 5.7, the model can give two value depending
the used assumptions for the slow flux transmissivities. In the case of the first
hypothesis, the model gives τ1,fast = 0.2278. And for the second one, the model
obtain τ1,fast = 0.2331. The theoretical value being τ1,fast = 0.2350, the relative
differences of these results are 3.1 % and 0.82 % respectively. First, these results
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illustrate the procedure to determine the transmission probability of the fast stream
based on a series of tests. Moreover, it shows that the second assumption for τ1,slow

and τ2,slow is also more precise for the estimation of the transmission probability of
the fast flow.

5.3 Conclusion

This chapter presents a series of tests designed to determine the transmission proba-
bility of a particle belonging to the rapid flow at the duct entrance. Only the cham-
ber pressures, temperatures, and ionic flux at the tube inlet are directly measurable
by a pressure probe, RTD and Faraday Probe respectively. The other parameters,
such as the leak fluxes, the pumping speeds, and the transmission probabilities are
calculated based on the model equations.

The designed procedure consists of seven tests. The first two are pressure rise
tests and allow determining the leak rates of each chamber. The following two tests
should determine the pumping speeds, but two scenarios are possible. The first only
considers one estimate of the leakage flows while the other takes into account the
PFG flow. The latter being a more precise value, it makes it possible to obtain
a better estimate of the pumping speed. The PFG, therefore, emits a flow during
the third and fourth tests. The fifth test is the Faraday probe calibration which
measures the fast ion flux at the duct inlet and the charge exchange ion flux.

The sixth test makes it possible to estimate the transmission probability of slow
flows at the duct level. Only for this test, the model equations are not sufficient,
and an additional hypothesis is necessary. Two hypotheses are possible in the case
of installation. The first assumes that the pressure of the secondary chamber is
negligible compared to the pressure of the first chamber. The second is that the
temperature difference between the two chambers is negligible. These two assump-
tions are used to calculate each transmissivity of the three flows of the duct. From
the results provided by the model (see Table 5.8), it would seem that it is the second
hypothesis that provides the best estimate of the fast flux transmission probability.
However, these results are purely theoretical and considers that the probes measure
the exact values. The influence of probe measurement uncertainties in these results
is studied in Chapter 6.
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Chapter 6

Error propagation analysis

Chapter 5 describes the procedure obtaining the fast-flux transmission probability
from a measurement set. In reality, an instrument measurement always has an
error, i.e. a slight difference between the observed value and the true value. These
errors can be random and difficult to estimate. Moreover, if a variable depends
on one or more different measured variables, it will inherit the uncertainty in the
measurements. The analysis of these uncertainties on derived quantities is called an
error propagation analysis. This chapter has two sections. The first explains the
basics of error propagation theory. The second one analyses the error propagation
from the probe measurements to the final result τ1,fast.

6.1 Error analysis theory

This section introduces the basics of the uncertainty theory. It determines the
uncertainty relation of a parameter depending on different measures.

6.1.1 Statistics reminder

As explained in [21], the error is supposed purely statistical, and all the results are
assumed scattered around a mean value. If a diagnostic repeats a measurement N
time, it obtains the set of measurements xi, which has a mean value 〈x〉 given by

〈x〉 =
1

N

∑
i

xi.

However, in the limit of infinite measurement number, they describe a distribution
function. This function indicates the probability to obtain a particular observation in
a single measurement. As the error is purely statistical, the mean of this distribution
function is the correct parameter value. The mean deviation of one measurement
with respect to this mean can be observed. It is called the standard deviation σ and
it corresponds to the root square of the variance σ2, corresponding to

σ2 = lim
N→∞

[
1

N

∑
i

(xi − 〈x〉)2

]
. (6.1)

For a given confidence interval around the mean value: x ∈ (〈x〉 − kσ, 〈x〉 + kσ) is
associated a probability that a measurement falls into the interval. Considering a
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6.1. ERROR ANALYSIS THEORY

Gaussian distribution as in Figure 6.1, this probabilities are roughly 68%, 95%, and
99.7% for k = 1, 2, 3 respectively.

Figure 6.1: A visual representation of the Empirical (68-95-99.7) Rule based on the
normal distribution (from [16])

6.1.2 Error propagation theory

Consider a dependent variable x that is a function of one or more different mea-
sured variables. This part explains the measurement uncertainties propagation to
determine the uncertainty of the variable depending on these measurements.

For that, the quantity x is defined as a function of at least two measured variables,
u and v

x = f(u, v, ...), (6.2)

and its mean is given by
〈x〉 = f(〈u〉, 〈v〉, ...),

where 〈u〉 and 〈v〉 are the mean of the measurement u and v, respectively. An
individual result corresponds to

xi = f(ui, vi, ...) i = 1,..., N.

By considering relation 6.3, the square of the standard deviation or variance is
therefore

σ2
x = lim

N→∞

[
1

N

∑
i

(xi − 〈x〉)2

]
.

The Taylor series provides

xi − 〈x〉 ' (ui − 〈u〉)
(
∂x

∂u

)
+ (vi − 〈v〉)

(
∂x

∂v

)
+ ...
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6.2. ERROR PROPAGATION ANALYSIS

where each partial derivative is evaluated with all the other variable fixed at their
mean values.

Combining the two last relations, the variance σ2
x can be written according to

the variances σ2
u, σ

2
v , etc, as

σ2
x ' lim

N→∞

1

N

∑
i

[
(ui − 〈u〉)

(
∂x

∂u

)
+ (vi − 〈v〉)

(
∂x

∂v

)
+ ...

]2

' lim
N→∞

1

N

∑
i

[
(ui − 〈u〉)2

(
∂x

∂u

)2

+ (vi − 〈v〉)2

(
∂x

∂v

)2

+

2(ui − 〈u〉)(vi − 〈v〉)
(
∂x

∂u

)(
∂x

∂v

)
+ ...

]
. (6.3)

The first two terms correspond to the variances σ2
u and σ2

v given by

σ2
u = lim

N→∞

[
1

N

∑
i

(ui − 〈u〉)2

]
σ2
v = lim

N→∞

[
1

N

∑
i

(vi − 〈v〉)2

]
And the last terms is the covariance corresponding to

σ2
uv ≡ lim

N→∞

[
1

N

∑
i

[(ui − 〈u〉)(vi − 〈v〉)]

]
Substituting in Equation 6.3, the new expression of the variance σ2

x is

σ2
x ' σ2

u

(
∂x

∂u

)2

+ σ2
v

(
∂x

∂v

)2

+ 2σ2
uv

(
∂x

∂u

)(
∂x

∂v

)
+ ...

The fist two terms express how the uncertainties on u and v are propagated to x
through its sensitivity, given by the partial derivative. The last term expresses the
effect of the covariance (σuv) of the meausurements u and v. But as the u and v
fluctuations are assumed to be uncorrelated, their covariance is null. The previous
relation is often reduced to

σ2
x ' σ2

u

(
∂x

∂u

)2

+ σ2
v

(
∂x

∂v

)2

+ ... (6.4)

As it is reasonable to consider all measurements uncorrelated, Equation 6.4 will
be used to estimate the uncertainty.

6.2 Error propagation analysis

In the case of this thesis, the goal is to determine the uncertainty of the transmission
probability τ1,fast obtained from the measurements tests.

As stated in Chapter 5, the different dimensions of the vessel and of the duct
are supposed known. So their uncertainties are assumed to be zero. The other pa-
rameters are unknown and must be measured or calculated based on measurements.
There are two ways to get their uncertainties. Either it is a parameter directly
measured by a probe, and its uncertainty corresponds to the measurement uncer-
tainty. Or it is a parameter determined using a test detailed in Section 5.2 and its
uncertainty is given by Relation 6.4
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6.2. ERROR PROPAGATION ANALYSIS

6.2.1 Measurement uncertainties

The parameters measured by the various instrument of the installation are:

• Pc1 and Pc2 the pressures of both chambers in [mbar].

• QPFG the total PFG flux in [mbar.L/s].

• Q1,fast the fast particle flux at the valve entrance in [mbar.L/s].

• Tc1 and Tc2 the temperature of both chambers in [K].

Their uncertainties correspond to the uncertainties of the probes use provided by
the manufacturers. In the case of pressure probes, they have an uncertainty of
30% (see [29]). Therefore the pressure measurement of the chamber i has an
uncertainty 0.3Pci. According to the documents [5] and [4], the uncertainty of
the PFG flux also depends on the measured value in [SCCM] and is given by
(0.005SCCM + 0.001× full scale). The full scale corresponds to the actual value of
the maximum scale value. In the case of the PFG, it is equals to 400 sccm. The
Faraday Probe uncertainty depends on a lot of factors and is difficult to estimate
a priori. In the case of vacuum chambers simulating the atmospheric conditions, it
is recommended to consider an uncertainty of 5% in far-field plumes measurements
and 10% in near-field plume measurements (see [7]). These measurements types
refer to the distance between the probe and the gas source. In [24], far-field plume
measurements correspond to the case where the probe is located at least 10 times
the dimension of its collecting surface. As this is of the order of 1 mm, the Faraday
probe performs far-field plume measurements in the installation of the VKI. Conse-
quently, the fast-flux uncertainty is assumed to be 5%. The PT100 probes measure
the temperature with an accuracy of 0.01K according to[14].
All these uncertainties respect the standards imposed by ISO 2602: 1980 which stip-
ulates that all these uncertainties have a confidence interval of 95 % (see ISO 2602:
1980 [13]). Therefore they are equal two standard deviations of a measurement.
Table 6.1 summarizes the different uncertainties and standard deviation of these
parameters.

Probe Uncertainty Standard deviation Units
Pressure Probe 0.3Pci 0.15Pci [mbar]

PFG 0.005SCCM + 0.004 1
2
(0.005SCCM + 0.004) [SCCM]

Faraday Probe 0.05Q1,fast 0.025Q1,fast [mbarL/s]
Temperature Probe 0.01 0.005 [K]

Table 6.1: Uncertainty(95% confidence interval) and standard deviation of all Mea-
surement probe used during test procedure

6.2.2 Leak flux uncertainties

During the two first tests, the leak rates are obtained using a Pressure rise test.
From the section 5.2, these tests estimate the fluxes using the expression

Qi,leak =
Vi∆Pci
∆ti

i = 1, 2.
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With Vi the chamber volume, ∆Pci the pressure difference and ∆ti the required time
to reach the pressure threshold in the chamber i.

The volumes are supposed known and their uncertainties null. Expression 6.4
provides the uncertainty on the leak rate

σ2
Qi,leak

= σ2

∆Pci

(
∂Qi,leak

∂∆Pci

)2

+ σ2

∆ti

(
∂Qi,leak

∂∆ti

)2

i = 1, 2. (6.5)

For the time measurements uncertainties, the document [21] shows that if

∆ti = t′i − ti,

its uncertainty, is given by

σ2

∆ti
= σ2

t′i

(
∂∆ti
∂t′i

)2

+ σ2
ti

(
∂∆ti
∂ti

)2

= σ2
t′i

(1)2 + σ2
ti

(−1)2

= σ2
t′i

+ σ2
ti
.

As the two instants ti and t′i are measured by the same probe, their uncertainties
are equal: σti = σt′i . Therefore,

σ2

∆ti
= 2σ2

ti
,

where σti is known. The same reasoning cannot be applied in the case of pressure
probes because the uncertainties depend on the measured value. The pressure probes
present uncertainty of 30% with an confidence interval of 95%. If Pci is the pressure
measured at the instant t and P ′ci the pressure measured at t′, their uncertainties
are given by

σ2
Pci

= (0.15Pci)
2,

σ2
P ′ci

= (0.15P ′ci)
2.

By considering the pressure difference

∆Pci = P ′ci − Pci,

its error is

σ2

∆Pci
= σ2

P ′ci

(
∂∆Pci
∂P ′ci

)2

+ σ2
Pci

(
∂∆Pci
∂Pci

)2

= (0.15P ′ci)
2 (1)2 + (0.15Pci)

2 (−1)2

= (0.15P ′ci)
2 + (0.15Pci)

2

= 0.0225(P ′2ci + P 2
ci).

The partial derivative of the relation 6.5 being(
∂Qi,leak

∂∆Pci

)
=

Vi
∆ti(

∂Qi,leak

∂∆ti

)
=
−Vi∆Pci
(∆ti)2

,
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the leak flux uncertainties are given by

σ2
Qi,leak

= 0.0225(P ′2ci + P 2
ci)

(
Vi
∆ti

)2

+ 2σt
2
i

(
−Vi∆Pci
(∆ti)2

)2

. (6.6)

This relation shows that the uncertainty of the leak flux diminishes with an increase
of the test duration. Thanks to the values presented in Chapter 5, the model provides
σQ1,leak

= 1.5052× 10−8 and σQ2,leak
= 1.5081× 10−8 mbar.L/s.

These values mean that 68% of the results provided by the test in the chamber i
are within the range [Qi,leak − σQi,leak , Qi,leak + σQi,leak ]. As these uncertainties are
very low compared to the leak rates (Qi,leak = 1.00 × 10−4 mbar L/s), these test
are conclusive. All the values of the uncertainties are listed in Table 6.2 in the
conclusion of this chapter.

6.2.3 First pump pumping speed

From Chapter 5, the first pumping speed is found by using

S1 =
Q1,leak +QPFG

Pc1
.

The corresponding uncertainty is therefore

σ2
S1

= σ2
Q1,leak

(
∂S1

∂Q1,leak

)2

+ σ2
QPFG

(
∂S1

∂QPFG

)2

+ σ2
Pc1

(
∂S1

∂Pc1

)2

= σ2
Q1,leak

(
1

Pc1

)2

+ σ2
QPFG

(
1

Pc1

)2

+ 0.0225P 2
c1

(
−(Q1,leak +QPFG)

P 2
c1

)2

=
1

P 2
c1

(
σ2
Q1,leak

+ σ2
QPFG

+ 0.0225(Q1,leak +QPFG)2
)
.

According to this expression, the greater the pressure, the lower the uncertainty. It
is logical because the greater the pressure, the lower the pumping speed. Note that
this expression depends only on parameters already known since Q1,leak and σQ1,leak

were determined during the first test.

The result obtained from the model is σS1 = 478.7520 L/s. The value is very
high because the denominator of the σS1 is the main chamber pressure ( Pc1 =
1.9226 × 10−5 mbar). This calculation proves that the test provides 68 % of its
data in the range [2421.2; 3378.752] L/s. As this range is quite large the selected
test is not optimal for determining the pumping speed initially at S1 = 2900 L/s.
But S1 not being the final result, it is interesting to follow the propagation of this
uncertainty and to estimate its impact on the uncertainty of τ1,fast.

6.2.4 Second pump pumping speed

Considering the condition of the test where the valve is open, the PFG turned on,
and the first turbopump is stopped, the pumping speed is given by (see Section 5.2)

S2 =
1

Pc2
(QPFG +Q1,leak +Q2,leak) .
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And its uncertainty

σ2
S2

= σ2
Q1,leak

(
∂S2

∂Q1,leak

)2

+ σ2
Q2,leak

(
∂S2

∂Q2,leak

)2

+ σ2
QPFG

(
∂S2

∂QPFG

)2

+ σ2
Pc2

(
∂S2

∂Pc2

)2

= σ2
Q1,leak

(
1

Pc2

)2

+ σ2
Q2,leak

(
1

Pc2

)2

+ σ2
QPFG

(
1

Pc2

)2

+

0.0225P 2
c2

(
−(QPFG +Q1,leak +Q2,leak)

P 2
c2

)2

.

As above, the higher the pressure, the lower the uncertainty of the pumping
speed. The result provided by the model is σS2 = 328.9765 L/s. As S2 = 2000 L/s,
68% of the results are comprised in [1671.02; 2328] L/s. This interval is also quite
large. Therefore this test is also not ideal to find the second pumping speed. The
influence of this result is studied in the remainder of the section.

6.2.5 Slow flux transmissivities

As seen in Chapter 5, two hypotheses can be used to find the slow flux transmissiv-
ities. Either, the secondary chamber pressure is assumed much lower than the main
chamber one. The corresponding transmission probabilities are given by Equation
6.7. Or the temperature difference between two chambers is supposed negligible,
and the transmissivities become the relation 6.8.

τ1,slow =

√
2πm

kTc1

S2Pc2 −Q2,leak

Pc11000A1

τ2,slow = 0. (6.7)

τ1,slow =

√
2πm

1000A1

√
k

(
S2Pc2 −Q2,leak

Pc1
√
Tc1 − Pc2

√
Tc2

)
τ2,slow =

A1

A2

τ1,slow. (6.8)

Although the second assumption provides slightly more accurate probabilities
τ1,slow, τ2,slow and τ1,fast, this does not eliminate the other assumption. Indeed, the
goal of this tests set is to determine the most accurate fast-flux transmission prob-
ability τ1,fast possible. The hypothesis to keep is therefore the one that minimizes
the error on the final result and makes it possible to obtain the best estimate of
τ1,fast. In this part, the uncertainties of τ1,slow and τ2,slow for both hypotheses are
calculated. They are used to calculate the two resulting uncertainties of τ1,fast.

First hypothesis

By applying Equation 6.4, the expression the τ1,slow uncertainty is given by

σ2
τ1,slow

=σ2
Tc1

(
∂τ1,slow

∂Tc1

)2

+ σ2
S2

(
∂τ1,slow

∂S2

)2

+ σ2
Pc2

(
∂τ1,slow

∂Pc2

)2

+

σ2
Q2,leak

(
∂τ1,slow

∂Q2,leak

)2

+ σ2
Pc1

(
∂τ1,slow

∂Pc1

)2

.

Thanks to the previous test, all the uncertainties of this expression have already
been determined. The partial derivatives are listed in Appendix B.1.

In the case of τ2,slow, its value is imposed at 0. There is therefore no uncertainty
associated with the measurements.

70



6.2. ERROR PROPAGATION ANALYSIS

Second hypothesis

The same reasoning can be applied with the second expression. This time, the
uncertainty of τ1,slow is

σ2
τ1,slow

=σ2
Tc1

(
∂τ1,slow

∂Tc1

)2

+ σ2
S2

(
∂τ1,slow

∂S2

)2

+ σ2
Pc2

(
∂τ1,slow

∂Pc2

)2

+

σ2
Q2,leak

(
∂τ1,slow

∂Q2,leak

)2

+ σ2
Pc1

(
∂τ1,slow

∂Pc1

)2

+ σ2
Tc2

(
∂τ1,slow

∂Tc2

)2

.

Again the corresponding partial derivatives are listed in Appendix B.1.
For the other transmission uncertainty, the second expression of 6.8 allows to

find

σ2
τ2,slow

= σ2
τ1,slow

(
∂τ2,slow

∂τ1,slow

)2

= σ2
τ1,slow

(
A1

A2

)2

Results

The τ1,slow uncertainties are στ1,slow = 0.0169 and στ1,slow = 0.0176 for the first
and the second case. It would seem that the two assumptions provide very similar
uncertainties. And although the high pumping speed uncertainties, these results
remain acceptable. Their impacts on the uncertainties of τ1,fast are studied in the
next section. On the other hand, the second hypothesis allows to get στ2,slow =
0.1257. This result is greater than στ1,slow because the inlet section A1 is always
larger than the outlet section A2.

6.2.6 Fast flux transmissivity

In the previous Chapter 5, it was shown that

τ1,fast =
1

Q1,fast

(
Pc21000A2τ2,slow

√
kTc2
2πm

+ S2Pc2 − Pc11000A1τ1,slow

√
kTc1
2πm

−Q2,leak

)
.

Expression 6.4 provide the corresponding uncertainty which is

σ2
τ1,fast

=σ2
Q1,fast

(
∂τ1,fast

∂Q1,fast

)2

+ σ2
Pc2

(
∂τ1,fast

∂Pc2

)2

+ σ2
τ2,slow

(
∂τ1,fast

∂τ2,slow

)2

+ σ2
Tc2

(
∂τ1,fast

∂Tc2

)2

+

σ2
S2

(
∂τ1,fast

∂S2

)2

+ σ2
Pc1

(
∂τ1,fast

∂Pc1

)2

+ σ2
τ1,slow

(
∂τ1,fast

∂τ1,slow

)2

+

σ2
Tc1

(
∂τ1,fast

∂Tc1

)2

+ σ2
Q2,leak

(
∂τ1,fast

∂Q2,leak

)2

Thanks to the devised testing procedure and the previous reasoning, all the
parameters, and uncertainties of this expression are known. The partial derivatives
are calculated in Appendix B.2.

Considering the values and the uncertainties provided by the two hypotheses (for
τ1,slow and τ2,slow) The first assumption provides στ1,fast = 0.3329. And the second
hypothesis allows to get στ1,fast = 0.3412. Finally, it is the first hypothesis that has
the lowest uncertainty. These values prove that the first assumption is more suited
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to the chosen nominal condition. Indeed, as shown in Appendix B.1 and B.2, the
partial derivative expressions depend on the slow flux transmission probabilities. It
means that depending on the device transmissivities placed between both chambers,
the best assumption is not always the first one. Nevertheless, the uncertainties ob-
tained are quite large. There are three reasons for explaining these values. First,
the two tests determining the pumping speed provide great uncertainties. They
therefore favor error propagation for the estimation of τ1,fast.
Then, some instruments such as pressure probes have high measurement uncertain-
ties and degrade the accuracy of the results.
Finally, the configuration chosen also impacts the quality of these results. As shown
by Appendix B.2, some parameters can decrease the values of the partial derivatives
of στ1,fast . The fast flow Q1,fast belongs to the denominator of each derivative. So
the larger this flow, the lower the uncertainty of τ1,fast. This observation is very
interesting because it implies that some user-controllable parameters can improve
the quality of the estimate. These are all parameters increasing the value of Q1,fast.
Therefore to improve the estimation of the probability of transmission of the rapid
flow to the secondary chamber, the user can increase the PFG flow, the mass uti-
lization, and the speed ratio. He can also decreases the PFG-duct distance dPFG to
increase the ion fraction reaching the intake.

6.3 Conclusion

The measuring devices used in testing all have measurement uncertainties. Con-
sequently, an error propagation analysis is of paramount importance to determines
the reliability and accuracy of the test results.

Based on the values provided by the model, it appears that the tests determin-
ing the leak rates have low uncertainties and provide precise estimates. On the
other hand, the tests determining the pumping speed have high uncertainties. The
estimates obtained belong to a large confidence interval, and their uncertainties
influence the ensuing results. Finally, the uncertainties of the three transmission
probabilities are calculated based on the two hypotheses introduced in Chapter 5.

Surprisingly, it is the first hypothesis that provides the lower uncertainty of the
fast-flux transmissivity being the most suitable hypothesis for the chosen nominal
conditions. However, this observation changes depending on the configuration. In-
deed, the uncertainty depends on the values of the transmission probabilities. As
indicated in Table 6.2, it appears that the values of the uncertainties of this trans-
missivity are high for the two hypotheses and further improvement of either the
facility diagnostics accuracy or the testing scenarios has to be achieved in order for
fast flux transmissivities to be measured.

Three explanations allow these values to be justified. First, the pumping speeds
determination tests are not sufficiently precise and increase the uncertainty of the
final results. Secondly, the used pressure probes have great uncertainty and decrease
the reliability of the results. Finally, the expressions in Appendix B.2 prove that
some configuration minimizes the uncertainty on the measurement of the probability
of transmission. They prove that the higher the rapid flow directed towards the
secondary chamber, the lower the uncertainty.
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Chapter 7

Conclusion

The objective of this work is to determine if there is a test set allowing to deter-
mine the an ABEP intake transmissivity in conditions similar to atmospheric VLEO
conditions.

These tests will be realized inside the VKI ’s vacuum installation. This facility
consists of two vacuum chambers connected by a duct containing the equipment.
The flows circulating between the two chambers must therefore pass through the
intake. The High Vaccum medium is ensured by a pumping system composed of
a backing pump and two turbopumps (one for each chamber). The baking pump
is downstream of the two turbopumps and can reduce the installation pressure to
a value of the order of 0.1 mbar. At sufficiently low pressure, the two turbopumps
start and allow to reach pressures of the order of 10−8 mbar. A Particle Flow
Generator placed in the main chamber in front of the inlet device simulates the
atmospheric flow similar to VLEO conditions. It emits a fast particle flux with a
certain proportion of fast particles (in the form of ions).

The pressure evolution within the installation is analyzed by a simple model
based on the continuity equation. Based on a hypothesis set, this equation is applied
to the two chambers. It allows following the pressure evolution as a function of a
parameter series impacting the operation of the installation. This analytical model
can also provide the theoretical steady-state pressure expressions according to these
same parameters. Some parameters such as the transmission probabilities and the
ion proportion reaching the tube entrance are obtained thanks to a VKI’s tool based
on the Test Particle Monte Carlo method.

This study then proposes a series of tests obtaining the transmission probability
of a particle belonging to the rapid flow entering the duct between the two vessels.
Based on parameters measured by probes and the analytical model equations, each
test determines one variable or transmission probability which are not directly mea-
surable. In the case of the test dedicated to the transmissivity of slow fluxes, the
model equations are not sufficient. Two hypotheses can be used and make it possible
to obtain results. The first considers that the pressure of the secondary chamber is
much lower than that of the first chamber. The thermal flow going to the main vessel
is therefore negligible compared to the other thermal flow. The other assumption
assumes that the temperature difference between the two chambers is negligible. It
thus makes it possible to use a model developed in [15]. By comparing the results
with the theoretical values, it appears that the second hypothesis provides more
accurate estimates of the transmission probabilities.
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7.1. FUTURE WORK

Finally, this work verifies the reliability of these tests through an error propaga-
tion study. Thanks to the model values, the uncertainties of the measurements are
estimated and propagated to obtain the uncertainty of the measured fast flux trans-
mission probability. The tests dedicated to pumping speeds have high uncertainties.
Therefore provide results belonging to a large confidence interval. The fluctuation
of the computed values can thus influence the estimation of the transmission prob-
abilities. The two assumptions used to calculate τ1,slow and τ2,slow are studied. In
the case of the nominal conditions chosen, this is the first assumption that provides
the lowest uncertainties. Although the second assumption gives us better results,
it is the first assumption that provides the most reliable results. It is therefore the
first hypothesis that should be chosen. However, the calculation of the uncertainties
depends on the values of the probability of transmission. Consequently, depending
on the transmissivity values of the equipment placed in the duct, the best hypothesis
is not always the first one. Finally it appears that the uncertainty of τ1,fast is rela-
tively high. Three reasons can justify this result. First, the tests discussed in this
study are not all optimal (as the tests dedicated to pumping speed). Some of them
provide high uncertainties and decrease the reliability of results. Then, some probes
as pressure probe lack a little precision. Finally, the uncertainty was estimated for
a specific configuration. As discussed before, the uncertainties are dependent on the
facility configuration and can be reduced for other testing scenarios. To conclude,
we have provided a framework within which intake performance parameters can be
estimated. Moreover, We are now able to identified which configuration parameters
are crucial for reliable performance intake testing and quantified the performance
parameters uncertainty for relevant operating conditions.

7.1 Future work

Considering the three aspects mentioned above, some improvements could be envis-
aged. Future work would be to find a better test scenario providing more precise
results. An alternative measurement of pumping speeds would be to inject an ad-
ditional known mass flux. Then, the precision of the probes could be augmented
through a calibration procedure, or by choosing more accurate devices. As further
work, an optimization study of the geometrical configuration of the facility could be
performed in order to further improve the measurement accuracy of τ1,fast.

75



Bibliography

[1] N.H. Crisp et al. “The Benefits of Very Low Earth Orbit for Earth Observation
Missions”. In: Progress in Aerospace Sciences 117 (2020).

[2] E. Ferrato V. Giannetti A. Piragino M. Andrenucci and T. Andreussi. “Devel-
opment Roadmap of SITAEL’s RAM-EP System”. In: International Electric
Propulsion Conference (2019).

[3] G. A. Bird. Molecular Gas Dynamics and the Direct Simulation of Gas Flows.
Clarendon Press, Oxford, 1994.

[4] Bronkhorst. Calibration Certificate. 2012. url: https://certificate.bronkhorst.
com/calibration_certificate/index1.html.

[5] Bronkhorst. Digital Thermal Mass Flow Meters and Controllers for Gases.
2021. url: https://www.bronkhorst.com/getmedia/98668a82- 8d1c-

4b7f-af8e-995be25641b3/EL-FLOW-Select_en.pdf.

[6] RS Components. Platinum Resistance Thermometer (PRT) Selection Guide.
2021. url: https://docs.rs-online.com/24d5/0900766b815e5304.pdf.

[7] Brown Walker Szabo Huang Foster. “Recommended Practice for Use of Fara-
day Probes in Electric Propulsion Testing”. In: JOURNAL OF PROPULSION
AND POWER (2017). doi: DOI:10.2514/1.B35696.

[8] J. Gomez-Goni and P.J. Lobo. “Comparison between Monte Carlo and an-
alytical calculation of the conductance of cylindrical and conical tubes”. In:
American Vacuum Society (2003). doi: DOI:10.1116/1.1568746.

[9] C. Groll. Development of a Plasma Diagnostic System. Delft University of
Technology, 2018.

[10] G. Voss H. Rottländer W. Umrath. Fundamentals of leak detection. Cologne,
Leybold GmbH, 2016.

[11] T. E. Schwartzentruber I. D. Boyd. Nonequilibrium Gas Dynamics and Molec-
ular Simulation. Cambridge university press, 2017.

[12] JMS Southeast Incorporated. General RTD Information. 2021. url: https:
//www.jms-se.com.

[13] ISO. Interprétation statistique de résultats d’essais — Estimation de la moyenne
— Intervalle de confiance. 2021. url: https://www.iso.org/fr/standard/
7585.html.

[14] ISOTECH. Reference Probes - Semi Standards Platinum Resistance Ther-
mometers. 2021. url: https://isotech.co.uk/wp- content/uploads/

2020/09/NEW-Angled-Semi-Standards.pdf.

76

https://certificate.bronkhorst.com/calibration_certificate/index1.html
https://certificate.bronkhorst.com/calibration_certificate/index1.html
https://www.bronkhorst.com/getmedia/98668a82-8d1c-4b7f-af8e-995be25641b3/EL-FLOW-Select_en.pdf
https://www.bronkhorst.com/getmedia/98668a82-8d1c-4b7f-af8e-995be25641b3/EL-FLOW-Select_en.pdf
https://docs.rs-online.com/24d5/0900766b815e5304.pdf
https://doi.org/DOI: 10.2514/1.B35696
https://doi.org/DOI: 10.1116/1.1568746
https://www.jms-se.com
https://www.jms-se.com
https://www.iso.org/fr/standard/7585.html
https://www.iso.org/fr/standard/7585.html
https://isotech.co.uk/wp-content/uploads/2020/09/NEW-Angled-Semi-Standards.pdf
https://isotech.co.uk/wp-content/uploads/2020/09/NEW-Angled-Semi-Standards.pdf


BIBLIOGRAPHY

[15] Karl Jousten. Handbook of vacuum Technology. Berlin, Germany, 2016.

[16] Dan Kernler. Empirical Rule. 2014. url: https://commons.wikimedia.org/
w/index.php?curid=36506025%EF%BB%BF.

[17] B. Giacomet L. Dobrowolski and N. Mendes. NUMERICAL METHOD FOR
CALCULATING VIEW FACTOR BETWEEN TWO SURFACES. Pontifical
University Catholic of the Paranas, 2007.

[18] P. Parodi D. Le Quang F. Bariselli S. Boccelli Z. Alsalihi T. Magin. “STUDY
OF A COLLECTOR-INTAKE SYSTEM FOR VLEO AIR-BREATHING PLAT-
FORMS”. In: von Karman Institute for Fluid Dynamics and Politecnico di
Milano (2019).
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Appendix A

Expression Analytic used for the
slow flux transmissivities

Thanks to various tests, it is possible to determine the parameters no measured
by a probe. It is the case of the slow flux transmission probabilities. They are
computed thanks to different measurements: the pressures, the PFG flow, and the
temperatures, and thanks to the values estimated during previous tests: leak rates
and pumping speeds. Unlike all other tests, the model equations are not sufficient,
and further simplification is required. If the temperatures of the two chambers are
considered equal, then it is possible to use the model from the book [15].

If two vacuum chambers are linked by a succession of N components The model
considers that the transmission probabilities of this connection respects

1

Ain

(
1

τ1N

− 1

)
=

N∑
k=1

1

Ak

(
1

τk
− 1

)
+

N−1∑
k=1

(
1

Āk+1

− 1

Ak

)
δk,k+1 (A.1)

where k denotes the component number, Ain is the cross section of intake to the
component series, Ak is the cross-section of component k, τ1N is the total transmis-
sion probability of the connection, τk is the transmission probability for component
k, and δk,k+1 is a factor depending on the cross section dimensions. If the next
component has a smaller cross-section (Ak+1 < Ak), then δk,k+1 = 1. But if the next
component has an equal or larger section (Ak+1 ≥ Ak), then δk,k+1 = 0. To apply
this model, the system connecting the two chambers has three components. Start-
ing from the main chamber, it is composed of a valve with the known section A1,
the intake, and a duct of section A2. This latter is also known and lower than A1.
Although the model also allows considering more complex geometry as the intake,
the reasoning presented here only uses the average cross-section of each piece of
equipment. As shown by the drawing A.1, there are three possible scenarios. Either
the section of the intake Āintake is greater than or equal to A1, or A1 > Āintake ≥ A2,
or is strictly less than A2.

By considering Equation A.1, the two transmission probabilities of the slow flows
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A1 A2Āintake

Case 1: Āintake ≥ A1

A1 A2Āintake

Case 2: A1 > Āintake ≥ A2

A1 A2Āintake

Case 3: Āintake < A2

Figure A.1: Analytical model used to model the connection between both chambers
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A.1. CASE 1: ĀINTAKE ≥ A1

belong to the relations
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τ1,slow
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1
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+
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− 1
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, (A.2)
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, (A.3)

where A1 and A2 are the cross section of the valve (in dark blue) and the duct
linked to the second chamber, Āintake is the intake mean section (in light blue), τ1,
τintake, and τ2 are the transmission probabilities of the valve, the intake and the duct
respectively.

A.1 Case 1: Āintake ≥ A1

In the first case, the section of the intake is larger than A1 and A2. The terms
depending on the geometry are

δ1,intake = 0 δ2,intake = 0 δintake,1 = 1 δintake,2 = 1.

And the relation A.2 and A.3 become:
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A.2. CASE 2: A1 > ĀINTAKE ≥ A2

By isolating the terms 1
Āintake

(
1

τintake
− 2
)

, these two expression provide
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It yields to the relation

A1τ1,slow = A2τ2,slow. (A.4)

In reality this expression is general for any case. As the source does not provide a
demonstration for the most general situation, the same reasoning for the other two
cases is done in this annex.

A.2 Case 2: A1 > Āintake ≥ A2

For the second case, the factors take values

δ1,intake = 1 δ2,intake = 0 δintake,1 = 0 δintake,2 = 1.

With these values, the equations A.2 and A.3 are
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Āintake

(
1

τintake
− 1

)
+

1

A1

(
1

τ1

− 1

)
.

Again, the terms 1
Āintake

(
1

τintake
− 1
)

can be isolated from the rest in both for-

mulas. They can be combined to obtain
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A.3. CASE 3: ĀINTAKE < A2

This case, like the previous one, leads to the same final relation

A1τ1,slow = A2τ2,slow.

A.3 Case 3: Āintake < A2

Finally when the intake cross-section Āintake is lower than A2 and A1. The δ coeffi-
cients become

δ1,intake = 1 δ2,intake = 1 δintake,1 = 0 δintake,2 = 0.

And the transmission probabilities respect the relation

1

A1

(
1

τ1,slow

− 1

)
=

1

A1

(
1

τ1

− 1− 1

)
+

1
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As previously the terms 1
Āintake

1
τintake

are separated from the rest these equations
can be assembled to give
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A1τ1,slow = A2τ2,slow.

In this case also the same relation is obtained. This confirms that it remains
valid for the installation, independent of the intake dimension.
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Appendix B

Partial derivatives of the Error
Propagation Analysis

B.1 Slow flux transmission probabilities

This appendix lists all the partial derivatives used for the two transmission proba-
bility uncertainties of τ1,slow.

B.1.1 First hypothesis

In the case of the first hypothesis, τ1,slow is given by

τ1,slow =

√
2πm

kTc1

S2Pc2 −Q2,leak

Pc11000A1

.

And the corresponding partial derivatives are
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B.1.2 Second hypothesis hypothesis

The second hypothesis yields to the expression

τ1,slow =

√
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√
k

(
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√
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√
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)
,
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with the partial derivatives
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B.2 Fast flux transmission probability

The expression of the probability τ1,fast is

τ1,fast =
1

Q1,fast

(
Pc21000A2τ2,slow

√
kTc2
2πm
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√
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)
.

The partial derivative of this expression are
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∂Q1,fast

=
−1

Q2
1,fast

(
Pc21000A2τ2,slow

√
kTc2
2πm

+ S2Pc2 − Pc11000A1τ1,slow

√
kTc1
2πm

−Q2,leak

)
∂τ1,fast

∂Pc2
=

1

Q1,fast

(
1000A2τ2,slow

√
kTc2
2πm

+ S2

)
∂τ1,fast

∂τ2,slow

=
1

Q1,fast

(
Pc21000A2

√
kTc2
2πm

)
∂τ1,fast

∂Tc2
=

1

2Q1,fast

(
Pc21000A2τ2,slow

√
k

2πmTc2

)
∂τ1,fast

∂S2

=
Pc2

Q1,fast

∂τ1,fast

∂Pc1
=
−1

Q1,fast

(
1000A1τ1,slow

√
kTc1
2πm

)
∂τ1,fast

∂τ1,slow

=
−1

Q1,fast

(
Pc11000A1

√
kTc1
2πm

)
∂τ1,fast

∂Tc1
=

−1

2Q1,fast

(
Pc11000A1τ1,slow

√
k

2πmTc1

)
∂τ1,fast

∂Q2,leak

=
−1

Q1,fast

85


