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Abstract—This Master Thesis report presents the mechanical 

concept and design of a microgravity fluid science experiment that 

is planned to be launched to the International Space Station in 

approximately five years. Named AtmoFlow, this experiment aims 

to study the complex flow phenomena occurring in different 

planets’ atmosphere by implementing a scaled-down model of a 

planet-atmosphere system in microgravity. The design introduced 

here focuses on several of the experiment’s systems: the Turn 

Table, a rotating system involving a Fluid Cell Assembly, a 

Thermal Control System and two Rotation Drive Systems. Design 

methods, main choices and crucial conception steps are presented. 

Components’ dimensioning and choices are motivated. Models 

and analyses are derived from the selected design to ensure that 

the design meets the requirements on microgravity disturbances, 

structural and rotational characteristics stated during previous 

project’s phases. The Computer Assisted Design model of the 

experiment’s final concept and its integration sequence are 

eventually proposed and discussed.  

 
Index Terms—Airbus Defence and Space, AtmoFlow, CAD, 

Fluid Science Experiment, Integration, International Space 

Station, Mechanical design, Microgravity, Structure. 

 
Sammanfattning— Denna rapport presenterar den mekaniska 

utformningen av ett mikrogravitationsexperiment som studerar 
strömningsmekaniska fenomen och som planeras att skickas till den 

internationella rymdstationen om ungefär fem år. Experimentet heter 

AtmoFlow och syftar till att studera komplexa flödesfenomen som 

förekommer i olika planeters atmosfärer genom att implementera en 
nerskalad modell av en planets atmosfärssystem i mikrogravitation. 

Utformningen av experimentet som presenteras här fokuserar på flera 

av experimentets system: rotationsbordet (ett roterande system med 

en strömningscellhopsättning), ett termiskt reglersystem samt två 
rotationsdrivsystem. Utformningsmetoder, huvudsakliga val och 

utformningssteg presenteras. Dimensioneringen av komponenter och 

deras urval motiveras. Modeller och analyser av den valda 

konstruktionen har utförts för att säkerställa att den uppfyller kraven 
på störningar i mikrogravitation, struktur och rotationsegenskaper 

som specificerats under tidigare faser i utformningen av 

experimentet. CAD-modellen av den slutliga utformningen av 

konstruktionen av experimentet presenteras och diskuteras. 

 
This paper has been submitted for review on May 2019. This work marks 

the final step of the KTH Royal Institute of Technology Master’s degree 

program in Vehicle Engineering, Aerospace specialisation in Stockholm, 
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Métiers ParisTech in Aix-en-Provence, France. 
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Stockholm, Sweden (e-mail: mnicolle@kth.se). 

 INTRODUCTION 

ECHANICAL design is a crucial step for any project that 

aims to deliver a certain manufactured product. It mainly 

consists of turning concepts into proper technical 

solutions. The selected solutions are thoroughly analysed to 

ensure they meet the requirements and sustain the environment 

and conditions encountered during the whole product’s 

lifetime. They are then implemented in a Computer Assisted 

Design (CAD) which eventually ends up in manufacturing 

drawings, last step before Manufacturing Assembly Integration 

and Test (MAIT) of the finalised product. 

AtmoFlow, the experiment introduced in this paper, is an 

attempt to model and study the complex flow phenomena that 

can be observed in atmospheres, on Earth as well as on other 

planets having one. Currently in phase B, the project is still at 

an early stage and substantially relies on mechanical design to 

validate concepts proposed in earlier phases, create dedicated 

technical solutions and prepare their manufacture and testing. 

The construction of breadboards to test and verify the 

experiment’s main functions will take place during phase B 

which is planned to terminate in mid−2020. 

A. Experiment motivation 

In the solar system and farther, celestial objects with 

sufficient mass are in some cases surrounded by gas layers 

trapped by the object's gravitational field. These atmospheres, 

with their respective planets, present a wide range of properties 

such as density, thickness or composition. The interactions 

within each planet-atmosphere system are thus diversified and 

result in various atmospheric flow patterns and waves. These 

patterns are thought to be closely linked with the geometry, the 

thermal and the rotational characteristics of the planet-

atmosphere system. To accurately replicate such a system for 

observation and study purposes, AtmoFlow implements a 

scaled-down spherical geometry mimicking a planet, rotating in 

a fluid playing the role of an atmosphere. Thermal boundary 

conditions, derived from the unequal temperature distribution 

on a planet's surface, are applied to the system to initiate heat 
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transfers. A central force dielectrophoretic field focused on the 

centre of the spherical geometry is generated. It acts like a 

planet’s gravitational field on the dielectric fluidic atmosphere. 

The atmospheric flows are eventually observed using an optical 

device relying on a laser beam and Wollaston shearing 

interferometry. The optical diagnostic instrument is out of the 

scope of this study and will therefore not be discussed in detail. 

The interferograms obtained are compared with simulations 

realised by the scientists to iteratively improve their numerical 

models. An example of such interferograms is given in 

Appendix with its corresponding simulative result (Fig. 53). 

The concept of the experiment Fluid Cell Assembly (FCA), 

where the model of the planet-atmosphere system takes place, 

is introduced in Fig. 1. The setup is thermalized using two fluid 

loops ensuring that the desired temperature boundary 

conditions are fulfilled. The central-force electrical field is 

applied between the Inner Sphere (IS) and the Outer Sphere 

(OS). The IS stands for the modelled planet and can rotate in 

the fluid mimicking the atmosphere in both directions along its 

polar axis. The outer spheres containing the experiment fluid 

and driving the outer thermalization loop can also rotate in both 

directions and at a different speed around the same axis. 

 

 
Fig. 1.  Concept of the AtmoFlow Fluid Cell Assembly [1] 

By modifying some parameters of the experiment like the 

rotational speeds, the temperature boundary conditions or the 

strength of the central-force field, scientists hope to embrace a 

great variety of configurations that could, in some cases, be 

compared to real observations of existing planet-atmosphere 

systems [1]. Among them, scientists will focus on the Earth-

atmosphere system, from which the main parameters of the 

experiment have been derived. 

With the warnings about climate change issued by the 

scientific community, understanding atmosphere circulations 

makes sense. The atmosphere of a planet is thought to have a 

strong influence on its climate and global weather tendencies 

and events can be derived from atmosphere motions. From a 

meteorological point of view, AtmoFlow science data is aiming 

to validate and sharpen atmospheric and meteorological 

numerical models, focusing on planetary waves’ formation and 

evolution (Kelvin and Rossby waves) as well as baroclinic 

instability. As mentioned above, not only the study of the Earth-

atmosphere case is foreseen. By running various planet-

atmosphere configurations, AtmoFlow intends to widen the 

operating range of atmospheric models and bring some 

knowledge for astrophysical and geophysical research. 

B. A space experiment 

Simulating the interactions between a planet and its 

atmosphere comes with some severe constraints. One in 

particular makes the modelling of such a planet-atmosphere 

system imprecise on ground: the need for a central force field 

mimicking the action of gravity on the atmosphere. On Earth, 

the axial gravitational field felt locally when standing on its 

surface disturbs any attempt to create a gravity-like field 

precisely centred on a spherical geometry. Yet in the AtmoFlow 

case, any perturbation in this force field has a direct impact on 

flows taking place in the fluid modelling the atmosphere. The 

problem comes from the buoyancy effect that drives convective 

flows in fluids. The buoyancy, induced by density variations 

from temperature differences within the fluid, effectively 

follows the direction of the gravitational field. To properly 

replicate a planet-atmosphere system, the model must bypass 

this gravity issue. The only way to get rid of the Earth gravity 

effect is to study the system in microgravity. Some common 

facilities offering microgravity environment such as drop 

towers or parabolic flights are unfortunately not suited for the 

AtmoFlow experiment. The time required to reach the steady 

state of the system and make a measurement is too long 

(estimated as 45 minutes [1]) due to thermal and fluidic 

transient times. For this reason, AtmoFlow will be launched to 

the International Space Station (ISS), offering the experiment a 

continuous undisturbed microgravity environment. 

C. Heritage 

Convective flows in spherical gap geometries have already 

been studied in two experiments: GeoFlow I and II. Both 

experiments have been flown aboard the ISS Fluid Science 

Laboratory (FSL) between 2007−2008 and 2010−2012 

respectively. They present a setup quite similar to the 

AtmoFlow one: a small sphere mimicking a planet in a fluid 

atmosphere subject to gravity-like conditions, with thermal 

boundary conditions generating convective flows. They were 

mainly designed to study convective flows occurring 

respectively in the Earth liquid nuclei and mantle [2]. But some 

improvements are brought to the AtmoFlow model to improve 

the previous setups and stick closer to an atmospheric study. 

Among other new features, a differential rotation between the 

sphere and the atmosphere is implemented as well as more 

precisely defined thermal boundary conditions focused on 

planet's equator and atmosphere's poles. 

D. Experiment background 

The AtmoFlow Experiment Container (EC) is a cuboid 

structure of 840 mm × 460 mm × 490 mm. For launch 

consideration aboard a SpaceX Dragon capsule, it is meant to 

be coated with a 30 mm thick protective foam envelope and fit 

in a M-02 CTB cargo bag in charge of damping launch 

vibrations. This CTB bag can accommodate a container of 870 

mm × 495.3 mm × 533 mm for a maximum weight of 90.71 

kg, a weight that the protected EC should not exceed. Aboard 

the ISS, the EC is planned to be accommodated in the European 

Drawer Rack 2 (EDR2) of the Columbus module (Fig. 2). The 

rack will provide power, data connection and pressurized water 

to remove the excess heat from the container.  

 

Bonnet 
sphere 
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Fig. 2.  European Drawer Rack 2, CAD design 

The EC accommodates all the components needed to run the 

experiment. It is filled with a gas mixture composed with 10% 

SF6 (sulphur hexafluoride) and 90% nitrogen at 0.9 bars at 

20°C. This gas atmosphere ensures a pressurized and dry 

environment for the systems during the whole experiment’s 

lifetime. It also has an electrical isolating function as High 

Voltage is employed in the container. Schematized in Fig. 3, the 

EC accommodates the following systems: 

- The Turn Table (TT) is a rotating carousel on which the 

FCA is accommodated. It is the system that has been 

designed and the subject of this study. 

- The FCA is the subsystem in charge of modelling the 

rotating planet in its atmosphere. It involves a body in 

which a rotating shaft is accommodated. The shaft supports 

the IS mimicking the planet and can rotate in its housing. 

Two spheres fixed on the FCA surrounds the IS and contain 

the experimental fluid between the IS and the OS, and the 

thermal control fluid between the OS and the Bonnet 

Sphere (BS) as previously illustrated in Fig. 1. A fluidic 

slip-ring brings the fluid from the pumps of the Thermal 

Control System fixed on the TT to the IS through the shaft.  

- The Inner Sphere Rotation Drive (ISRD) ensures the inner 

shaft’s rotation whereas the Outer Spheres Rotation Drive 

(OSRD) ensures the TT rotation. They both include a 

motor, its control board and a bearing. 

- The Power Conditioning Unit (PCU) transforms the power 

from the ISS and feeds the experiment’s subsystems with 

the required voltage and current. It involves the High 

Voltage Power System (HVPS) that generates the High 

Voltage used to create the electrical field acting like gravity 

on the fluidic atmosphere of the experiment. A High 

Voltage slip-ring connects the rotating shaft and sphere to 

the PCU. 

- The Payload Control and Data Acquisition unit (PCDA) 

oversees the control of the different subsystems and 

collects the experiment’s data. A data slip-ring extracts 

some data form the rotating TT to the static part of the EC. 

- The Optical Diagnostics (OD) involves all the optical 

components in charge of observing the experiment. It 

includes the interferometer’s laser beam focused on the IS 

and an observation camera. 

- The Thermal Control System (TCS) uses four fluid loops 

to thermalize the whole experiment. A Primary Cooling 

Loop (PCL) thermally connects the EC to the EDR2 water 

loop. A Secondary Cooling Loop (SCL) thermalizes the 

FCA using two fluid loops and a Gas Cooling System. The 

two fluid loops are the Inner Sphere Thermalization 

System (ISTS) setting the temperature boundary condition 

on the equator of the IS and the Outer Sphere 

Thermalization System (OSTS) setting the temperature 

boundary condition at the OS poles (Fig. 1). They both 

implement a pump. The Gas Cooling System thermally 

connects the two fluid loops to the PCL.  

 

 
Fig. 3.  AtmoFlow Experiment Container concept 

E. Thesis objectives 

With regard to the previous GeoFlow experiments mentioned 

in Section I.C, the new functions expected from the AtmoFlow 

setup define the need for a proper design. The objective of the 

thesis is to create the design of the FCA from the AtmoFlow 

Proto-Flight Model as it shall be manufactured for breadboard 

tests during the on-going phase B. The design of the TT and the 

TCS accommodated on it is also expected on a conceptual level 

as all the involved components have not been defined yet. 

Designs of other AtmoFlow systems are out of the scope of this 

study. As a first objective, the expected design shall be created 

and implemented with CAD. For this purpose, the CATIA and 

Solidworks CAD software shall be used. The design shall be 

presented with its integration sequence. Moreover, analysis on 
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rotation and optical performances, structural aspects and 

microgravity disturbances shall be performed to verify that the 

design meets the constraints summarised below. Driving the 

overall design, these constraints are mainly derived from the 

scientific requirements [1]. 

 

Mechanical:  

- The TT shall rotate in both directions at a frequency of up 

to 2 Hz ±0.1 %. 

- The IS shall rotate in both directions at a frequency of up 

to 1 Hz ±0.1 %. 

- The experiment gap containing the fluidic atmosphere shall 

be 8.1 mm ±1.28 µm. 

- Microgravity disturbances of the experiment shall not 

exceed 10−3𝑔0 (𝑔0 Earth gravitational acceleration of 9.81 

m/s2). 

- The overall TT and FCA designs shall fit in the container 

with its other subsystems. 

- The overall weight of the design added with the other 

subsystems shall not exceed the permissible weight of 

90.71 kg defined by the launch cargo bag. 

Structural: 

- The design shall sustain launch loads of 20 𝑔0 in all 

directions and induced vibrations. 

Thermal: 

- The hot boundary condition on the IS equator shall set a 

temperature of 40°C ±0.125°C in a 9.5° thermalized region 

on both sides of the equator.  

- The cold boundary condition shall set a temperature 

between 20°C and 40°C ±0.125°C applied on a 

thermalized region of 9.5° south for the northern pole. The 

southern pole is thermalized so that the same heat flux than 

the northern one is transmitted to the experimental fluid. 

- The TCS must extract excess heat from the all the systems 

of the experiment.  

- The employed fluid loops must be leak tight to 10−5 

Pa.m3/s. 

Electrical: 

- The FCA shall sustain an alternative 10 kV High Voltage 

at 10 kHz when applied to generate the electrical field. 

- The IS and OS shall be electrically conductive and 

connected to the HVPS to generate the desired electrical 

field in the experiment cell.  

Optical: 

- The FCA setup shall allow the laser-based Optical 

Diagnostic instrument to observe the evolution of flows 

taking place in the fluidic atmosphere. An angular 

clearance region of 70° symmetrically arranged between 

the northern pole and the equator of the spheres shall be 

foreseen for the laser beam. 

- The IS shall have a diameter of 18.9 mm ±0.64 

µm and a surface roughness of 0.025 µm. 

- The rotations of both shaft and TT shall have the smallest 

possible impact on optical performances. 

- Only the evolution of atmospheric flows over a defined 

region on the IS shall be studied. 

The thesis first introduces models that are later used to verify 

that the design meets the constraints described above. A 

rotation analysis is performed to study the two differential 

rotations of the TT and the shaft. Their respective impacts on 

the optical performances are studied. A structural analysis is 

derived to check the behaviour of the shaft and the bolted 

assemblies under launch loads. A microgravity disturbance 

analysis highlights the expected disturbances induced by 

rotating assemblies and by the pumps employed in the TCS. 

Design methods and guidelines are introduced. Eventually, the 

CAD design and its integration sequence are presented as well 

as the results from the mentioned analyses. A discussion on 

these results is carried out before drawing a conclusion. 

 METHODS 

This section introduces the methods and models used to 

derive the results presented in Section III. 

A. Rotary analysis 

AtmoFlow implements two concentrically rotating 

assemblies, the TT and the Inner Sphere Assembly (ISA) 

consisting of the IS and its shaft. These two rotation movements 

must meet the dedicated requirements introduced in Section I.E. 

They also have a strong impact on the optical instruments 

design and performances. For this purpose, an analysis covering 

several aspects of both rotations such as speed and rotation 

precision is realised. 

 

1) Bearing induced wobbling 

The two concentrically rotating assemblies implemented in 

the AtmoFlow design are guided by two high precision bearing 

solutions. The bearings involved in both solutions are angular 

contact ball bearings with a contact angle 𝛼. They are mounted 

in pairs of identical units for each solution in an “O” 

configuration also called “back to back” (Fig. 4). The model 

introduced below investigates the rotation precision to be 

expected from such bearing assemblies. 

 

 
Fig. 4.  Angular contact ball bearing, "O" configuration 

Bearing rotation imperfections can derive from several 

parameters. Among them, the inner ring radial run-out and ball 

diameter variations are of interest here. 

a) Radial run-out: systematic wobbling 

The inner ring radial run out 𝑅𝑟 of a bearing can be 

understood as the variation of the inner ring wall thickness in a 

given radial plane. In a worst-case scenario approach, this value 

𝛼 

Ball centre 

Ball / ring contact 

Radial direction 

Axial direction 𝐷 𝑑 
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can be considered as a radial offset in the rotation axis of the 

inner ring compared to the outer ring one. Since the defect is 

carried by the inner ring, the wobbling issued from this axis 

offset repeats at every rotation of the ring, in the same amount 

at the same point of revolution. It is thus a systematic wobbling. 

For a two-bearing configuration, this defect can lead to two 

extreme cases.  

The first case introduces the defects on the “same side” for 

both bearings, inducing a rotation axis offset 𝑥 as illustrated on 

the left of Fig. 5 (the inner rings with their defects are drawn in 

red in the figure). The offset value 𝑥 is directly given by the 

inner ring radial run out 𝑅𝑟, Eq. (1). 

 

 𝑥 = 𝑅𝑟 (1) 

 

The second case introduces the defects on the “opposite side” 

of both bearings, inducing a rotation of the axis of an angle θ𝑅𝑟  

around a centre point O equally distant from the two bearings 

(right side of Fig. 5). This wobbling angle depends on the radial 

run out 𝑅𝑟, the distance separating the two bearing rings 𝑙 and 

the width 𝐵 of one bearing. It is evaluated by Eq. (2). 

 

 𝜃𝑅𝑟 = arctan (
2𝑅𝑟
𝑙 + 𝐵

) (2) 

 

 
Fig. 5.  Bearing radial run-out induced wobbling 

b) Ball diameter variation: statistic wobbling 

Due to manufacturing imperfections, the diameter of bearing 

balls can vary. Assuming that the outer ring is fixed in the frame 

of observation, the position of the inner ring is modified by this 

ball diameter variation and generates an offset in the ring 

rotation axis. The bearing ball diameter variation 𝑉𝐷𝑤𝑠 is 

defined by the selected ball Grade standardised by the ISO 

3290-1 norm [3]. The diameter of each ball in the bearing 𝑑𝐵𝑖 
is assumed to be included in the range of the nominal ball 

diameter 𝑑𝐵𝑛 plus or minus 𝑉𝐷𝑤𝑠 as described by Eq. (3). 

 

 𝑑𝐵𝑖 ∈ [𝑑𝐵𝑛 − 𝑉𝐷𝑤𝑠 ; 𝑑𝐵𝑛 + 𝑉𝐷𝑤𝑠] (3) 

 

Because the balls roll and slide in a rotating bearing, their 

angular position relative to one ring is not fixed. Hence, the 

wobbling path induced by variation of ball diameters is not 

similar at each rotation. This defect is thus qualified as statistic. 

Consider the idealised static 2D case when the ball on one 

side of the bearing is larger than the one on the other side, Fig. 

6. The most relevant case can be defined when the larger ball 

reaches the maximum diameter in the range introduced above 

and the smaller ball the minimum one. The contact angle is 

assumed to remain constant over the ball diameter variations. 

For the following model, the axial displacement of the inner 

ring induced by diameter variations is neglected (𝑦 in Fig. 6). 

Only its radial displacement 𝑥 is considered to have a 

significant impact on the bearing steering axis. 

 
Fig. 6.  Inner ring displacement induced by bearing balls diameter 

variation 

The axis radial offset induced by ball diameter variations 

depends on the diameter variation 𝑉𝐷𝑤𝑠 and the contact angle 𝛼 

as illustrated in Fig. 6. The offset is obtained from Eq. (4). 

 

 𝑥 = 𝑉𝐷𝑤𝑠 cos(𝛼) (4) 

 

When considering an assembly of two bearings, two relevant 

cases can be foreseen. The first one, presented on the left side 

of Fig. 7, sets the bigger balls on the same side of the bearings. 

The second one on the right side of Fig. 7 sets the larger balls 

in bearings apart from each other. Two wobbling cases can be 

deduced. 

In case 1, the new inner rings positions (in red in Fig. 7) 

generate a radial offset in the rotation axis of the bearing 

assembly. Both inner rings are pushed radially in the same 

direction. The resulting axis radial offset is thus equal to 𝑥 

evaluated by Eq. (4). In case 2, the inners rings are pushed 

radially in opposite directions. The new inner rings positions 

generate a wobbling angle 𝜃𝑉𝐷𝑤𝑠 around the rotation centre on 

the rotation axis and equidistant from the two bearings (point 𝑂 

in Fig. 7). The ball diameter variation induced wobbling angle 

is obtained thanks by Eq. (5). 

 

 𝜃𝑉𝐷𝑤𝑠 = arctan (
2𝑉𝐷𝑤𝑠 cos(𝛼)

𝑙 + 𝐵
) (5) 

 

𝒙 

𝑉𝐷𝑤𝑠  

𝛼 

𝒙 
𝒚 

𝑉𝐷𝑤𝑠 

𝒚 

𝛼 

𝑑𝐵𝑛 𝑑𝐵𝑛 

𝒙 



SD291X Degree Project in Space Technology 

 

6 

 
Fig. 7.  Bearing ball diameter variation induced wobbling 

2) Optical Path Difference of a beam-illuminated sphere 

The optical instrument in charge of observing the 

atmospheric flows shoots a laser beam from the static part of 

the EC (see Fig. 3). The beam is reflected by a mirror that 

rotates with the TT. Hence, the lower part of the beam path 

rotates with the TT itself. In the TT, the rotary beam is focused 

on the IS centre. After reflection on the IS surface, the beam 

takes the same path backward and is eventually redirected 

towards cameras. The interferometer can detect variations in the 

Optical Path Length (OPL) between two rays of its beam. This 

Optical Path Difference (OPD) should ideally reflect the 

density and temperature differences in the fluid atmosphere 

studied and thus, after computation, highlight convective flows 

taking place in the atmosphere. The smallest observable OPD 

is estimated as 70 nm, corresponding to a temperature variation 

of the fluid of 0.012 K [4]. But because of rotation 

imperfections from the bearings, a wobbling of the rotating 

parts can also generate OPDs large enough to be resolved by 

the interferometer and to critically disturb its measurements. 

For this reason, an estimation of the expected OPD induced by 

the bearings wobbling is performed for both rotations. The 2D 

model introduced below allows estimating the OPD of rays 

from a laser beam illuminating a sphere of radius 𝑟 under 

certain scenarios. The beam has a conical angle 𝛽max, its centre 

line is defined over the horizon by an angle 𝛿. 

 In a first case study, the beam is assumed to precisely focus 

on the centre of the sphere. Each ray of the beam is thus 

reflected normally to the sphere’s surface and follows the exact 

same path it took before reflection. The sphere is then displaced 

by an angle 𝜃, following an arc of radius 𝑙 centred in a point 𝑂 

on the original vertical axis of the sphere. The OPL of each ray 

is now changed and the rays do not follow the same path 

backward after reflection. For a given ray, a good estimation of 

this OPL variation is given by the sum of the distances 𝑎 and 𝑏 

that embody the travel length of the ray between the two 

spheres’ positions (see Fig. 8). This new OPL does not account 

for the variations that could be induced by a shift of the ray on 

its way back due to the generated reflection angle. For a certain 

ray with an incident angle 𝛽 taken from the beam centre line, 

the OPL variation can be calculated as follows.  

 

 
Fig. 8.  OPL variation of a displaced beam-illuminated sphere 

The length 𝐴𝐴′ is given by Eq. (6). 

 

 𝐴𝐴′ = 2𝑙sin (
𝜃

2
) (6) 

 

The law of cosines applied on the triangle 𝐴𝐴′𝐵 allows to 

calculate the length 𝐴𝐵, solution of a 2nd order polynomial 

equation where the non-physical solution is excluded, Eq. (7). 

 

𝑟2 = 𝐴𝐵2 + 𝐴𝐴′2 − 2 ∙ 𝐴𝐵 ∙ 𝐴𝐴′ ∙ cos (
𝜃

2
+ 𝛿 + 𝛽) (7) 

 

The distance 𝑎 is deduced by subtracting the radius of the 

sphere to the distance 𝐴𝐵, Eq. (8). 

 

 𝑎 = 𝐴𝐵 − 𝑟 (8) 

 

The law of sines applied on 𝐴𝐴′𝐵 gives the angle 𝛼, Eq. (9). 

 

 𝛼 = arcsin (
𝐴𝐴′ sin (

𝜃
2 + 𝛿 + 𝛽)

𝑟
) (9) 

 

The law of cosines now applied on the triangle 𝐴𝐵𝐶 allows 

to calculate the distance 𝑏 = 𝐵𝐶, solution of a 2nd order 

polynomial equation where the non-physical solution is 

excluded, Eq. (10). 

 

𝑟2 = 𝐴𝐵2 + 𝐵𝐶2 − 2 ∙ 𝐴𝐵 ∙ 𝐵𝐶 ∙ cos(2𝛼) (10) 

 

The OPL variation ∆𝑂𝑃𝐿 of one ray is finally given by Eq. (11). 

 

 ∆𝑂𝑃𝐿 = 𝑎 + 𝑏 (11) 
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In a second scenario, the sphere is considered fixed, but the 

focal point of the beam is displaced by an angle 𝜃 on a circle of 

radius 𝑙 and centred on the incoming beam direction. When seen 

from the beam frame of reference, this problem translates as if 

the beam was centred on a virtual sphere that has been displaced 

by the angle 𝜃 on a circle of radius 𝑙 centred on the beam centre 

line. This case study can be described by the very same 

geometrical construction as introduced for the first scenario, 

Fig. 8, with a beam centre line aligned with the virtual sphere’s 

vertical axis, giving 𝛿 = −90°. The new OPL variation of any 

ray from the beam can hence be calculated using the same 

method as derived for the first scenario.  

 

3) O-ring torque estimation 

This section introduces a simple procedure to estimate the 

friction torque induced by an O-ring on a rotating shaft. When 

dimensioning the rotation drive system of the inner shaft, an 

estimation of the total torque that the motor must overcome is 

needed. The model derived here will help producing such an 

estimation from an O-ring friction point of view. 

The following analysis is based on information found in 

documentation from Parker Hannifin Corporation [5]. Friction 

analysis is stated to rely on many factors. A precise torque 

estimation is practically impossible to get from simplified 

mathematical analysis. The method below is intended to give 

only a rough idea of the torque that can be expected from O-

ring friction. 

Consider an O-ring of nominal inner diameter 𝑑1 with a 

circular cross section of nominal diameter 𝑑2. When applying a 

load on the O-ring, it deforms and presses on contact surfaces, 

creating a friction force that induces torque for rotating parts. 

The force applied on the O-ring is defined by the cross-section 

compression percentage 𝐶𝑆% selected by the user. In the O-ring 

working pressure range, the higher the compression is, the 

better the leak tightness is. But with compression comes friction 

torque on rotating parts and a shortened lifetime of the O-ring 

among other consequences. The compression is defined as the 

ratio between the squeezed cross section diameter 𝑑2
′  and the 

nominal cross section diameter, Eq. (12). 

 

 𝐶𝑆% =
𝑑2 − 𝑑2

′

𝑑2
× 100 (12) 

 

For static application using classic elastomer O-rings, the 

recommended compression is 30%. For dynamic ones, the 

recommended compression lies between 6% and 16% [6]. 

For a given O-ring cross section diameter and hardness, 

experimental data give the link between the compression 

percentage and the linear deformation force exerted by the O-

ring on its support. From the diagram in Fig. 9 with data taken 

from the Parker Handbook [5] and focusing on standard O-rings 

of 𝑑2 = 1.78 mm cross section, it is possible to estimate the 

force that an O-ring applies on the friction surface for given 

compression and hardness. 

 

 
Fig. 9.  Linear deformation force for 1.78 mm cross section O-rings 

The total normal force 𝑁 applied by the O-ring on the friction 

surface is given by Eq. (13) according to its inner diameter 𝑑1 

and the linear deformation force 𝐹𝑙𝑑 deduced from the diagram 

above. 

 

 𝑁 = 𝜋𝑑1𝐹𝑙𝑑 (13) 

 

The tangential force 𝑇 induced by the friction is linked to the 

normal force 𝑁 by the friction coefficient 𝜇 according to Eq. 

(14). This friction coefficient is impacted by many parameters 

such as rotation speed, temperature, surface roughness, etc. In 

this model, 𝑇 is considered as a constant evaluated in a worst-

case scenario. 

 

 𝑇 = 𝜇𝑁 (14) 

   
Finally, the estimation of the friction torque 𝐶 created by the 

O-ring rubbing on its friction surface is obtained using Eq. (15). 

 𝐶 =
𝑑1
2
𝑇 (15) 

 

4) Time to stable speed 

This section introduces a simple model to determine the time 

𝑡 required for a rotating shaft of inertia 𝐼𝑠 driven by a motor to 

reach a given rotation speed 𝜃�̇� from an initial rotation speed 𝜃�̇�. 

The rotating shaft is subject to a constant friction torque 𝑇𝑓 

applied in the opposite rotation direction and to a constant 

torque 𝑇𝑚 from the motor that can be applied in both directions. 

The motor of inertia 𝐼𝑚 is assumed to deliver instantly the 

required torque.   

The second law of Newton applied to the rotating part and 

projected on its rotational axis is given in Eq. (16). 

 

 𝑇𝑚 − 𝑇𝑓 = (𝐼𝑠 + 𝐼𝑚)�̈� (16) 

 

Time integration of Eq. (16) makes the expected transient 

time 𝑡 appear, Eq. (17). 

 

 (𝑇𝑚 − 𝑇𝑓)(𝑡 − 𝑡0) = (𝐼𝑠 + 𝐼𝑚)(𝜃�̇� − 𝜃�̇�) (17) 

 

By setting the origin of time 𝑡0 to zero, the transient time is 

obtained by Eq. (18). 
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 𝑡 =
(𝐼𝑠 + 𝐼𝑚)(𝜃�̇� − 𝜃�̇�)

(𝑇𝑚 − 𝑇𝑓)
 (18) 

 

For both rotating assemblies implemented in AtmoFlow, the 

most relevant transient time to get from a rest position to the 

maximum desired speed can be calculated accordingly.  

B. Structural analysis 

The AtmoFlow experiment’s design shall meet the structural 

requirements introduced in Section I.E. For this purpose, a 

simple structural model is derived below to verify the structural 

function of the shaft, a critical part according to its thin design 

(detailed in Section III.A.1)d)(1)). Moreover, fixation 

techniques used in the AtmoFlow design often rely on bolts, 

screws and nuts. According to the model introduced below, a 

structural analysis is established each time such fixation 

solution is employed to check the strength and stiffness of the 

solution during the whole product’s life. 

 

1) Euler-Bernoulli cantilever beam theory 

The Euler-Bernoulli beam theory [7] is a common 

engineering tool to model the behaviour of beams from 

isotropic and homogeneous materials under certain load 

scenarios. The theory relies on a small deflection assumption 

stating that all plane sections of the beam remain planes after 

the deflection. Those planes are assumed to remain always 

orthogonal to the beam neutral axis. 

Consider the 2D case of a cantilever beam, tube shaped, 

made of a material of Young’s modulus 𝐸 and tensile strength 

𝑅𝑝. The beam cross section presents an outer diameter 𝐷 and an 

inner one 𝑑 as described in Fig. 10. Its second moment of area 

𝐼𝑦 on the �⃗� axis is given by Eq. (19). 

 

 𝐼𝑦 =
𝜋

64
(𝐷4 − 𝑑4) (19) 

 

 
Fig. 10.  Beam cross section 

The beam is free at one end (point 𝐴) and strictly fixed at the 

other one (point 𝐵) as illustrated in Fig. 11 and Fig. 12. The 

beam of total length 𝐿 and of mass 𝑚 carries its centre of mass 

𝐺 on its 𝑧 axis, at a distance 𝐿𝐺 from its fixed end. 

a) Bending 

In a bending scenario, a load 𝐹𝐵⃗⃗⃗⃗⃗ is applied on 𝐺 along the �⃗� axis 

(Fig. 11). 

 

 
Fig. 11.  Cantilever beam under bending loads 

The theory [7] gives the following results: 

- The maximum bending moment 𝑀𝐵
⃗⃗ ⃗⃗ ⃗⃗  on �⃗� axis is obtained 

at the fixed end in point 𝐵 and is given by Eq. (20). 

 𝑀𝐵 = 𝐹𝐿 (20) 

 

- The same shear force 𝑄 is applied all along the beam and 

is equal to the load 𝐹𝐵 

- The radial deflection of the beam 𝑢 in point 𝑍 is given as a 

function of its height 𝑧 by Eq. (21). 

 

{
 
 

 
 𝑧 ≤ 𝐿𝐺 ⇒𝑢(𝑧) =

𝐹𝐵
𝐸𝐼𝑦

(
𝐿𝐺𝑧

2

2
−
𝑧3

6
)

𝑧 > 𝐿𝐺 ⇒𝑢(𝑧) =
𝐹𝐵
𝐸𝐼𝑦

(
𝐿𝐺
2 𝑧

2
+
𝐿𝐺
3

3
 )

 (21) 

 

- The maximum deflection appears at the free end of the 

beam in point 𝐴 and is given by Eq. (22). 

 𝑢𝐴 =
𝐹𝐵𝐿𝐺

2

6𝐸𝐼𝑦
(3𝐿 + 2𝐿𝐺) (22) 

 

- The maximum bending stress of the shaft 𝜎𝐵max is obtained 

at point 𝐵 where the bending moment is the largest and is 

given by Eq. (23). 

 𝜎𝐵max =
𝑀𝐵𝐷

2𝐼𝑦
 (23) 

 

- The maximum shear stress 𝜏max in the circular tube section 

is given by Eq. (24). 

 𝜏max =
𝐹𝐵
12𝐼𝑦

𝐷3 − 𝑑3

𝐷 − 𝑑
 (24) 

 

- The maximum Von Mises equivalent stress to be compared 

to the material yield tensile strength is given by Eq. (25). 

�⃗� 

�⃗� 

𝐷 

𝑑 

𝑧 
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 𝜎𝑉𝑀max = √𝜎𝐵max2 + 3𝜏max2 (25) 

 

- The satisfaction criterion of this analysis is finally defined 

using a safety coefficient of 1.5 on the material yield 

tensile strength, as given by Eq. (26). 

 𝜎𝑉𝑀max <
𝑅𝑝
1.5

 (26) 

 

b) Tension 

In a tension scenario, a load 𝐹𝑇⃗⃗⃗⃗⃗ is applied on the beam centre 

of mass 𝐺, parallel to its 𝑧 axis and pointing upwards, Fig. 12. 

 

 
Fig. 12.  Cantilever beam under tensile loads 

The theory [7] of a beam under a tensile load gives the 

following results: 

- The maximum tensile stress 𝜎𝑇max is given by Eq. (27). 

 𝜎𝑇max =
4𝐹

𝜋(𝐷2 − 𝑑2)
 (27) 

 

- The maximum elongation of the beam at the IS centre is 

given by the Hooke’s law in Eq. (28). 

 ∆𝐿 =
𝜎𝑇max𝐿𝐺

𝐸
 (28) 

 

- The satisfaction criterion, similar to the one from Eq. (26), 

is given by Eq. (29). 

 𝜎𝑇max <
𝑅𝑝
1.5

 (29) 

 

2) Bolted assemblies 

The bolted solutions used in the AtmoFlow design must 

satisfy a “fail-safe” policy enforcing that the solution must be 

still viable even if one of the bolts breaks. The model derived 

below allows verifying the strength of each bolted solution 

employed with this criterion. The ideal fastening torque of each 

solution is also derived from this analysis.  

Consider a body of mass 𝑚 clamped on a frame with 𝑛 bolts 

(𝑛 > 1) and subject to 20 𝑔0 accelerations in all directions. The 

contact surface between the solid and the frame is noted 𝑆𝑐 and 

the friction coefficient between the solid and the frame is named 

𝑓𝑐 . The bolts of pitch 𝑝 present an equivalent section 𝑆𝑒𝑞 

sustaining axial loads and a flank diameter 𝑑2. The tensile 

strength of the material they are made of is noted 𝑅𝑝. When 

fastened, the bolts’ head mean diameter 𝐷𝑚 rubs against the 

washer or the frame with a friction coefficient 𝑓ℎ. The friction 

occurring in the thread is embodied by the friction coefficient 

𝑓𝑡. 
Two cases are studied here when the loads are applied on the 

bolts’ axial and radial directions. For both cases, the maximum 

axial and radial forces 𝐹𝑎max and 𝐹𝑟max that a single bolt can 

endure are given respectively by Eq. (30) and Eq. (31) [8] [9].  

 

 𝐹𝑎max = 0.9𝑅𝑝𝑆𝑒𝑞 (30) 

 

 𝐹𝑟max = 0.5𝑅𝑝𝑆𝑒𝑞  (31) 

 

a) Radial loads 

In the radial load case, the bolts are subjected to shear stress 

induced by the body radial movement under the loads. 

First, the bolts must be strong enough to sustain the shear 

stresses giving the verification criterion of Eq. (32). 

 

 
20𝑚𝑔0
𝑛 − 1

< 𝐹𝑟max (32) 

 

Then, the axial clamping force created by the bolts must be 

sufficient to prevent the body to radially slip on the frame. This 

required force 𝐹min is given by Eq. (33). 

 

 𝐹min =
20𝑚𝑔0
𝑓𝑐

 (33) 

 

The minimum clamping force 𝐹min translates into a 

minimum fastening torque 𝑇min  to be applied on the 𝑛 bolts 

during the integration thanks to the estimation of Eq. (34) [8]. 

 

 𝑇min =
𝐹min
𝑛 − 1

(0.16𝑝 + 0.583𝑓𝑡𝑑2 + 0.5𝑓ℎ𝐷𝑚) (34) 

 

b) Axial loads 

In the axial load case, the loads are applied along the axis of 

the bolts. They are thus subject to tension. The bolts must hence 

be strong enough to sustain the axial loads added to the 

minimum force 𝐹min introduced above. A second criterion to be 

verified is given by Eq. (35).  

 

 
20𝑚𝑔0 + 𝐹min

𝑛 − 1
< 𝐹𝑎max (35) 

 

c) Fastening torque selection 

Once the criteria have been satisfied, a fastening torque 𝑇 

larger than 𝑇min from Eq. (34) should be selected. The resulting 

�⃗� 

𝐴 

𝐵 

𝐿 
𝐹𝑇⃗⃗⃗⃗⃗ 

∆𝐿 

�⃗� 

𝑧 

𝐺 

𝐿𝐺 
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axial force 𝐹 can be deduced from Eq. (36) considering that all 

bolts are fully functional. 

 

 𝐹 =
𝑛𝑇

(0.16𝑝 + 0.583𝑓𝑡𝑑2 + 0.5𝑓ℎ𝐷𝑚)
 (36) 

 

This resulting force should again satisfy the criterion in Eq. 

(35) and also verify that no Brinelling can occur between the 

body and the frame thanks to Eq. (37), where 𝜎𝑠 and 𝜎𝑓 

respectively embody the body and frame materials’ Brinelling 

pressures. 

 
𝐹

𝑆𝑐
< min(𝜎𝑠, 𝜎𝑓) (37) 

 

Finally, each bolt must sustain the torque applied during 

integration giving the verification criterion of Eq. (38). 

 

 𝑇 <
𝜋(𝐷4 − 𝑑4)𝑅𝑝

32𝐷
 (38) 

 

C. Microgravity disturbances analysis 

To prevent any perturbation during experiment 

measurements, the quality of the microgravity environment 

must meet the requirement of 10−3 𝑔0 introduced in Section 

I.E. The measure of the microgravity level is realized with an 

accuracy of ±10−4𝑔0 at frequencies up to 100 Hz. 

Microgravity disturbances generated within the experiment 

are produced by moving parts. Considering the TT system, the 

moving parts are the rotating shaft, the TT itself, the pumps’ 

moving parts, and the fluid. 

 

1) Rotation induced microgravity disturbances 

Consider a body of mass 𝑚 rotating around a rotational axis 
(𝛿). If the centre of mass 𝐺 of the body is not perfectly aligned 

with the axis, a centrifugal force applying on 𝐺 and normal to 
(𝛿) appears during rotation. If the offset between 𝐺 and the axis 

is noted 𝑟, the resulting centrifugal force 𝐹 is given by Eq. (39), 

where 𝑓 is the rotational frequency of the body. 

 

 𝐹 = 𝑚𝑟(2𝜋𝑓)2 (39) 

 

 This centrifugal force is the result of the centripetal 

acceleration at the very base of a uniform circular motion of 

pulsation 𝜔 given by Eq. (40). 

 

 𝑎 = 𝑟𝜔2 (40) 

 

2) Pumps moving parts induced microgravity disturbances 

In order to increase the pressure in a fluid line, a pump design 

implements an oscillating diaphragm mounted on an eccentric,  

Fig. 13. When moving, this reciprocating scotch yoke system 

generates accelerations mainly in the direction defined by the 

path that the diaphragm follows (𝑧 axis). For the calculation of 

the acceleration induced by this pump design, the link rod is 

assumed to be aligned with the diaphragm 𝑧 axis and to translate 

on it when moving. The accelerations issued from imbalance of 

the pump’s shaft and lateral movement of the link rod are 

neglected. 

If the diaphragm and the link rod are identified as “sliding 

parts” with a mass 𝑚, the maximum force 𝐹 on the 𝑧 axis caused 

by the acceleration of these parts is the same as a centrifugal 

force and is given by Eq. (39), where 𝑓 is the rotation frequency 

of the pump and 𝑟 the radius of the eccentric. 

 

 
 Fig. 13.  Oscillating pump concept sketch 

This force is then transmitted to a cylindrical frame of mass 

𝑀 on which the pumps are fixed, Fig. 14. In the following 

scenario, two similar pumps are used. They are assumed to be 

placed symmetrically on the frame at a distance 𝑅 from the 

main frame axis. A shaft of height ℎ is also fixed in the middle 

of the frame. For the following analysis, the frame is assumed 

to translate freely on 𝑧 axis and to roll freely on �⃗� axis, where 

the (�⃗�, �⃗�, 𝑧) frame of reference is fixed to the frame’s centre of 

mass 𝐺.  

 

 
Fig. 14.  Pumps microgravity disturbances model 

From this two pumps setup, a worst-case scenario approach 

distinguishes two cases for which maximum accelerations are 

generated at the top of the shaft: phase rotation of the pumps 

and opposite phase rotation. 

 

Phase rotation: When rotating in phase, the forces created by 

the two pumps act in the same direction on 𝑧 and add up. The 

maximum axial acceleration in 𝑔 of the frame on 𝑧 𝑔𝐼𝑆𝑎  can 

then be derived by applying the 2nd law of Newton to the frame, 

Eq. (41). 
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 𝑔𝐼𝑆𝑎 =
2𝐹𝑠𝑝
𝑀𝑔0

 (41) 

 

Opposition phase rotation: When rotating in opposition of 

phase, the forces from the pumps act in opposite direction on 𝑧, 

inducing a torque acting radially on the frame through the 

frame’s centre of mass 𝐺 (�⃗� axis in Fig. 14). The 2nd law of 

Newton applied to the frame of inertia 𝐽 gives the maximum 

radial acceleration 𝑔𝐼𝑆𝑟  in 𝑔 at the top of the shaft, Eq. (42). 

 

 𝑔𝐼𝑆𝑟 =
2ℎ𝑅𝐹𝑠𝑝
𝐽𝑔0

 (42) 

 

D. Design method 

Designing mechanical parts is a creative task that follows a 

rigorous decision process. Because the possibilities are nearly 

unlimited at the start, design choices must respect a logical 

engineering approach. Some major designing methods and 

rules are presented below. 

 

1) Trade-offs 

Mechanical design is a continuous trade-off process applied 

at many scales, from the smallest geometries and surfaces of a 

single part to the system scale. The trade-off method is a point-

based mean to compare two or more potential solutions and 

highlight the most relevant of them. The grading method is not 

always implemented but clearly helps in some delicate 

situations. In the proposed trade off method, 𝑝 solutions are 

judged according to a list of 𝑛 criteria. Each criterion 𝑖 is given 

a weight 𝑤𝑖 marked on a 5 points scale, the higher the number, 

the higher the weight. For each criterion 𝑖, each solution 𝑗 
receives a mark 𝑚𝑖,𝑗 between 0 and 5 reflecting the quality of 

the solution regarding the given criterion. A total of points 𝑡𝑗 is 

obtained for each solution 𝑗 by summing the weight times the 

mark for each criterion as described by Eq. (43).  

 

 𝑡𝑗 1≤𝑗≤𝑝 =∑𝑤𝑖𝑚𝑖,𝑗

𝑛

𝑖=1

 (43) 

 

The solution ending up with the highest score wins the trade-

off. The method can be presented in a matrix way as in Table 1.  

 
Table 1: Trade-off grading method 

Criterion Weight Solution 𝑠1 Solution 𝑠𝑗 𝑠𝑝 

𝑐1 𝑤1 𝑚1,1 𝑚1,𝑗 𝑚1,𝑝 

𝑐𝑖 𝑤𝑖 𝑚𝑖,1 𝑚𝑖,𝑗 𝑚𝑖,𝑝 

𝑐𝑛 𝑤𝑛 𝑚𝑛,1 𝑚𝑛,𝑗 𝑚𝑛,𝑝 

Total 𝑡1 𝑡𝑗 𝑡𝑝 

 

2) Product trees 

The AtmoFlow components of the space segment are 

organised according to a defined breakdown tree [10]. Product 

trees of other segments (engineering segment, breadboard 

segment, etc.) can differ from the space segment tree. The 

hardware or CAD drawing tree is derived from the mentioned 

tree with some slight modification to facilitate the CAD files 

manipulation and to stick closer to the physical assemblies. 

Here, a subassembly is added in the TCS SCL where the gas 

cooling system’s components are gathered for example, as well 

as a structural subsystem in the TT system. The space segment 

hardware tree is presented below. The underlined systems were 

designed during this thesis. 

 

1. AtmoFlow Proto-Flight Model (PFM) 

a. AtmoFlow PFM Experiment Container (EC) 

i. Power Conditioning Unit (PCU) 

ii. Payload Control and Data Acquisition 

(PCDA) 

iii. Thermal Control System (TCS) 

1. Primary Cooling Loop (PCL) 

2. Secondary Cooling Loop (SCL) 

a. Inner Sphere Thermalization 

System (ISTS) 

b. Outer Sphere Thermalization 

System (OSTS) 

c. Gas Cooling System (GCS) 

iv. Turntable (TT) 

1. Fluid Cell Assembly (FCA) 

a. Inner Sphere Assembly 

(ISA) 

b. Outer Spheres Assembly 

(OSA) 

c. Test Fluid 

2. Inner Sphere Rotation Drive 

(ISRD) 

3. Structure 

v. Outer Spheres Rotation Drive (OSRD) 

vi. High Voltage Power System (HVPS) 

vii. Optical Diagnostics (OD) 

viii. Experiment Container Structure (ECS) 

ix. Internal Electrical Harness (IEH) 

x. Accelerometer Assembly (AA) 

b. AtmoFlow PFM Auxiliary Items 

i. External Electrical Harness 

ii. External Fluid Lines 

c. AtmoFlow PFM Software 
 

3) Parts naming procedure 

The naming of created parts used in the design follows some 

Airbus internal guidelines [11]. The naming procedure sorts the 

assembly/part numbers according to system assembly levels, 

from bigger scale levels to smaller ones. The assembly levels 

are defined by the space segment hardware tree of the project 

introduced in Section II.D.2). An explanation of the procedure 

is given below as well a part number decomposition example 

(Fig. 15). 

  

AF     Project: AtmoFlow (AF) 

Main number / Level 0 

AF-X  
01 = EM 

 02 = PFM 
03 = TM 

04 = GSE 

05 = Breadboard 
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Assembly Level 1 (i.e. in PFM) 

AF-02-X     
01 = EC 
02 = Auxiliary Items 

03 = Software 
 

Assembly Level 2 (i.e. in PFM EC) 

AF-02-01-XX     
01 = Power Conditioning Unit (PCU) 

02 = Payload Control and Data Acquisition (PCDA) 

03 = TCS 

 04 = TT 
 Etc… 
 

Assembly Level 3 (i.e. in PFM EC TT)  

AF-02-01-04-XX    
01 = FCA 

 02 = ISRD 

 Etc… 

 

Assembly Level 4 (i.e. in PFM EC TT FCA)  

AF-02-01-04-01-XX    
01 = ISA 

02 = OSA 

 Etc… 

 

The decomposition in subassemblies goes on as far as 

necessary until the part level is reached. 

 

Part Level 

AF-02-01-04-01-XX-...-XXXX 

 

The four digits indicate that the number calls after a single 

part. The name of the assembly/part follows the number. 

 

AF-02-01-04-01-01-0010_Inner_shaft 

 

 
Fig. 15.  AtmoFlow part naming procedure example 

The names/numbers of parts issued from manufacturers or 

external sources are kept identical to their ordering 

names/numbers. 

 

4) Mechanical design guidelines 

The mechanical design process is steered by many guidelines 

applied at all scales of the design. This section attempts to give 

the background strategy used to create the AtmoFlow design in 

a smart and optimal way. It presents the different points taken 

into consideration while designing the parts. 

a) Manufacturability 

The manufacturability of a designed part is tightly linked to 

its cost and lead time. On a larger scale, cost and time are the 

two main axes of a project. The design of every part must then 

meet the same direction that the project tries to follow in terms 

of these two aspects. For the AtmoFlow case, a “keep it simple” 

approach was implemented during the AtmoFlow design to 

keep production costs and time as low as possible. Parts’ 

geometries and shapes were created to be manufactured using 

standard methods like Computer Numerical Control (CNC) 

machines to mill, turn and drill metallic and plastic parts for 

example. 

As a general rule in the space industry, the time constraint is 

often prevalent on the cost one because of specific deadlines 

such as launch windows whereas the budget is often substantial. 

b) Integrability 

The design of a complex project like AtmoFlow involves a 

large number of parts gathered in a global assembly, itself 

divided in several subassemblies. When designing a single part, 

the integration process must be considered to make sure that the 

part is integrable without damaging other components and 

eventually fits in the assembly. Even if sounding obvious, this 

point consumes most of the thoughts spent on a design. The 

room for the tools required to perform the integration must be 

foreseen too. The integration processes must be compatible 

with the given parts and assemblies. Whenever possible, the 

integration sequence must be reversible to be able to de-

integrate the systems with no damage. A flexible design 

allowing to de-integrate low level subsystems even after 

integration in higher level systems is also desired, saving some 

precious time when modifications must be brought to a given 

subsystem after complete integration for tests for example. 

These integration thoughts lead to strong impacts on part 

geometries and materials. 

c) Choice of material 

The choice of a part’s material is a compromise between 

several key factors. First, the function of a part defines its global 

shape. The chosen material must hence adopt this shape 

according to a given manufacturing process. This process and 

the material itself define the precision that can be reached when 

giving shape to the part’s functional surfaces. Embodied by 

manufacturing tolerances, this precision is a first element to 

consider when picking a material to prevent future integration 

and hyperstatism problems in assemblies. Material properties 

are another main motivation to select a part’s material. If the 

part must sustain significant loads, its mechanical properties 

such as tensile and shear stress limits are of interest. If the part 

is subjected to temperature gradients, its thermal properties 

such as its Coefficient of Linear Thermal Expansion (CLTE) or 

its thermal conductivity must be considered. If the part is 

involved in any electrical environment, its electrical properties 

like conductivity or dielectric breakdown voltage must be 

studied. The optical properties of a material can also be of 

interest when having an optical function. The density of the 

AF-02-01-04-01-01-0010_Inner_shaft 

 

Project prefix 

Main number (level 0) 

Assembly level 1 

Assembly level 2 

Assembly level 3 

Assembly level 4 

Single part number 

Assembly/part name 
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material defining the weight of a given part is often a crucial 

criterion to select a material. The compatibility between a part’s 

material and its environment is always to be checked. Safety 

considerations (flammability, toxicity, etc.) can also steer the 

choice of a material. 

d) Fastening solutions 

When it comes to fixing two components or assemblies 

together, several options are available. The first obvious 

solution employs threaded connections such as bolts, screws 

and nuts to either connect two parts thanks to a thread or clamp 

two parts between a screw head and a nut. In the German 

aerospace industry, the LN norms (Luftfahrt Norm) dictate the 

standardisation of such components, prevailing on the German 

DIN norms. The screws and washers used in the designing 

process are therefore picked from these LN standards when 

possible. If failing, the international ISO or DIN standards are 

preferred. Same rule applies for the threads performed on 

mechanical parts. 

Threaded connections must sustain launch loads and induced 

vibrations. To prevent any screws to get loose under these 

particular conditions, Helicoil Screwlock inserts are used for 

every bolted assemblies. The taped holes are then designed 

according to the chosen Helicoil manufacturer, Boellhoff [12].  

When threaded connections are not practicable, glue could 

rise as a possible solution. Yet, with glue come several 

constraints such as safety issues, material compatibility and 

strict gluing procedures. Gluing is also an irreversible process 

in the integration sequence. 

Finally, mechanical tolerances and materials’ thermal 

properties can also allow fastening two components together 

using a press fit method where interfering parts are pushed 

together and fixed by the induced friction.  

 RESULTS  

A. CAD design 

The CAD produced and the selected technical solutions are 

presented in this section. A detailed description of each 

subsystem is given below, with explanations on how they 

achieve their expected functions. 

The current state of the Proto-Flight Model (PFM) of the 

AtmoFlow EC is shown in Fig. 16. The design of the TT, the 

SCL of the TCS and both ISRD and OSRD are results of this 

thesis (see the hardware tree of Section II.D.2). Other 

components of the design are not part of them. 

 

 
Fig. 16.  Experiment Container CAD design 

1) Turn Table 

The TT design is divided into three subassemblies. 

a) Structure 

The TT structure gathers all the parts having as main purpose 

a structural function as well as O-rings and shims. Among them, 

the TT Drum, Top Plate, Stage, Base Plate and the FCA body 

globally define the envelope of the TT, Fig. 17. The chosen 

material for these parts is aluminium for its strength to weight 

ratio and its thermal conductivity, allowing driving the heat 

from certain components in the structure to heat exchangers of 

the TCS. Their global revolution shapes are thought to 

minimise misbalancing of the parts under rotational conditions.  

The TT drum and stage are still in an early design phase. 

Clearances on the sides of the drum are foreseen to spare weight 

and guarantee accessibility during integration. The interface 

with the TT Base Plate has been designed according to an 

alignment consideration detailed in Section III.B.2). 

The selected O-rings are made of 70 durometer shore A 

EPDM material for compatibility issues with the Novec 7200 

dielectric fluid used to thermalize the FCA. Their diameters 

were chosen according to standard O-ring sizes from both US 

and metric standards. The grooves accommodating them were 

designed to create the desired compression once integrated as 

mentioned in Section II.A.3). For both axial and radial static 

sealing, a compression set of 30 % was established for O-rings 

[5] [6] of 1.5 mm and 1.78 mm cross sections, giving 

respectively a grove width of 2.2 mm and 2.5 mm and a groove 
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depth of 1.1 mm and 1.3 mm. For dynamic sealing, the 

compression set was defined as 10 % for the sealing rings 

preventing bypass between the ISTS and OSTS loops in the 

fluidic slip-ring (further described in Section III.A.2)a)(1) and 

Fig. 31), and 15 % for the proper sealing of the loops. 1.78 mm 

cross section Quad-rings [13] were selected for dynamic 

sealing. The groove widths were in both cases defined as 2.1 

mm and the deducted depths were respectively 1.55 mm and 1.5 

mm. 

 
Fig. 17.  Turn Table CAD design 

b)  Outer Spheres Rotation Drive 

The OSRD ensures the rotation between TT and EC. It 

consists of a high precision double row bearing, a brushless 

motor, an optical encoder system and a control board (Fig. 18, 

control board not shown). 

 

 
Fig. 18.  Outer Spheres Rotation Drive CAD design 

The selected bearing is a super duplex angular contact ball 

bearing from ADR designated as WADM12305HTA4DOK-

7503 [14]. It consists of two angular contact bearings gathered 

under a common outer ring. Mounted as one piece, the bearing 

requires thus less manufacturing effort of the housing and is 

easier to integrate compared to two classic angular contact 

bearings. The preloaded bearing presents an O configuration 

that increases the rigidity of the rotating assembly. Its geometry 

responds to strict tolerances (TG4) and it implements 

thoroughly sorted balls (Grade 3) to achieve its high precision 

rotation studied in Section III.C.1)a)(2). The rings are made of 

440 C stainless steel, the cage is made of phenolic resin cotton 

base. An overview of the bearing is given in Fig. 19. 

 

 
Fig. 19.  Extract from TT bearing's manufacturing drawing [15] 

The selected motor is the MF0060044-C high torque kit 

brushless motor from MACCON with a 36.195 mm inner 

diameter, 60.350 mm outer diameter, and 57.17 mm length in 

its 300 V unhoused version [16]. It can deliver 1 Nm continuous 

torque. The motor is delivered as two separated parts, the rotor 

and the stator, that can be individually integrated as wished. 

This motor choice was motivated by its power-to-footprint ratio 

and its flexibility in the integration process. 

The selected encoder system is an optical incremental 

encoder from RENISHAW consisting of the RESM40 stainless 

steel ring [17] of 350 mm outer diameter and its QUANTiC 

readhead [18]. The accuracy and resolution of the encoder 

system were assessed to meet the 260 arcsec precision derived 

from the requirements described in Section I.E. The ring 

graduations are 40 µm distant and the readhead output is 

clocked at 1 MHz. 

The OSRD is planned to be controlled using a MAXON 

EPOS4 control board [19]. 

c) Inner Sphere Rotation Drive 

The ISRD implements the same components list as the 

OSRD: a double row bearing, a motor, an encoder system and 

a control board following the same strategy (Fig. 20, control 

board not shown).  

FCA body 
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Fig. 20.  ISRD CAD overview 

The selected bearing is a super duplex angular contact ball 

bearing from ADR designated as WSP21181HTG4DOK7515 

[20], mounted in an O configuration and preloaded for the same 

reasons previously discussed. It is manufactured to the same 

tolerances (TG4), ball grade (Grade 3) and materials (440C, 

phenolic resin) as the OSRD bearing. The rotation precision of 

this inner bearing is discussed in Section III.C.1)a)(1). An 

overview of the bearing is given in Fig. 21. 

 

 
Fig. 21.  Extract from IS bearing's manufacturing drawing [21] 

The selected motor is the MF0060008-C high torque kit 

brushless motor from MACCON of 36.195 mm inner diameter, 

60.350 mm outer diameter, and 21.59 mm length in its 300 V 

unhoused version. It can deliver 0.36 Nm continuous torque. It 

was selected for the same reasons as for the OSRD motor. 

The selected encoder system is again an optical incremental 

encoder from RENISHAW made of the RESM40 stainless steel 

ring [17] in 52 mm outer diameter version and its QUANTiC 

readhead [18]. The accuracy and resolution of the encoder 

system were assessed to meet the 130 arcsec precision derived 

from the requirements from Section I.E. The ring graduations 

are 40 µm distant and the readhead output is clocked at 1 MHz. 

Again, the ISRD is planned to be controlled using a MAXON 

EPOS4 control board [19]. 

d) Fluid Cell Assembly 

The FCA is the centre core of the experiment where the 

planet-atmosphere system is modelled. The differential rotation 

between the TT and shaft, the two FCA thermalization loops 

and the High Voltage electrical field are altogether design 

parameters of this assembly. The FCA is divided in two 

subassemblies, the ISA including all the rotating parts, and the 

Outer Spheres Assembly (OSA). An overview of the FCA is 

given in Fig. 22. 

 

 
Fig. 22.  Fluid Cell Assembly CAD design 

(1) Inner Sphere Assembly 

The ISA consist of the IS with a 18.9 mm ±0.64 µm radius 

modelling the planet, mounted on its rotating shaft, Fig. 23. The 

IS is made of two high precision stainless steel half spheres 

containing two PEEK plastic thermal insulators and a stainless-

steel equatorial ring, Fig. 24. The shaft consists of one inner and 

one outer shaft, both made of stainless steel, and a PEEK plastic 

electrical isolator. The inner and outer shafts guide the fluid up 

and down between the fluidic slip-ring and the IS (see a more 

detailed description in Section III.A.2)a)(1)). The equatorial 

ring distributes the fluid around the equator of the IS. The outer 

shaft supports the IS which is integrated as a whole and fastened 

on it thanks to a M10×1 mm thread with a 1d Helicoil [12]. An 

adjustment washer allows small corrections of the height of the 

IS on the shaft. The radial alignment of the IS on the shaft is 

ensured by a fit between the equatorial ring and the inner shaft. 

The thermal insulators in the sphere protect the sphere’s poles 

against any heat transferred from the fluid to clearly define the 

temperature boundary condition on the equator only as stated in 

the requirements of Section I.E. The inner shaft drives the High 

Voltage phase from the HV slip−ring to the IS. Metal to metal 

contact is ensured between the inner shaft and the outer shaft, 

the outer shaft and the equatorial ring, and between the 

equatorial ring and the IS for the electrical bonding expected 

from the requirements. The PEEK electrical isolator avoids any 

discharge from the inner shaft’s potential to its close 

environment and thus allows implementing the required High 

Voltage. Its thickness is minimum in the fluidic slip ring with 1 

mm. It is more than 3.75 mm thick on the rest of the shaft’s 

length. 
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Fig. 23.  Inner Sphere Assembly CAD design 

 
Fig. 24.  Inner Sphere CAD design 

(2) Outer Spheres Assembly 

The OSA (Fig. 25 and Fig. 26) is responsible for containing 

the experiment and thermalization fluids in the FCA while 

providing to the Optical Diagnostic instruments the observation 

conditions stated in Section I.E. The outer spheres involved in 

the assembly are made of 4 mm thick BK7 glass and are 

transparent for the 532 nm laser wavelength operated by the 

OD. A 1° margin on the Field of View (FoV) angle is 

implemented in the design as shown in Fig. 26 to ensure no 

obscuration of the laser beam. 

The Upper and Lower Outer Spheres (respectively UOS and 

LOS) delimit the experimental gap in which the fluid models 

the planet’s atmosphere. This gap satisfies the 8.1 mm width 

requirements from Section I.E and accommodates the electrical 

field acting like a gravity force on the fluid. Both UOS and LOS 

are coated with a 100 nm ITO layer on their inner sides to 

ensure electrical conductivity. They are electrically bonded to 

the TT Base Plate connected to the HV ground. 

The Upper and Lower Bonnet Spheres (respectively UBS 

and LBS) delimit the thermalization gap between the OS and 

the BS. This gap was defined as 3.5 mm thanks to a trade-off 

presented in Section III.C.4). It contains the OSTS fluid in 

charge of extracting excess heat produced by the thermalization 

of the IS equator and by the dielectric heating of the fluid 

induced by the HV field.  

The Northern Thermal Transmitter (NTT) and the Southern 

Thermal Transmitter (STT) are respectively installed on the 

UOS and LOS to ensure the thermal boundary conditions on the 

atmosphere at the two poles stated in Section I.E. These two 

highly thermally conductive copper parts are inserted from the 

inner side of the glass shells and their legs are bent on the glass 

to fix them in position. They also prevent any electrical field 

concentration inducing high voltage corona discharge by 

rounding up edges at the end of the ITO layers. 

Three 0.25 mm thick PEEK rings are added between the glass 

shells and their housings to prevent any unwanted contact 

between glass and metal. This decision was motivated by 

previous complications in the GeoFlow design. They act as 

elastic connections that compensate for the different thermal 

expansions of glass and metals. 

The stainless-steel Drain Ring (DR) squeezes the LBS 

between its two PEEK rings on the FCA body and 

accommodates the LOS. It is fixed on the FCA body by three 

MJ6 screws and their washers with three M6 1.5d Helicoils 

[12]. 

The stainless steel UOS Centring Ring (UOSCR) is mounted 

on the DR thanks to three MJ6 screws and their washers with 

three M6 1.5d Helicoils [12]. It entraps the LOS in its housing 

in the DR. A brass gold-plated ring is pressed on the LOS by 

springs inserted in the UOSCR to guarantee a good electrical 

connection between the UOSCR and the LOS ITO coating. The 

UOS is glued on the UOSCR. Small elements added in the glue 

and acting like shims allow a proper centring of the UOS on its 

centring ring during the gluing process. 

The stainless-steel UBS Centring Ring (UBSCR) is fastened 

on the UOSCR using a steel nut with a M95×1 mm thread. The 

UBS is glued on its centring ring using the same process as the 

UOS.  

A stainless-steel Northern Inlet Mount (NIM) is glued on top 

of the UBS to accommodate the Swagelok 1/8” tube diameter 

and 1/8” NPT thread from the OSTS northern inlet. 

The HV ground connected to the TT Base Plate reaches the 

ITO layers of the OS through the DR and the UOSCR for the 

UOS. It continues its route through the contact springs and the 

bonding ring to reach the LOS. 
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Fig. 25.  Outer Spheres Assembly CAD design 

 
Fig. 26.  Outer Spheres Assembly CAD design, section view 

2) Thermal Control System: Secondary Cooling Loop 

The TCS is composed of the four fluid loops introduced in 

Section I.D. The PCL is out of the scope of this study. The SCL 

implements a gas cooling turret that blows gas from the EC 

atmosphere on the TT Base Plate heat exchanger to extract its 

heat. It also involves the two FCA thermalization loops that 

pump the oil-type thermalization medium, Novec 7200, in and 

around the experiment cell to ensure the thermal boundary 

conditions from Section I.E. The same fluid fills the 

experimental gap and plays the role of the atmosphere. 

a) Fluid Cell Assembly loops 

The tubing system of both ISTS and OSTS, the two FCA 

loops, is made of 1/4” stainless-steel bendable tubes. The 

fittings used to connect the two loops’ tubing networks are 316 

stainless-steel Swagelok fittings, 1/4” tube diameter and 1/8” 

thread when applicable, except for the fitting at the OSTS 

northern inlet (see Section III.A.1)d)(2)). The fittings mounted 

on the FCA body are positionable. To facilitate the tubing 

integration, both ends of each connecting tube are normal to the 

same plane in the same direction. An overview of the FCA 

loops is given in Fig. 27 and Fig. 28. 

 
Fig. 27.  Fluid Cell Assembly loops CAD design, top view 

 

 
Fig. 28.  Fluid Cell Assembly loops CAD design, bottom view 

(1) Inner Sphere Thermalization System 

The ISTS is responsible for generating the hot boundary 

condition on the IS equator introduced in Section I.E. It is 

symbolised by the reddish tubing system in Fig. 27 and Fig. 28. 

It implements a pump, a volume compensator, a heat exchanger 

and a tubing network with fittings as illustrated in Fig. 29. 
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Fig. 29.  ISTS CAD design 

A Thermo-Electric Cooler (TEC) trades heat with the fluid 

in the heat exchanger described in Fig. 30. In the heat 

exchanger, the tubing is sandwiched between two thermally 

conductive aluminium plates on which the hot side of the TEC 

is connected. The other side of the TEC is pressed on the TT 

baseplate. The heat exchanger is fixed to the baseplate using 

three MJ4 screws with Helicoils. Isolating thermal pads shall be 

added between the heat exchanger and the baseplate to 

thermally decouple the two parts.  

 

 
Fig. 30.  ISTS heat exchanger CAD design 

The fluid is then driven to the IS thanks to a fluidic slip-ring 

that connects the ISTS tubing system to the inner shaft 

presented in Fig. 31. This slip ring is thermally insulated by a 

PEEK plastic part preventing the heat of the fluid to dissipate 

in the aluminium body of the FCA. The insulator is fixed in the 

FCA body thanks to a custom made M36×1 mm nut fastened 

in the FCA body. The leak tightness of the slip-ring is ensured 

by nine EPDM sealing rings, five O-rings for static sealing and 

four Quad-rings for dynamic sealing. 

 

 
Fig. 31.  ISTS fluidic slip-ring CAD design 

The Novec fluid enters the slip ring from the inlet in the FCA 

body where the Swagelok fitting of the tubing system is 

connected. It flows through holes in the thermal insulator, the 

electrical isolator, the outer shaft and the inner shaft. It is guided 

upward in the inner shaft and arrives at the equatorial ring in the 

IS. A lateral channel between the equatorial ring and the IS 

lower half sphere steers the fluid around the equator to ensure 

the thermal boundary condition, Fig. 32. 

 

 
Fig. 32.  Inner Sphere fluid path 

The fluid comes back to the fluidic slip-ring between the 

inner and outer shafts. It exits the rotating shaft at the fluidic 

slip-ring through holes in the outer shaft, the electrical isolator 

and the thermal insulator again to reach the outlet in the FCA 

body. A Swagelok fitting also connect the tubing system at this 

point.  

A volume compensator is inserted in the loop just before the 

pump to compensate for the fluid’s thermal expansion and 

stabilize the pressure at the suction head of the pump to prevent 

cavitation in the fluid. 

(2) Outer Sphere Thermalization System 

Symbolised by the bluish tubing system in Fig. 27 and Fig. 

28, the OSTS is responsible for generating the cold boundary 

condition introduced in Section I.E. It also sets a fixed 

temperature boundary condition on the outer surface of the OS 

that helps the scientist modelling the experiment’s behaviour. 

The OSTS is like the inner one. It implements the same pump, 

a heat exchanger with two TECs, another tubing network, and 

is also connected to the same volume compensator as the ISTS. 

The CAD design of the OSTS is given in Fig. 33. 
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Fig. 33.  OSTS CAD design 

The two thermalization loops cross talk on puprose through 

the volume compensator to equalise their pressures. The cross 

talk between the two lines is limited thanks to a pin inserted in 

the Swagelok tee linking the two loops. The heat exchanger 

(Fig. 34) is connected to the baseplate with four MJ4 screws 

with Helicoils. Isolating thermal pads should again be used to 

thermally decouple the heat exchanger and the baseplate. 

 

 
Fig. 34.  OSTS heat exchanger CAD design 

The OSTS fluid path around the FCA is illustrated in Fig. 35. 

The fluid enters the outer spheres at the northern and southern 

inlets where Swagelok fittings connect the tubing system. On 

the lower part, the fluid fills a small gap between the LBS and 

the body that equallises the pressure on both sides of the glass 

shell. A 0.5 mm clearance between the STT and the shaft 

connects the OSTS to the experiment fluid. The main part of 

the fluid is driven between the LOS and the LBS towards the 

Drain Ring. The Drain Ring homogeneously collects fluid 

from both northern and southern inlets thanks to 30×1.5 mm 

ducts equally distributed around in the DR and the UOSCR. 

The fluid is eventually guided by a channel in the DR towards 

the two equatorial outlets where Swagelok fittings connect the 

tubing system again. 

 

 
Fig. 35.  Outer Spheres fluid path 

 The static leak tightness of the OSA is ensured by six O-

rings. Each potential leak path is double-sealed. 

b) Gas Cooling System 

The Gas Cooling Loop thermally connects the FCA 

thermalization loops to the PCL. It is meant to remove the heat 

generated/collected by FCA loops and by the other components 

mounted on the TT (motor, control boards…). The heat 

exchanger between the TT Base Plate and the Gas 

Thermalization Loop can be seen in Fig. 36. It consists of a plate 

with ten concentric fins of 40×1 mm2 meant to increase the 

exchange surface with the gas. A cover fixed on the EC steers 

the gas on the fin plate through one inlet and one outlet 

connected to the gas cooling turret with two pipes. The gas 

cooling turret is foreseen to be copied from the GeoFlow 

design. It implements a fan propelling the gas, TECs and heat 

exchanging surfaces to extract heat from the gas and transfer it 

to the PCL. 
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Fig. 36.  Gas Cooling System CAD section view 

B. Integration sequence 

The integration sequence of the design is described below. It 

can be divided in two major steps corresponding to the two 

main assemblies: the FCA and the TT. 

 

1) Fluid Cell Assembly integration sequence 

The integration of the FCA is split into 11 steps. Steps 2 to 5 

can be performed independently. 

 

Step 1: Inner Sphere’s integration (Fig. 37) 

- Both IS upper and lower thermal insulator are respectively 

glued in IS upper and lower half sphere with Scotchweld 

A2216 glue. 

- A M10×1 mm Helicoil Screwlock 1d is mounted in the IS 

equatorial ring’s thread. 

- The IS equatorial ring is press fitted in the lower half 

sphere.  

- IS equatorial ring’s height is rectified according to the 

clearance measured when fastening the two half spheres 

together. 

- The two halves are then definitely fastened together and 

secured in position with Scotchweld A2216 glue added in 

the thread. 

 
Fig. 37.  FCA integration sequence, step 1 

 

Step 2: Inner shaft integration (Fig. 38) 

- Six M3 Helicoil Screwlock 2d are inserted in the taped 

holes of the shaft’s electrical isolator foreseen to mount the 

encoder ring.  

- The outer shaft is press fitted on the inner shaft. 

- A 4×1 mm2 EPDM O-ring is inserted in the groove of 

the inner shaft. 

- Inner and outer shafts are press fitted in the shaft’s 

electrical isolator. 

- The inner shaft is secured on the isolator with the inner 

shaft’s nut. 

- The bearing sleeve is press fitted on the isolator.  

- The IS is mounted on the current state of the shaft and the 

assembly is turned together to rectify concentricity 

between the bearing sleeve’s outer surface and the IS.  

- The IS is removed from the shaft. 
- The motor rotor is glued on the electrical isolator using 

Scotchweld A2216 glue. A special cover on the rotor 

should be foreseen to protect the magnets against any arm 

during the on-going integration. 

- The inner bearing is press fitted on its support sleeve. 

- Two 15.60×1.78 mm2 EPDM Quad-rings are inserted 

in the grooves of the electrical isolator. 

 
Fig. 38.  FCA integration sequence, step 2 

Step 3: FCA body preparation (Fig. 39) 

- Three M6 Helicoil Screwlock 1.5d are inserted in the taped 

holes foreseen to mount the Drain Ring on the FCA body. 

- Six M4 Helicoil Screwlock 1d are inserted in the taped 

holes foreseen to fix the bearing cap in the FCA body. 

- Four M4 Helicoil Screwlock 2.5d are inserted in the taped 

holes foreseen to mount the stator holder on the FCA body. 

- The hot loop thermal insulator is completed with two 

17.17×1.78 mm2 EPDM Quad-rings in its inner 

grooves and with a 29×1.5 mm2 EPDM O-ring in its 

outer groove. 
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- A 29×1.5 mm2 EPDM O-ring is inserted in the body’s 

bore. 

- The completed hot loop thermal insulator is inserted in the 

body’s bore. 

- The nut and its two O-rings (resp. 29×1.5 mm2 and 

45×1.5 mm2) are inserted in the bore and fastens the 

thermal insulator in position. 

 
Fig. 39.  FCA integration sequence, step 3 

Step 4: Stator gluing (Fig. 40) 

- The motor stator is glued in the stator holder using 

Scotchweld A2216 glue. 

 

 
Fig. 40.  FCA integration sequence, step 4 

Step 5: Glass shells preparation 

- The Southern Thermal Transmitter is mounted on the LOS 

by bending its legs on the glass to hold it in position. 

- The UOS is glued on the UOSCR. 

- The Northern Thermal Transmitter is mounted on the UOS 

by bending its legs on the glass to hold it in position. 

- The UBS is glued on the UBSCR. 
- The Northern Inlet Mount is glued on the UBS. 

Step 6: Inner shaft’s accommodation (Fig. 41) 

- The integrated shaft from step 2 is inserted in the FCA 

body. 

- The bearing shim thickness is adjusted so that the cap 

properly clamps the bearing in position when fastened. 

- Both bearing shim and cap are inserted in the body. 

- Six LN9016 M4 washers and six LN 29 949 MJ4 screws 

are used to fix the bearing cap in the FCA body. 

 
Fig. 41.  FCA integration sequence, step 6 

Step 7: Stator accommodation (Fig. 42) 

- The stator assembly from step 4 is mounted on the FCA 

body using four LN 9016 M4 washers and four LN 29 949 

MJ4 screws. A special tool is required for this step to 

properly centre the stator assembly without damaging the 

rotor before fixing it in position with the screws. 

 
Fig. 42.  FCA integration sequence, step 7 

Step 8: Encoder integration (Fig. 43) 

- The encoder ring is mounted on the shaft’s electrical 

isolator using six ISO 4762 M3 screws following the 

recommended RENISHAW’s procedure [22]. 
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Fig. 43.  FCA integration sequence, step 8 

Step 9: Lower spheres integration (Fig. 44) 

- The LBS is mounted in the FCA body with its lower and 

upper PEEK rings on both sides of its clamping shoulder. 

- Two EPDM O-rings (resp. 88.62×1.78 mm2 and 

101.32×1.78 mm2) are inserted in the grooves of the 

FCA body. 

- The Drain Ring is mounted on the FCA body using three 

LN 9016 M6 washers and three LN 29 949 MJ6 screws. 

- The LOS from step 5 is inserted in the Drain Ring after its 

PEEK ring. 

  
Fig. 44.  FCA integration sequence, step 9 

Step 10: Inner Sphere accommodation (Fig. 45) 

- The IS adjustment washer is inserted on the outer shaft. If 

needed, its thickness can be adjusted. 

- The integrated IS from step 1 is fastened on the outer shaft. 

 
Fig. 45.  FCA integration sequence, step 10 

Step 11: Upper shells integration (Fig. 46) 

- The LOS bonding ring is placed on the upper side of the 

LOS’s clamping shoulder. 

- The UOS assembly from step 5 is completed by three 

EPDM O-rings, two on its lower side (resp. 

82.27×1.78 mm2 and 94.97×1.78 mm2), one on 

its upper side (72.75×1.78 mm2) and by twelve 

contact springs (not shown). 

- The UOSCR is mounted on the Drain Ring using three LN 

9016 M6 washers and three LN 29 949 MJ6 screws. 

- The UBS assembly from step 5 is completed with one 

82.27×1.78 mm2 EPDM O-ring. 

- The UBS assembly is fastened on the UOSCR using the 

UBSCR nut. 

 
Fig. 46.  FCA integration sequence, step 11 

 

ISO 4762 M3 screw 

Encoder ring 

O-rings 

PEEK rings  

Drain Ring  

LN 9016 M6 washer 

PEEK ring  

LOS + STT  

LBS  

LN 29 949 MJ6 screw  

IS adjustment washer 

Integrated Inner Sphere 

Bonding ring 

O-rings 

UOS + UOSCR + NTT 

O-ring 

LN 9016 M6 washer 

LN 29 949 MJ6 screw 

O-ring 

UBS + UBSCR + NIM 

UBSCR nut 



SD291X Degree Project in Space Technology 

 

23 

2) Fluid Cell Assembly / Turn Table alignment procedure 

Since the TT design is still at an early stage, only the concept 

of the major step of the TT integration is presented here. The 

main challenge of the TT integration is to align very precisely 

the ISA rotation axis with the TT one for optical reasons. The 

alignment precision should ideally place the centre of the IS on 

the TT rotation axis with a 100 nm tolerance. Since this 

precision is not reachable by relying on mechanical tolerances 

only, an alignment strategy has been established. 

The integration starts with fixing the TT Base Plate (BP) to 

the FCA using four LN 29 949 MJ6 screws with their LN 9016 

M6 washers and Helicoils. The FCA is centred in the TT BP 

thanks to a tight fit on its centring surface. The FCA loops of 

the TCS are then installed.  

The integrated BP is then brought from underneath the TT 

using a special Ground Segment Equipment (GSE) that also 

holds the TT on its bearing (Fig. 47). The GSE allows moving 

the BP up and down thanks to the MLJ150/M high-load vertical 

translation stage from Thorlabs [23]. The BP is fixed to the TT 

on three points for isostatic considerations with custom made 

M10 pins and nuts. High precision peelable shims are placed 

between the BP and TT to adjust the height and tilt of the BP 

with an ideal 10 nm precision (Fig. 48). The shims are placed 

at the same height as the IS so that when adjusting the shims 

height, the BP rotates around a point close to the IS centre. Four 

micrometre screws equally distributed around the GSE and 

mounted on it allow the radial alignment of the BP by pushing 

radially the BP from the sides. By using four screws, the �⃗� and 

�⃗� radial axes are decoupled for radial translation of the BP. The 

displacement of the BP along one of these axes is realised by 

untightening a given screw before tightening the opposite one. 

When properly aligned, the BP is fixed to the TT Drum with 

the three M10 pins and nuts. Because a torqueing process would 

ruin the alignment, a pretension unit [24] is used to generate the 

clamping force of each pin and nut. The clamping force shall be 

worth a torque of 40 Nm according to the recommended torque 

derived from Airbus guidelines [25].  

 

 
 
Fig. 47.  FCA/TT alignment concept 

 
 
Fig. 48.  FCA/TT alignment concept, section view 

C. Analysis results 

1) Rotary analysis 

a) Bearings rotation accuracy 

The two differential rotations between the IS and the TT and 

between the TT and the EC are respectively guided by the super 

duplex bearings described in both rotation systems respectively 

in Section III.A.1)b) and Section III.A.1)c). The accuracy of 

these rotations directly impacts the design of the Optical 

Diagnostic instrument in charge of observing the atmospheric 

flows occurring within the experiment fluid.  

 The exposure time 𝑡𝑒 of the interferometer’s cameras is 2 

milliseconds. During this period, the centres of the bearing 

rolling elements cover an arc distance 휀 given by Eq. (44), 

where 𝑟bm is the bearing mean radius defining the circle that the 

rolling elements follow and 𝑓 the rotational frequency of the 

bearing (the rolling elements’ centres are assumed to rotate at 

the same speed than the bearing). 

 

 휀 = 2𝜋𝑟bm𝑓𝑡𝑒 (44) 

 

The arc 휀 can be compared to the nominal diameter of a 

rolling element 𝑑𝐵𝑛. When taking the maximum rotational 

frequencies, the ratios 휀/𝑑𝐵𝑛 obtained are 0.03 for the inner 

bearing (𝑟bm =19.25 mm, 𝑑𝑏𝑛 =7.938 mm) and 0.6 for the 

outer one (𝑟bm =158.5 mm, 𝑑𝑏𝑛 =6.35 mm), ensuring that the 

interferometer sees less than one bearing ball during the 

acquisition of one data point. Considering quasi-static bearings 

over the exposure time is therefore a good assumption for both 

bearings, allowing to use the 2D models introduced in Section 

II.A.1) to calculate the bearings performances. 

(1) Inner sphere’s rotation 

When the IS rotates relatively to the TT, the optical 

instrument does not see the same part of the sphere over time. 

But to study the evolution in time of a precise point on the 

sphere as stated in Section I.E, the optical instrument is 

synchronised with the IS rotation to “take a picture” at each of 

its revolution. Hence, the systematic wobbling of the IS rotation 

has no influence on the Optical Diagnostic: for all acquisitions 

of the same point, the run-out wobbling error does not change. 

Also, the wobbling induced by misalignment of the sphere with 

its shaft’s axis is negligible. Therefore, only the statistic 

wobbling of the IS is of interest here. 
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The maximum IS statistic axis offset to be expected is 69.3 

nm according to Eq. (4), whereas the maximum wobbling angle 

is 8.94 µrad given by Eq. (5). Those values are obtained 

considering the super duplex WSP21181HTG4DOK7515 

bearing [20] (𝑅𝑟 = 3 µm, 𝑉𝐷𝑤𝑠 = 0.08 µm, 𝛼 = 30°, 𝑙 = 0 

mm, 𝐵 = 15.5 mm). 

(2) Turn Table’s rotation 

When the TT wobbles, the trajectory of the rotary beam 

inside the TT is slightly modified as well as its path back to the 

cameras. Because the systematic wobble of the TT can be 

measured and anticipated, two active correction mirrors are 

planned to be added in the beam path to cancel the 

displacements of the beam induced by the wobble. Therefore, 

only the statistic wobbling induced by the TT bearing is of 

interest here. 

The maximum TT statistic axe offset to be expected is 65.5 

nm according to Eq. (4), whereas the maximum wobbling angle 

is 10.9 µrad given by Eq. (5). Those values are obtained 

considering the super duplex WADM12305HTA4DOK7503 

bearing [14] (𝑅𝑟 =10 µm, 𝑉𝐷𝑤𝑠 =0.08 µm, 𝛼 =35°, 𝑙 = 0 mm, 

𝐵 =12 mm). 

b) Bearings wobbling impact on optical performances 

The interferometer in charge of observing the convective 

flows in the experiment’s fluidic atmosphere is an makes the 

rays of the laser beam interfere together to produce a fringed 

image that the scientist can compare with numerical simulations 

(as given by the example in Appendix). To estimate the error 

induced by the bearings wobbling, the 2D laser beam of the 

model from Section II.A.2) is first discretised in “resolved 

rays”, each giving the image of one pixel of the camera sensor 

on the sphere’s surface. The angle between two “resolved rays” 

ideally focusing on the IS centre is 2.91° [4]. The difference 

between the OPD of two adjacent “resolved rays” is computed 

for all adjoining rays of the beam. This OPD difference gives 

the impact of the wobbling on the optical results and is a useful 

input for the design of the optical instrument. Further optical 

calculation and design are out of the scope of this study. 

The OPD difference graph is computed for the worst statistic 

wobbling case scenarios of both inner and TT bearings. For 

both bearings, the case leading to the largest IS displacement is 

the angular case 2 introduced in Section II.A.1)b). The 

maximum statistic wobbling angles 𝜃𝑉𝐷𝑤𝑠 of both bearings are 

given in Section III.C.1)a). 

c) Inner bearing wobbling’s optical impact 

The OPD difference graph derived from the inner bearing 

wobbling is computed thanks to the model introduced in 

Section II.A.2) and is presented in orange in Fig. 49. The beam 

comes from the angle 𝛿 = 45° over the horizon. It has a conical 

angle 𝛽max = 35°. The distance between the bearing’s rotation 

centre and the IS centre taken from the CAD design gives        

𝑙 = 105.5 mm. The wobbling angle 𝜃 is replaced by 𝜃𝑉𝐷𝑤𝑠 = 

8.94 µrad from Section III.C.1)a)(1). The radius of the IS is 18.9 

mm.  

d) Turn Table bearing wobbling’s optical impact 

The OPD difference graph derived from the TT bearing 

wobbling is computed thanks to the model introduced in 

Section II.A.2) and is also presented in blue in Fig. 49. As 

explained in the model, the beam comes this time from the angle 

𝛿 = −90° from the horizon. It has again a conical angle 𝛽max = 

35°. The focal distance of the lens focusing the beam on the IS 

centre gives 𝑙 = 50 mm [4]. The wobbling angle 𝜃 is replaced 

by 2𝜃𝑉𝐷𝑤𝑠 = 21.8 µrad from Section III.C.1)a)(2). The radius 

of the IS is 18.9 mm. 

 

 
Fig. 49.  OPD difference between adjacent rays 

e)  Time to max speed 

According to Section II.A.4), the time required for the inner 

shaft to go from a rest position to its maximum rotational 

frequency of 1 Hz is 12 milliseconds. This value was obtained 

with Eq. (18) assuming a shaft inertia of 7.8×10-5 kgm² taken 

from the CAD model, a bearing induced friction of 0.07 Nm 

[20], a HV slip-ring induced friction of 0.1 Nm, a motor torque 

of 0.36 Nm [16] and an O-ring induced friction of 0.16 Nm. The 

O-ring induced friction was calculated thanks to the model 

introduced in Section II.A.3) considering 4 O-rings of 70 Shore 

A with a 10 % compression set (two O-rings of 15.60×1.78 

mm2 and two O-rings of 17.17×1.78 mm2). The friction 

coefficient between EPDM and PEEK was taken as 0.3. 

Similarly, the time required for the TT to go from a rest 

position to its maximum rotational frequency of 2 Hz is 51 

seconds. This value was obtained assuming a conservative TT 

inertia of 0.81 kgm², a bearing induced friction of 0.7 Nm [14], 

a data slip-ring induced friction of 0.1 Nm and a motor torque 

of 1 Nm [16]. 

 

2) Structural analysis 

a) Inner shaft deflection analysis 

The Euler-Bernoulli beam theory introduced in Section 

II.B.1) is applied to the most inner part of the shaft, the 

stainless-steel pipe, assumed here to endure all the loads while 

having an ideal tube shape of inner diameter 𝑑 = 3 mm and 

outer diameter 𝐷 = 5 mm. The mechanical properties of the 

inner shaft are embodied by the material’s module of elasticity 
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𝐸 = 200 GPa and its yield tensile strength 𝑅𝑝 = 515 MPa. The 

bearing support sleeve is assumed to hold the entire shaft like a 

full effort transmission linkage. The inner shaft thus behaves 

like a cantilever beam as described in Fig. 50.  

 

 
Fig. 50.  Inner shaft cantilever beam model 

The load carried by the inner shaft is defined as the force 

created by the mass of the upper parts of the shaft under a 20𝑔0 

acceleration. It is obtained with Eq. (45) with 𝑚𝑢𝑠 the mass of 

the shaft’s upper parts. 

 

 𝐹 = 20𝑚𝑢𝑠𝑔0 (45) 

 

The theory from the cantilever beam model introduced in 

Section II.B.1) is applied to the present case. The upper shaft 

length is taken as 𝐿 = 82 mm and the position of 𝐺 is defined 

by 𝐿𝐺 = 74.2 mm. The shaft is loaded with 𝐹 from Eq. (45) 

evaluated for 𝑚𝑢𝑠 = 0.181 kg. The values described here are 

taken from the CAD design. The obtained results are presented 

in Table 2.  

 
Table 2: Inner shaft structural analysis results 

 Bending Tension 

Max deflection at point A 

(µm) 
𝑢𝐴 = 2400 ∆𝐿 = 1 

Max equivalent tensile 

stress (MPa) 
𝜎𝑉𝑀max = 247 𝜎𝑇max = 3 

Failure analysis Passed Passed 

 

b) Inner shaft micro-deflection 

The shaft supporting the IS of the AtmoFlow FCA presents 

a little asymmetry in the design coming from the ISTS fluid 

channel of the IS equatorial ring (visible in Fig. 32). This 

asymmetry translates into a small offset between the shaft’s 

centre of mass and its rotation axis. To this offset is added the 

maximum systematic wobbling radius induced by the inner 

bearing described in Section II.A.1)a). When rotating, the total 

offset causes a centrifugal force 𝐹𝑐 to appear that loads the shaft 

radially on its centre of mass. The resulting load is given by Eq. 

(39) applied to the present scenario, Eq. (46). 

 

 𝐹𝑐 = 4𝜋2𝑚𝑢𝑠𝑟𝐺𝑓
2 (46) 

   
The behaviour of the shaft under such conditions is 

comparable to the bending scenario introduced in Section 

II.B.1)a) with the beam loaded with 𝐹𝑐 calculated from Eq. (46) 

with 𝑚𝑢𝑠 = 0.181 kg, 𝑟𝐺 = 75 µm and 𝑓 =1 Hz giving 𝐹𝑐 = 

536 µN. Given by Eq. (22), the maximum resulting deflection 

at point 𝐴 to be expected during operation is 14 nm. 

c) Bolted assemblies 

Each bolted solution implemented in the AtmoFlow FCA 

design have been analysed thanks to the model introduced in 

Section II.B.2), giving for each solution a fastening torque 

estimation 𝑇min. This estimation is to be compared with the 

recommended torque 𝑇rec at which the bolts will be fastened 

according to Airbus internal guidelines [25]. 

The considered bolted assemblies with their respective number 

are: 

- The fixation of the ISA in the FCA body ensured by the 

bearing cap (1). 

- The fixation of the stator holder on the FCA body (2). 

- The fixation of the encoder ring on the inner shaft (3). 

- The fixation of the Drain Ring on the FCA body (4). 

- The fixation of the UOS Centring Ring on the Drain Ring 

(5). 

 For all assemblies, Helicoil inserts are added in the taped 

holes receiving the screws. The friction induced by the Helicoil 

threads is taken as 0.13 as described in Boellhoff technical 

documentation [12]. The results are presented in Table 3.  

 
Table 3: Bolted assemblies results 

Parameter 
Assembly number 

1 2 3 4 5 

𝑛 6 4 6 3 3 

𝑚 (kg) 0.787 0.391 0.043 1.095 0.452 

𝑓𝑐  0.3 0.3 0.2 0.3 0.3 

𝑆𝑐 (mm²) 344 2403 786 1272 406 

𝑓ℎ 0.3 0.3 0.3 0.3 0.3 

𝑇min (Nm) 0.12 0.10 0.01 0.63 0.26 

𝑇rec (Nm) 3.3 3.3 1 7 7 

 

For the five bolted solutions studied, all verification criteria 

from Section II.B.2) have been passed successfully. Hence, the 

bolted assemblies present no risks of breakage. Plus, the 

selected fastening torques are always bigger than the minimum 

one established by the model by a factor 10 or more.  

 

3) Microgravity disturbances analysis 

a) Misbalancing induced disturbances 

Fig. 51 presents the radial acceleration induced by the 

misbalancing of a solid at 1 Hz and 2 Hz rotational frequencies. 
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The misbalancing is embodied by the offset between the solid’s 

centre of mass and its rotational axis. The acceleration is 

calculated using Eq. (40). 

 

 
Fig. 51.  Misbalancing induced microgravity disturbances 

The maximum permissible offset of the centre of mass to 

meet the requirements on microgravity disturbances introduced 

in Section I.E is 248 µm for a 1 Hz rotation frequency and 62 

micrometres for a 2 Hz rotation frequency. 

b) Pump induced microgravity disturbances 

The disturbances on the IS centre and induced by the pumps 

were calculated according to the model introduced in Section 

II.C.2). The assumed mass of the pump sliding parts was 0.003 

kg, the radius of the eccentric was taken as 2 mm and the 

maximum frequency of the pump was 27 Hz. Those values were 

taken from the GeoFlow design report [26] since the chosen 

AtmoFlow pumps are similar. The TT was assumed to weigh 

11.4 kg with a moment of inertia of 0.90 kgm2 around its roll 

axis (taken from CAD). The maximum axial acceleration of the 

IS is 3.09× 10−3𝑔0 when the pumps rotate in phase. In phase 

opposition of the pumps, the maximum radial acceleration of 

the IS is 2.27× 10−4 𝑔0. From this model, the chosen pumps do 

not meet the requirements in terms of microgravity 

disturbances: the maximum axial acceleration exceeds the 

requirements of 10−3 𝑔0. 

 

4) Trade-offs 

One design driver trade-off is presented below as an 

example. This trade-off deals with the choice of a technical 

solution to fix the upper glass shells on the FCA. The first 

proposed solution relies on clamping the Upper Outer Sphere 

between two nuts fastened on the Drain Ring. The main 

advantage of this solution is based on heritage, as it has been 

used in the GeoFlow design [26] and has fulfilled its function. 

In the second solution, the DR is split in two halves and the 

UOS is glued on the new upper half. This solution allows 

reducing the size of the cooling gap between the two upper glass 

shells. Therefore, the required OSTS flow rate and the pumps 

size can be decreased. The glued solution was chosen out of this 

trade off summarised in Table 4. 

 

Table 4: Upper Spheres fixation solution trade-off 

Criteria Weight 
Solution 1 

(nuts) 

Solution 2 

(glue) 

Leak tightness 5 3 0 

TCS 4 0 5 

Heritage 3 4 2 

Electrical bounding 1 3 1 

Structure 1 3 2 

Volume 1 0 5 

Mass 1 1 4 

Total 34 38 

 

 
Fig. 52.  Upper glass shells fixation trade-off 

 DISCUSSION 

The results presented in Section III are discussed below. 

A. CAD 

The CAD design produced and presented in Section III.A 

satisfies the mechanical requirements on volume and mass as 

well as all fixed geometries (gaps’ width, Field of View angle 

and IS dimensions) introduced in Section I.E. The verification 

of the other constraints from Section I.E is not possible with a 

CAD model only. They will therefore be checked with 

breadboard tests during the on-going project phase.  

The manufacturing drawings to build the breadboards will be 

derived from the CAD model. The design is still on a concept 

level, not detailed enough to directly extract the manufacturing 

drawings. Slight changes are thus needed before creating the 

final drawings to be sent to manufacturers. Precise tolerancing 

and tool paths are to be added.  

Also, the design was realised assuming the use of several 

components such as the pumps of the TCS. Those pump are 

likely to be changed according to the results on microgravity 

disturbances presented in Section III.C.3)b) and discussed in 

Section IV.C.3). Therefore, the design is still subject to 

modifications, also needed for the undefined interfaces from 

other subsystems. 

B. Integration sequence 

The integration sequence of the FCA design was introduced 

in Section III.B with the alignment strategy between the TT 

Drum and Base Plate. The main advantage of this sequence is 

the possibility to de-integrate most of the subsystems and re-

integrate them without any destructive step. The level of detail 

of these sequences is adapted to the model’s one. Further details 

are to be added to generate a proper integration sequence that 

could be employed during AIT. For example, the integration of 
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the motor stator on its rotor requires special attention. A 

dedicated GSE shall be selected to bring the stator over the rotor 

while preventing any contact between the two parts. The rotor 

magnets are vulnerable and shall not be subject to any shock 

during integration. Some other integration steps are to be 

further detailed such as the press fitting fastening solutions. The 

parts tolerancing shall be chosen accordingly to guaranty the 

desired fastening force, as well as temperature gradients to be 

applied on the parts to ease their integration. The centering 

procedure of the FCA glass shells still needs to be defined when 

the centering measurement instrument will be properly known. 

C. Analysis results 

1) Rotary analysis 

Presented in Section III.C.1), the rotary analysis performed 

highlighted the impact of bearing rotation imperfection on the 

performances of the Optical Diagnostic instrument. A 

maximum OPD difference of less than 100 nm is to be expected 

between two adjacent rays for both wobbling cases. This OPD 

difference leads to a reasonable impact on optical performances 

and should not disturb the experiment measurements  [4].  

The bearing ball diameter variation 𝑉𝐷𝑤𝑠 considered in the 

bearing wobbling calculations introduced in Section II.A.1) and 

taken from bearing ball ISO norms [3] is part of an assumption. 

When considering a Gaussian repartition of bearing ball 

diameters from a same lot, 68.27% of the diameters will 

effectively fit in the interval defined by Eq. (3). But in the 

31.73% remaining cases, some diameters might exceed the 

interval and lead to an increased bearing wobbling. Still, this 

situation was neglected with regards to the large number of 

balls used in both bearings (11 balls on each row of the inner 

bearing and 112 balls on each row of the outer one).  

The assumptions used to establish the optical analysis 

developed in Section II.A.2) allowed neglecting a significant 

part of the laser beam path across the experiment. Still, a beam 

displacement could also induce OPDs, generated along the 

complete beam path in optical components such as lenses or 

prisms. For exact optical calculations, a proper optical analysis 

accounting for the complete beam path and geometry shall be 

realised on a dedicated software. 

The rotary analysis also gave an estimation of the time 

required for the two rotating assemblies to reach their maximum 

rotation speed from a rest position. With 12 ms for the shaft and 

51 s for the TT, these rotation transient times are more than 

acceptable when considering a total thermalization transient 

time of 30 minutes of the whole experiment [1]. The calculation 

of transient rotation time presented in Section II.A.4) was 

performed considering the friction torque created by both HV 

and data slip-ring. As those two components and their 

respective interface are still unknown, an assumption taking 0.1 

Nm friction torque from each slip-ring was established. As the 

selected motors introduced in Sections III.A.1)b) and III.A.1)c) 

do not present a big torque margin when considering overall 

friction, the slip-rings friction shall be carefully checked and the 

rotating assemblies shall be tested to ensure that both motors 

can perform their tasks as expected during the whole 

experiment’s lifetime. 

 

2) Structural analysis 

The structural analysis presented in Section III.C.2) focused 

on the shaft supporting the IS and the bolted assemblies. This 

analysis shall be extended to the other parts of the overall design 

to verify its whole survivability under launch loads. The model 

used for the structural analysis of the shaft presented in Section 

III.C.2)a) is simplified and conservative. The inner shaft, press 

fitted in the outer shaft and the electrical isolator, does not 

sustain all the loads on its own. The PEEK isolator contributes 

to the rigidity of the shaft but was neglected in the shaft 

structural calculations. Yet, the geometry of the inner shaft is 

not exactly a tube. Holes, shoulders or O-ring grooves weaken 

the inner shaft by generating stress concentrations on the 

generated edges. These weakened points were neglected during 

the structural calculations. The shaft breakage and deflection 

analysis was nevertheless carried out successfully as summed 

up in Section III.C.2)a). Still, the little margin obtained in the 

structural analysis of the inner shaft in a bending configuration 

defines the need to deepen the analysis using FEM modelling. 

A further dynamic study is also expected as the first bending 

mode of the inner shaft has a natural vibration frequency of 45.4 

Hz. The FEM model shall consider the exact geometry of the 

shaft. A risk of contact between the shaft and the STT is also 

highlighted by this study. At the height of the STT, the bending 

of the inner shaft reaches 0.589 mm whereas the gap between 

STT and shaft is set as 0.5 mm. The deepened investigation 

shall also verify that this contact is prevented when considering 

the exact shaft’s geometry. 

Regarding bolted assemblies, the torques calculated to 

prevent the clamped parts to slip on each other during launch 

loads are always lower than the one recommended by internal 

Airbus guidelines [25] at which the assemblies will be fastened. 

As a result, the risk that two clamped parts slide on each other 

during launch loads is excluded by the model. Still, this risk is 

to be considered for parts that must remain strictly aligned. If 

parts would come to slip, the sliding movement could not 

exceed 1 mm as integration holes for the screws are designed 

with 1 mm extra added to their diameters. Considering the FCA 

design, the proper alignment of the FCA glass shells shall be 

assessed after vibration tests. Moreover, the model showed no 

risk of breakage of all the bolted solutions studied under loads 

even when applying the “fail-safe” policy. 

 

3) Microgravity disturbances analysis 

The microgravity disturbance analysis carried out focused 

only on the TCS pumps and the imbalance of rotating 

assemblies as potential sources. The impact of other sources 

shall be investigated as well. Among them, vibrations from the 

fan of the gas cooling turret and variation of the Novec fluid 

mass and position in the loops when the experiment is 

thermalized at different temperatures may contribute 

significantly to microgravity disturbances.  

The results of misbalanced rotating bodies presented in 

Section III.C.3)a) concluded that the shaft and the TT shall be 

balanced so that their centre of mass would not be more than 

248 µm and 62 µm away, respectively from the rotation axis. 

Such precise balancing will require special care during 

integration and test phases.  

As shown by the results of the pump induced microgravity 

disturbances analysis presented in Section III.C.3)b), the 
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selected pumps violate the disturbances requirement stated in 

Section I.E. As a result, new pumps implementing a different 

mechanism are intended to replace the previous ones in the 

design. These rotating pumps should generate less vibration 

than the oscillating pumps previously selected to meet the 

disturbances requirement.  

It is important to note that all the calculated accelerations 

from Section III.C.3) might not disturb the experiment 

depending on the way that the structure absorbs the loads 

induced by them. A dynamic analysis including stiffness of 

structural parts is needed to assess the exact outcomes of such 

accelerations on the experiment itself. 

D.  Sustainability aspects 

The AtmoFlow experiment design proposed all along this 

paper and its conception strategy were elaborated with concerns 

on a sustainable development and realisation. The chosen 

design can be fabricated using classic manufacturing processes 

and materials that do not implicate any specific safety issues or 

major production effort. The use of rare materials was 

constrained considering costs and limited Earth resources. As a 

reminder, the AtmoFlow experiment itself aims to improve the 

scientific understanding of our world and environment, notably 

for sustainability purposes. By sharpening the knowledge on the 

Earth and other planets’ atmospheres, AtmoFlow also intends 

to give the next generation the keys to understand and hopefully 

tackle one of the biggest problem of the century: climate 

change. 

 CONCLUSION 

The thesis carried out by the author led to the realisation of 

the CAD model of several subsystems employed in the 

AtmoFlow microgravity fluid science experiment. Even if still 

on a concept level, this model guaranteed the possibility to 

implement technical solutions envisaged during previous 

project phases and allowed to reject some others. The CAD 

model produced brings closer the manufacturing of the first 

elements needed for early breadboard tests. Parts tolerancing 

and tool paths to be added should mark the last step before 

manufacturing of the FCA which received special attention. It 

is the most detailed subassembly of the model and was 

proposed with its integration sequence. On a more conceptual 

level, the CAD of the TT and the SCL of the TCS pave the way 

of the AtmoFlow Proto-Flight Model design towards a more 

detailed and defined version. Both inner and outer Rotation 

Drive Systems were successfully selected and implemented in 

the design in cooperation with the components’ manufacturers. 

The analysis of the newly created design highlighted the 

expected performances of the subsystems and raised awareness 

on potential problems to be further studied during on-going and 

future phases. Finally, the CAD model produced was 

appreciated during customer meetings with the German space 

agency DLR, allowing a visual understanding of the project that 

currently runs in costs and time to eventually take-off in 

approximately five years towards the International Space 

Station. 

APPENDIX 

The interferogram of one of the studied configurations from 

the GeoFlow II experiment is presented on the left side of Fig. 

53. The corresponding simulation results issued by the 

scientists can be seen on the ride side of Fig. 53. 

 

Fig. 53.  Example of GeoFlow II experiment and simulation results 
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