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Abstract

The European Drawer Rack Mark Il (EDRZ2) is the selceersion of an existing European drawer racketigped
by Thales Alenia Space Italy. The concept of thawer rack is to provide all necessary support foergific
experiments and technology demonstrators (i.e. podsga communication, cooling, nitrogen and ventimaste
gasses) that will be integrated into the rack ahamrgeable drawers. The aim is to optimize thecagtgpion of the ISS
resources with improved flexibility as the configtion of the experiments within EDR2 is adaptededasn the
scientific needs at a given time. EDR2 was inifiddlunched to the Columbus European module in 8&ih May
2020 and has been operated by CADMOS at CNES, Tsalsince September 2023.

The first experiment installed in EDR2 rack in Redmy 2024 was the METAL-3D printer, developed bybais
Defense and Space in Toulouse. This technology dstraior aims to produce metal parts through adgliti
manufacturing in microgravity, a crucial step irlbung structures and parts in space.

Another example of experiment that will be hostethie EDR2 rack on board is the Heat Transfer B¢stTH2),
developed by RedWire Space. It is planned to beda&d in June 2025. HTH2 is an experiment of agpieysics,
consisting of a Facility interfacing with EDR2 (ntemically and for the resources) and an exchangdatperiment
Insert installed in the Facility. Three differegpés of Experiment Inserts are planned to be ussch type with its
specific characteristics and objectives.
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Acronyms/Abbreviations

ADS Airbus Defence and Space

CADMOS Centre d'Aide au Développement des actiwatédlicropesanteur et des Opérations Spatiales
CNES Centre National d’Etudes Spatiales

DLR Deutsches Zentrum fur Luft- und Raumfahrt
EDR(2) European Drawer Rack (Mark I1)

ESA European Space Agency

FCT Flight Control Team

FSL Fluid Science Laboratory

HTH(2) Heat Transfer Host (Mark 11)

HTV H-II Transfer Vehicle

ISS International Space Station

JAXA Japan Aerospace Exploration Agency
MPCC Multi-Purpose Communications Computer
MUSC Microgravity User Support Centre

(O] Operating System

PODF Payload Operations Data File

TASI Thales Alenia Space Italy

usocC User Support and Operations Centre
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1. The EDR2 Rack: Installation on board the ISS angreparation for the first activities
1.1 EDR?2 installation and commissioning

The EDR Mk2 rack was uploaded to the ISS with tA&/F® cargo spacecraft, launched by JAXA in May 2020
Once delivered on-board, the rack was stored @mgorary location of the Columbus European modtutemained
stored until it could be moved to its final locatim September 2023.

The EDR2 rack was initially supposed to take theeplof another rack, FSL. As the FSL mission wasrsled
while EDR2 was still in its temporary location, ttaek had to be installed in another location inu@dus, for which
it was not configured, meaning that, once installegdvas not possible to communicate with the r&okn ground
facilities.

To update the rack’s configuration so it could perated from ground, the payload developers an€&B@MOS
operators had to plan for a software reconfiguratibthe rack that could only be manually perforroeeboard by an
astronaut. In October 2023, Andreas Mogensen wisinvine ISS at that time for its “Huggin” missiamas the one
that executed the procedure that had been prepamgidund. The reconfiguration was successfullgeted via direct
commanding using a dedicated laptop connectecetoatk via a Serial line, with real-time suppoadnfrthe ground
teams.

— —

Fig. 1. EDR2 Rack before its integration in HTVe@ihcher in Tnegashima
Credit: OESA/JAXA - R.Postema
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Once the EDR2 rack was successfully configuredtéooperational location, two additional steps werguired
before declaring it qualified for nominal operasofrirst, due to a significant risk highlighted ity space agencies
security boards, linked to the version of the endleedOperating System (VxWorks), a major OS softwpeate had
to be carried out in order to mitigate the riskSafcurity breach. This was applicable to all theimgent entailing
hardware compatible with such update, which was#se for the EDR2 rack as a second step, the E&dkzhad to
undergo a commissioning of all its basic functidies, in the perspective of being used for ClasBa¥loads
operations.

In January 2024, the first attempt to update theo®8oard was unsuccessful. After performing theate on one
of the rack’s backup partitions, the communicatigth the rack from ground was lost. Fortunatelyyits still possible
to communicate with the rack by booting from itsimgartition, still configured with the old OS vérs.

As an on-board activity involving crew was alregalginned a couple of days later, it was decidedstitias a
troubleshooting session. Before starting the sas#ie payload developers wanted to lift some siesiion the new
OS to see if it would allow communication with gnoll Similarly to what had already been done for Software
reconfiguration in September 2023, the crew coretkatlaptop to the rack, configured it to commdradrack from
a remote terminal but, during the boot sequena&g observed that some error messages were trijgacethat the
boot sequence could not be properly completed. fithis, the visibility on the boot sequence allowedollect some
logs and error messages through the live videastthat the crew had set up for this activity.

After deeper investigations and some additionatstesn ground, the payload developer found some
misconfigurations in the OS installer. In early Redyy, the second attempt to update the rack OSswesessfully
conducted from ground.

Once the OS upgrade was completed, the last stepimang before the rack could be operated was the
commissioning, whose scope was to confirm thabglihe rack’s resources and functionalities wererafional
(thoroughly checking all parameters, switching ONtlae power outlets, testing file transfer capipiltesting
commanding capabilities from the on-board laptop,) €The first commissioning attempt could notteenpleted due
to unexpected loss of telemetry, after which thek itarted streaming telemetry again but was inreexpected state
as readings showed it had booted on a backupipartis the laptop was connected to the rack ardnagame time,
it was first suspected that the connection itselfid have triggered the loss of communication.tFitsvas decided to
run a long-duration test to verify the on-board#ity of both the old and newly installed OperatiBystems, which
proved to be successful.

Since the first experiment to be run in EDR2, thet&lt 3D Printer, had arrived on-board early Febr2&24 with
the Cygnus NG-20 cargo spacecraft, it was decidastiortly perform a light version of the commissigy aiming to
validate only the features that would be used bypttinter, and to complete all other tasks whema slot would be
available. In addition to the execution of a ligisimmissioning, some crew time was granted for ableshooting
session to test if the laptop connection to the& remuld once again induce interferences in comnatiun, as
previously assumed. Several configurations and st had been prepared in coordination with thgldaa
Developer. As the loss of EDR2’s internal compy€CU) could not be reproduced during this sesstowas
concluded that the anomaly was a single eventtlatdhe EDR2 rack was ready to start operatiotis thie Metal-
3D printer.

The last part of the commissioning could eventublly performed in July 2024, to validate some reimgin

functions that could not be tested before, e.g.manding capability from the laptop available on4tolhand a file
transfer between EDR2'’s internal computer and apéob.

SpaceOps-2025, ID #254 Page 3 of 12



18" International Conference on Space Operations, MahtCanada, 26 - 30 May 2025.
“Copyright ©2025 by Telespazio France. Publishgdhe Canadian Space Agency (CSA) on behalf of &pgs, with permission and released
to the CSA to publish in all forms.”

1.2 CADMOS operators’ role in this sequence

CADMOS is one of the European USOCs (User Suppudt @perations Centre) that are responsible for the
preparation and execution of ESA payload operationboard the ISS. USOCs main partners in accohiplistheir
tasks are Payload Developers, the COLUMBUS Flightttol Team (FCT) and the ESA management teams.

CADMOS is divided into different teams, each takiogre of specific payloads or experiments. The TA
(Technology Applications) team is responsible fa preparation and support to operations relatéaet@&DR2 rack
and its payloads (i.e. Metal-3D Printer, Heat Tfanslost Mk2 and Vibrated Grains). At the time bétpreparation
and commissioning operations previously descrilbleel,team had four certified operators and will ramppto six
operators before HTH2 experiment starts.

To prepare for real-time operations, CADMOS receitie technical details of the procedure to be weecfrom
the Payload developers and rewrites it, splittimgdteps to be executed between ground and on-btegusl Steps to
be performed on-board will have to be transfornrmtd & defined standard ISS procedure (aka PODHg asformat
that all astronauts are familiar with. Once groand on-board procedures are ready, CADMOS operesorsest and
validate them using the Engineering Model, a reptitthe on-board equipment hosted at CADMOS laboyaThe
PODF procedures are also reviewed by the FCT ar&l0Ptéam (Product Assurance and Safety Officers).

For the execution of real time ops, live suppartrfrthe payload developers is most of the time requbecause:
first on board operations and complexity of sofeveeconfiguration/update. For geographical reasbfisst it was
decided to have support from the PD via a phonehgat directly to the voice loops used by all IS&mEs so
CADMOS operators could easily discuss any RT isgitlethem while maintaining situational awarenekany other
RT discussions. For the EDR2 OS update it was deeided to have support from the PDs on-site, thirémm the
CADMOS control room.
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2. Metal-3D Printer, demonstrating capabilities of onerbit metallic additive manufacturing, EDR2, and
operations from ground

2.1 Presentation of the payload

The first payload hosted in EDR2 is the Metal-3ihfer, a technology demonstrator developed by Aifbafence
and Space (ADS) for the European Space Agency (BSBch aims at testing the manufacturing of metatts in
microgravity via 3D metal deposition melted wittghipower laser. The mission planned to print fapetimens”,
each printed on a dedicated substrate (a smalldiisietal on which specimen are printed). After ptetion, each of
them will return to Earth for in-depth analysis airminparison with their respective 1g reference.

/ 2
Fig. 2. M3DP EM & EDR2 EM at CADMOS
Credit: © CNES/Emmanuel Grimault, 2024

2.2 Operations preparation at CADMOS

After the printer was built by ADS and before opienas could start on board, an Engineering Mod&Y&f the
printer was delivered to CADMOS so the operatorsidoefine all procedures and test the ground systeThis
replica of the flight model had also been useth@tADS premises to print on ground the 1g referepesimens that
would later be printed on orbit. The M3DP EM wastéailed in the CADMOS laboratory, connected alnesgirely
to the EDR2 EM, as it would be on-board, for powsgpply, data transmission and water cooling. Omigaip due to
structural constraints on the fastening mechanikosen for the payload, the M3DP EM could not bespially
installed in EDR2 EM due to its mass (see FigI)ddition, due to the limitations of the EDR2 BMrsion, the
nitrogen supply as well as the waste gasses vegtpgbilities were provided directly to the M3DP Hi the
laboratory.
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With this setup available at hand it was then fmegib completely test and validate all procedties$ astronauts
would have to execute later for setting up andaltieg the printer into EDR2 : indeed for safetgasens, some parts
like the air filter or wire cassette were packefasately from the printer and had to be reinstatiacboard, other
procedure included specimen retrieval, substraghacement or SD card replacement for the on-boardpater
driving the whole printer, in case of a softwarguis.

This setup also allowed for preparing and testihgraund procedures and applications in flighelikonditions:
ground segment hardware and software that ensereldta transmission (for commanding, monitoring dath
acquisition) could have been validated for the oarl operations. The procedures to prepare the emwlimg from
ground could also be validated in the laboratooy: éxample, the procedures for the initializatiegence of the
payload could have been rehearsed on ground. Tovgsaalso to assess all the deltas or anomalegshidive not been
previously anticipated.

One of the key challenges that the CADMOS teamtbddce before being completely ready for operativas
the leak check sequence to be performed once M3RRMde connected, through EDR2, to the COLUMBUSiute
venting system (a gas line to dump waste gasdwetsgace vacuum) and nitrogen supply. To ensursettety of the
astronauts was not put at risk the jumpers cormrestind telemetry readings had to be sequenti@hned in such a
way that was approved and could be implementedltdgams involved. For example, one of the inithecks that
was required was to ensure leak tightness at ®itregpply level. During the procedure preparatiwh @ordination
with FCT counterparts, it was figured out impleniegthis feature was actually a service alreadyiglex by NASA.
As NASA supplies nitrogen to the Columbus modubeytregularly perform leak checks on this sectiimerefore,
the Safety documentation had to be updated acaiydio reflect this change of concept.

All teams finally agreed to perform a leak checlBiparts. Each segment would be tested separatbly able to
quickly identify the culprit in case a leak would bbserved. To describe how it was split:

#1. One check of the venting line between the EDR2’saplinel and the Columbus module (performed by
COL FCT)

#2. A second leak check on the segment between EDR2aratM3DP, on both Nitrogen and Venting lines,
up to M3DP'’s sensor (performed by CADMOS)

#3. Third leak check to ensure the payload was air{jghtformed by CADMOS)

AM machine (printer) i EDR2 COL SYS

#3 a ]
®@ © G e
Solenoids (ground
commanded)
GN2 valve
Solenoids (ground
commanded)

Fluidic assembly

Fig. 3. Schematic of the three leak checks
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2.3 Execution of operations on-board

Once everything was ready on ground and M3DP had Helivered on-board the ISS and installed irBBb&2
rack, preparation for operations could be staf®edver and vent lines were not connected yet atsthige for safety
reasons.

First part was to connect EDR2 rack to the Columlmrg line then perform leak check #1 (see Fig@gnsure
that the ISS crew’s safety was not compromisedoisgpart was to configure the EDR2 rack’s softwiareM3DP
operations. As the rack has a modular design anchoat multiple payloads in various dispositioregte physical
setup has a corresponding software configuratitis Tipdate was performed in April 2024, after ¢dsnmanding
and monitoring capability of the printer was actadh Finally, once an astronaut was available toneot the power
and vent lines between EDR2 and M3DP in early M@24 it was then possible to perform the last péarthe
preparation for operations which included a congpldteck of the printer’'s telemetries, leak checKsg® Fig. 3) to
confirm that the vent and nitrogen lines were leéght, calibrating the printer’s internal hardwavéh a pointer laser
and targets, and finally flushing the oxygen outhef sealed box to reach the necessary conditiasiiowed to print
some commissioning lines.

These preparation activities had to be spreadsmxaral days due to a flight rule that alloweddiivate the printer
only 3.5 hours a day. That flight rule is here tsu@re that astronauts are not exposed to highs@faloise and the
measurements made on ground showed that, witarissdnd water pump, the printer emitted noisesdotithn 52dB
which induces a limit of 3,5 hours of activatiorr @dH period. This limit was strictly respected idgrthe first days
of operations but soon it appeared that the pgngirocess was then much slower than expected. Aftiscussion
between the Columbus FCT, CADMOS and ESA manageniie possibilities to extend the activation tifoe
each day, it was decided that the rule would bev@dhon a case-by-case basis, depending on howdstingnauts
were present in the module. This would be assesaell day of operations, in real-time, by the ColusnBlight
Director. It was then agreed to plan for 4,5 haefractivation each day and keep it when conditialhewed, or to
shrink it to 3,5 hours in real-time. It was actyaibt possible to extend much more than 4,5 hoecsilise of several
factors:

* Only one operator can be present each day dumiied staff.

« Activation and deactivation of EDR2 rack, alonghnatll resources (N2, Vent, high rate TM) have to be
performed each day.

» Operators have to come on-console approximatehhonebefore activation of the rack and remainrafte
rack deactivation for processing and sharing datzerated each day with the payload developers and
scientists (e.g. images and scans of the prints).

This one additional hour helped increase the prinsipeed closer to the payload developer's expectat

Fig. 4. M3DP Specimen A when received on earth
Credit: ©ESA — M. O'Reilly
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The first specimen “A” was printed from June to Aisg2024. It included three “bending” samples maidél1
layers and three “tensile” samples of 224 layers.e&ch sample of each layer is printed and scantitddtwo
telecommands, the total amount of commands to seasdsignificant and could have led to operatorrerrburing
operations there always was one operator from CABM@d one payload developer from ADS, so each cardma
would be double checked. To increase robustnesgstdecided to use Spell, a TM/TC scripting sofeniaitially
developed by SES which was forked by Space Apjtisegervices (SAS) to integrate it with Yamcs, thenitoring
and control system used at CADMOS. Each telecommandd then be instantiated by the script, therckbd and
sent by the user.

Once the first specimen was completed, the primdrto be de installed from EDR2 rack so it cowddpened in
order to retrieve the specimen. Astronauts perfogttiese operations would then pack the specimeitiple layers
of bubble wrap, inspect key elements of the printimechanism and take pictures for further analysiground. For
each specimen retrieval, CADMOS operators are rigreill requests from payload developers, manageischt
scientists into different procedures so that asints can take the best possible pictures of tmgprand the finished
specimen. A blank substrate is the installed inptister for the next specimen to be printed arahinter can be
reinstalled in EDR2. Specimen A was retrieved irg@st 2024 and the printer was ready for printirg upcoming
specimen “D” which was completed and retrieved ovémber 2024. Both specimen would be deliveredasthea
few months later in February 2025 at European SRasearch and Technology Centre (ESTEC) in thedvetids.

Unfortunately, due to an uneven surface, as soragularities started to build up from the firstéay, the third
specimen “C” had to be aborted in March 2025, tnichddamaging the printer. It might be completed &ter stage,
but this is still under discussion. Specimen “D”swgtarted shortly after and was completed in onekwk was
retrieved and packed in April 2025.
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3. Heat Transfer Host 2, adding more complexity in thedata downlink management

The experiment Heat Transfer Host 2 (HTH2) willibstalled inside EDR2 rack in Columbus in June 202te
objectives of this experiment is to study the clmofjphase and heat transfer of different liquidmicrogravity. In
the long term, the results of this experiment waflbw a better optimization of thermal control teclogies in space.
The payload has been developed and produced byiRe8pace in Belgium and will be operated for aste? years
in the ISS by CADMOS at Toulouse.

Fig. 5. HTH2 GM installed in EDR2 EM at CADMOS

The HTH2 payload is made of one main Facility, allet inside the left side of the rack, and thriieiknt kind
of Experiment Inserts which are installed inside Hacility. Each insert will study a specific ptoyphenomenon.

Condensation on Fins (CoF): It aims to evaluatehi transfer coefficient along a curved surfate o
which condensation occurs. This coefficient isreated by the measurement of the condensation film
thickness on the surface. This fundamental studybeaapplied to heat pipe capacitor, coolers and ai
conditioners technologies. The aim of Condensatiiofins is to demonstrate that the heat transferisa
higher on curved surfaces and particularly on cexpgeometry.

Itis foreseen to upload three different model€ohdensation on Fins, with various curved surfaegs.
Each model will be operated for 7 weeks.

Marangoni in Films (MiF): It will allow to study stabilities occurring in liquid films heated by@ugh
solid substrate. It mainly investigates the Maramgonvection, evaporation and pattern creatiothé
liquid films over different substrate’s shape. Tasults of this experiment will be used to idenéfficient
strategy for hydrodynamics film control.

5 models of Marangoni in Films insert have beerettgped and each of them will be operated for 8 week
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» Drop Evaporation (DrE): This experiment aims tadstthe evaporation of pure fluid and binary mirtur
drop with and without electric field constraint. & hesults will be used to improve heat transfengisi
electric field in space cooling devices using debjglvaporation technology.

It is planned to operate 4 different models of DEyaporation inserts.

Fig. 6. 3D modelling of MiF insert

The scientific results of each experiment congistigh definition images captured by three typésamera:
infrared, black and white and interferometer. Ardiidnal camera called LITHI can be installed o ttop of
Marangoni in Films Experiment Insert to capture arghsure the liquid thickness. This removable camerdule is
used only for this specific experiment. This impottamount of images is recorded on high capatinage disks,
which will be replaced at each Experiment Insedhexge. Each insert will generate different amadintata, from 8
TB to 23 TB. This represents a challenge to dovkniis amount of data from the ISS to the grouhdt ts why the
strategy will be adapted depending on the datatsipptimize the process.

The commanding and monitoring of HTH2 will be penfied through MPCC connection. This link allows tiperator
to access the payload via a VPN tunnel from theiggloconsole to the HTH2 internal computer. Thid teae
connection is reliable, efficient and flexible. Thealth and status telemetry and compressed imaikde
permanently downlinked via MPCC. The full scale gas will be stored on the internal disk inside pagload, but
not directly downlinked to the ground. It will bepast processing task performed by the operatoiCGAndiSO (data
management team) at the end of the science. Toladwthis important amount of image data, crew wihnect the
HTH2 storage disk to a laptop on-board called Elt©Liransfer the data in chunks to a dropbox. thé&n connected
to another dropbox on ground, from which CLUSO gakher the data and transfer it to CADMOS teanthatend
of the process, CADMOS operators will be in chaofi¢he last transfer to the science team for datdyais. This
process is complex, but still faster than a physicavnload for around 8 TB of data. But for heaviaes, like for
Marangoni in Films experiment, the physical downl@d the disk will be more efficient and will begferred. The
risk of each scenario must be considered, like ipayslamage during download, file corruption, umgled loss of
signal etc.

HTH2 science will be running non-stop and commandedscripts. The operator at CADMOS will monitdret
experiment with daily checks and on-call suppohte Bcience scripts have been written during opmratieparation
and have been tested on ground. The remote margtarid alarm tool have been developed by CADMOSmto
segment team, to raise alarms with adapted sevé&tigyoperator will be alerted via phone call oaérand will check
the telemetry remotely via an external monitorimgnputer. In case of anomaly, the operator will takdon on
console (at CADMOS) to solve the issue or switdttteg payload if needed.
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4. Future payloads for operations until the end of thdSS
4.1 VIPGRAN-ISS, taking advantage of the lessons |ekinoen HTH2

One of the following payloads that will be installen EDR2 will investigate the behaviour of pamislin
microgravity to better understand the physics ehgtar matters. In order to achieve that, the E&f\qad VIPGRAN
will be operated from CADMOS to observe via mukipligh speed cameras how small beads interacieaith other
when they are vibrated by pistons inside of a ddlere are different types of cells that will bedgable, allowing to
modify a variable in the experiment configuratiodabserve the impacts of the change.

Similarly to HTH2, VIPGRAN offers the possibilitptbe commanded and monitored via a MPCC link, ectlir
LAN connection from COLUMBUS to the payload thdbal the operator to access the payload through ¥Rnel
from the ground.

At this stage the operational concept is beindiied by CADMOS and the involved teams to matchsitientific
needs and the operational constraints, but thepdykill be running scripts continuously and bevac24h/24h during
the science runs. That is why the same constramiglentified for HTH2 will apply to the VIPGRAN epmtions:
while EDR2 is left continuously active, the operatdll only be on console for the initialization @be and in the
transition to another experiment, when changinghtimaber of beads in a cell (via ground commanding).

In addition, the daily checks will still be perfoeah by the operator that will be on-call. Indeedetof telemetry
items defined in advance are automatically monitdrg ground tools and in case of an anomaly - asoBblimit
parameter values, caution or warning events, & @dgelemetry - the on-call operator is automdijycalerted by
phone and/or email.

4.2 Life Cell Imaging, for joint operations outside CKIDS

The Live Cell imaging payload is a combination &fUMIAS, a high-resolution fluorescence microscopwl a
centrifuge rotor to study biomedical samples. Tag@ad can contain up to six experiment boxes vatious samples.
This payload will be operated by another USOC, MUBIErogravity User Support Centre) located in KdBermany
at the DLR Aerospace centre. A new “cascading” rtiwoimig and control concept will be tested for thisssion,
meaning all communications with the payload witirtsit through CADMOS facilities. At the moment tlhésstill
under testing and development.

5 Conclusion

As presented here, the EDR2 rack’s modular dedigws it to accommodate a wide range of experimemnis
technology demonstrators, all of which presentedéht challenges with different operational consépt the ground
teams to adapt to. The facility is still young bhe first experiment, M3DP, has already achievedniain objectives
and ESA is now looking at how it can be used tdhier improve knowledge of metal parts manufacturimg
microgravity environments. Although the ISS’s lifee is still uncertain, all the knowledge gaineginfrthis mission
will be of great help in adapting to future spagpleration missions.
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