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Abstract

The Drill for Acquisition of Complex Organics (DrACO) for NASA’s New Frontiers Dragonfly program,
developed at Honeybee Robotics in Altadena CA, is the sampling system for the Dragonfly rotorcraft that
will explore Saturn’s largest moon, Titan. The Sample Delivery Carousel (SDC), delivered to NASA in Q1
2026 for integration into the flight unit, is one of three mechanical subsystems that are part of DrACO and
is responsible for collecting drilled Titan surface samples and inserting them into the science instruments
that live onboard the rotorcraft. This paper explores some of the prominent challenges and lessons learned
relating to the design, build, and testing of the SDC through its early Engineering Test Unit (ETU),
intermediate Engineering Model (EM), and final Flight Model (FM) specifically relating to the sample cups
that hold the drilled cuttings, the elevator mechanism that lifts and lowers the sample cups, the structural
baseplate that holds the SDC together, and the integrated SDC thermal test campaign.

Introduction

The Dragonfly rotorcraft is designed to fly across Titan’s thick atmosphere and land at different sites to
collect and analyze local surface material across its three-year mission. One of the central payloads
onboard the vehicle is the Dragonfly Mass Spectrometer (DraMS) provided by NASA Goddard Space Flight
Center (GSFC), which performs chemical analysis on the collected sample in two different modes: Laser
Desorption Mass Spectrometry (LDMS) and the Gas Chromatography Mass Spectrometry (GCMS) — each
is a separate instrument requiring its own sample presented to it 1. The DrACO sampling system performs
this task by drilling, transporting, and collecting samples of the Titan surface into sample cups, which are
then inserted into the instrument to perform science operations. DrACO is comprised of three mechanical
subsystems: the Sample Acquisition Drill (SAD) that creates drill cuttings on the surface of Titan, the
Pneumatic Transport System (PTS) that pneumatically carries the drill cuttings, and the SDC that collects
these cuttings into sample cups and presents them to DraMS for scientific analysis [2]. While both the SAD
and PTS live exterior to the lander, the SDC bridges the warm and cold environments as the interface
between the heated lander interior and the exposed cold Titan atmosphere as represented in Figure 1 3.
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The SDC is comprised of the following primary components (see Figure 2):
e 40 sample cups total (split between GCMS and LDMS cups) for collecting drill cuttings and
interfacing with the instruments
e 3 elevators for lifting sample cups into:
1. The Sample Collection Chamber (SCC), which is the reservoir where a sample cup is filled
when it is inserted into the pneumatic flow stream that carries the surface cuttings
2. The DraMS GCMS instrument
3. The DraMS LDMS instrument
e 1 Flow diverter mechanism for selecting an input pneumatic stream from which to receive samples
from either the SAD or the backup sampler
o 1 “carousel” spin mechanism that rotates the sample cups into a specific commanded position for
insertion into the SCC or one of the DraMS instruments
e 1 sample detection system that interfaces with the SCC for determining the fill state of a sample
cup during the sampling operation
e 1 baseplate that is the primary thermal interface between the cold zone and warm zone and the
primary structural interface that mounts all the SDC components
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Figure 2. Diagram of Major SDC Components and their Locations in their Thermal Zones.

While each SDC component presented unique challenges and lessons, this paper highlights select insights
gained at various stages of progression of specific components on the path to flight. The paper will delve
into the development of the sealing capability for the LDMS sample cup and manufacturing difficulties, the
problems and resolutions encountered during GCMS elevator testing, the changes to a primary structural
component — the carousel baseplate — when external requirements were not mature, and the difficulties of
testing the full SDC in a representative thermal environment while maintaining cleanliness.

LDMS Sample Cup Development

DraMS uses two distinct mass spectrometers (GCMS and LDMS) to analyze collected samples, each with
its own set of requirements which necessitates two distinct sample cup designs. For each instrument, a
dedicated elevator pushes the sample cup up into the circular knife edge inlet on each instrument chamber
and compresses against the sample cup seal gasket to create a leak-tight seal. The GCMS instrument —
which has spaceflight heritage in its current deployment on the Sample Analysis at Mars (SAM) on the
Curiosity rover — requires three separate sealing events to a leak rate of 1 x 10-5 cc He/sec with the same
sample cup while the LDMS instrument has a looser leak rate requirement and only requires a single use
seal. However, the LDMS also requires the sample cup to maintain this seal while translating the entire cup
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for 5 mm in the vertical direction. On SAM a copper seal brazed to the titanium GCMS sample cup stem
was used, which formed the baseline for the DrACO GCMS sample cup design which uses the same
instrument interface but at different environmental and operating conditions, but the LDMS instrument
required a new sample cup design [4].

Initial benchtop seal testing re-verified the copper seal performance at cryogenic operating temperature for
the GCMS seal and opened the trade space for softer material candidates that could accommodate the
LDMS translational requirement while minimizing the force required to seal at the end of the required
translational stroke. The candidate materials identified in Figure 3 were made into test pucks for testing at
both room and cryogenic temperatures.

Figure 3. Seal Material Candidates (1) Gold Plated OFHC Copper 101 (2) Virgin PTFE (3) Aluminum
1100-0 (4) Indium Plated Grade 5 Titanium (5) 4N Purity Indium

The test setup consisted of a ~ @12 mm knife edge driven into these test pucks by a linear stage, with the
sealing force between the components measured via a load cell below the puck mount. Liquid nitrogen
flowing through conductive cooling shrouds surrounded the instrumented puck mount and knife edge. When
the test puck and the knife edge reached the desired temperature, helium was introduced into the chamber
and the knife edge was gradually driven into the puck until the internal leak detector signaled a reading
meeting the required leak rate, see Figure 4.

=3 B

I
Spring Slqck —~ W
i l \ é h ) Linear Slagﬂe

1 atm GHe

L

To leak detector

(Internal
Leak Test
Volume,
Vacuum)

|

Load Cell L

Figure 4. Cryogenic Seal Test Setup Simplified Diagram (Left) and Seal Test Rig (Right).
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Figure 5. First Round Seal Test Results on Candidate Materials.

The results of the first round of seal testing as shown in Figure 5 reconfirmed the selection of gold plated
copper for the GCMS cup and baselined indium as the seal gasket for the LDMS cup but work was still
required to develop of a more “flight like” sample cup configuration. Because indium’s melting point is a
relatively low 156°C, brazing the indium seal gasket to the sample cup stem similar to the design of the
GCMS sample cup was not possible. The solution was to incorporate a knife edge on the LDMS sample
cup stem itself — which meant that during sealing events the indium gasket would be simultaneously sealed
by the knife edges from both the instrument and the cup stem. During testing of the double knife edge seal,
it was initially found that the seal force did not scale linearly with the addition of a second geometrically
identical seal. It was later determined that even with a soft material as forgiving as indium, the leak rate is
still highly sensitive to the ground finish of the knife edge sealing surface, and proper manufacturing of the
stem knife edge brought the double seal back to its predicted sealing force.

The first time testing the LDMS cup seal interface with the LDMS knife edge on the EM assembly at room
temperature revealed a nuance for the double knife edge interface. After the LDMS cup was inserted into
the LDMS chamber and retracted, it was observed that the indium seal separated along its double knife
edge and the outer portion peeled off and remained attached to the knife edge (see Figure 6). No damage
was incurred by either the sample cup stem or the knife edge, but the incident led to the creation of a room
temperature only LDMS cup variant with a thermoplastic polymer seal and restricting the indium gaskets to
only be used at cryogenic temperatures. Subsequent testing in a thermal chamber demonstrated that this
peeling did not occur at cryogenic temperatures and the indium seal was still viable for operation in its flight
environment.
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Figure 6. Partial Indium Seal Gasket Stuck on the LDMS Instrument Knife Edge even when Cup has been
Completely Retracted (Left) LDMS Cup with the Outer Portion of the Indium Seal Missing (Right).

Another major lesson learned from the EM LDMS cups was related to the titanium nitride (TiN) coating
which was utilized on several surfaces for wear resistance and electrical conductivity requirements. During
the sonication portion of the cleaning process at the LDMS cup body piece part level, gold colored TiN
particles were observed at the bottom of the sonication bath; further investigation revealed a defective TiN
layer, see Figure 7. Almost all quantities were affected, and while the TiN finish was processed per industry
spec AMS2444, no root cause was ever identified. The cups were remanufactured with an ion nitrided
treatment, a thermochemical process that also produces a hardened wear resistant and electrically
conductive surface but is not a separate layer that is at risk of coming off.

Figure 7. EM LDMS cup body under magnification showing a spalling TiN coating. The gray titanium
substrate can be seen under the gold TiN. Numerous TiN particles were observed in the sonication bath
after parts were cleaned numerous times.
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The following key lessons were learned from the LDMS sample cup development:

o Early procurement of parts: cost and schedule delays caused by errors in part manufacturing are
always a risk even with relatively noncomplex geometry (knife edges) and industry standard
processes (TiN). Parts should be procured, test fit, and run through any pre-assembly processes
like cleaning and test fitting as soon as possible to uncover any issues.

e Test as you fly: representative testing of the operational case outside of specific controlled
benchtop testing should always be performed as soon as possible to reveal any issues early.
Testing the indium seal at room temperature revealed a potentially catastrophic case of FOD when
the seal peeled off. Previous room temperature testing of the indium during leak testing had always
tested to the minimum force needed to seal, so the room temperature test of double knife edge in
the final flight gasket configuration was the first time that full representative operational load was
applied. This also revealed a gap in the requirement for the need to test and seal an LDMS cup at
room temperature in addition to cryogenic temperatures, and informed that a different seal would
be needed for any room temperature LDMS operations.

GCMS Elevator Development

The SDC utilizes three elevators to transport sample cups from the carousel to various science and analysis
stations. The elevators for moving cups to the Sample Collection Chamber (SCC) and LDMS instrument
have position driven requirements and use a straightforward geared motor to lead screw configuration in a
single degree of freedom (DOF) subassembly for fine position control. The sealing requirements for the
GCMS instrument are much tighter, necessitating a force control capable mechanism that can
accommodate assembly tolerances and thermal growth. The sealing force was determined with the
selected compatible materials in a knife edge seal during early testing on the project. The elevators bridged
the thermal barrier between the “cold zone” close to Titan temperatures and the “warm zone” around ~0°C,
allowing the motors and electronics to operate without the need for heaters or dry film lubricants.

The mechanism is driven by a geared DC motor, which rotates a lead screw via a spur gear pair. The rotary
motion is converted into linear motion of the elevator fork, which carries the sample cup. To achieve the
required sealing force, the elevator incorporates a preloaded Belleville spring stack. Upon contact with the
instrument's knife edge seal, continued motor actuation compresses the spring stack, generating a reaction
force and pushing the lead nut element down. The motion of the lead nut subassembly is measured and
compared to a known displacement curve obtained during testing at temperature to yield force output
information. A key challenge in this design was the real time measurement of this applied force, which
evolved significantly between the ETU used for design verification, EM which was built for qualification and
life testing, and final FM, shown in Figure 8.
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Figure 8. SDC’s GCMS Elevator lifecycle: ETU elevator (left), EM elevator at Preliminary Design Review
(middle), and FM elevator at Critical Design Review (right). The ETU elevator used a magneto resistive
sensor to determine force output. Partway through the EM build a switch was made to a beam breaker

sensor instead which was carried into the FM unit.

The initial design for the ETU elevator specified a magneto resistive sensor to measure the compression
of the Belleville spring stack, thereby providing a proxy for the applied sealing force. However, due to
procurement and schedule challenges encountered during the EM build, a design change was
implemented. The force sensing function was pivoted to an optical beam breaker sensor that uses the same
optical components as the beam breaker in the SCC. This change simplified procurement and avionics
implementation but came with a new set of challenges, primarily ensuring correct force output over a limited
sensor traverse, see Figure 9.
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Figure 9. GCMS beam breaker test stand and 15t test results, which are indicative of the voltage response
correlation to optical path blockage.

During the EM environmental test campaign, a critical anomaly was discovered following vibration testing.
Lubricating grease from the lead screw assembly migrated past its primary O-ring seal and contaminated
the optical path of the beam breaker sensor. This contamination altered the light throughput, corrupted the
sensor's output, and rendered it unable to reliably measure the sealing force, see Figure 10.
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Figure 10. Grease migration seen blocking the optical path of the sensor (left) and the resulting shifted
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To mitigate this for the Flight Model (FM), a redesign of the sealing architecture was undertaken during an
in-process build. The single O-ring was replaced with a redundant system of spring energized seals
designed to provide a more robust barrier against grease migration from the drive assembly into the
sensitive sensor volume, as depicted in Figure 11.

Grease AN

Figure 11. Initial cross section design of the EM with a single O-ring seal intended to prevent grease
migration (left), compared to the actual grease migration seen after vibration testing and its effect on the
signal (middle), and the FM solution using redundant spring energized seals (right).

Integrated testing with the flight avionics system during FM validation revealed another issue. The higher
light throughput from the redesign significantly reduced the sensor's effective dynamic range, which was
coupled with a higher noise floor on the FM avionics than what the elevator had previously been tested to
with the electrical Ground Support Equipment (GSE). This low signal resolution created substantial
uncertainty, particularly regarding the ability of the flight avionics' analog to digital converter to reliably
resolve the sealing force. With the hardware already in fabrication and facing significant schedule pressure,
a complete redesign of the elevator housing to improve optical baffling was not feasible. Consequently, a
final pivot in the force sensing strategy was made. While the beam breaker remained in the design, its
function was relegated to a secondary or tertiary system check. The primary method for determining the
seal force was switched to motor telemetry. This was possible from thorough testing of the full SDC
assembly in a custom thermal chamber. By precisely tracking the motor's encoder counts from the point of
initial contact (a known position) to the final commanded position, the compression of the fully characterized
spring stack could be calculated. This method, validated through extensive ground testing and correlation
with the beam breaker's limited output, provided the necessary force application data to meet mission
requirements.
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Figure 12. Voltage output vs applied force for the EM system (left) versus Voltage output vs applied force

for the FM system (right).

The development path of the GCMS Elevator provides several key lessons applicable to future spaceflight
mechanism design:

Early integration with flight equivalent avionics: The discrepancy in capability between benchtop
test electronics and the flight avionics system was a primary contributor to the late-stage pivot away
from the optical sensor as a primary element. Sensor characterization and validation should be
performed using flight equivalent avionics as early as possible in the development cycle to identify
and mitigate resolution and signal to noise limitations.

Thorough vetting of late-stage design changes: While the redesign for the grease seal was
necessary, its full system level impact on the optical sensor path was not completely assessed
before implementation. Ideally, any design modifications between EM and FM units, especially
those impacting sensor performance, must be evaluated through a full cycle of design analysis,
fabrication of representative parts, assembly trials, and focused functional testing before being
committed to the final flight build. When schedule pressures preclude this, alternative operational
modes, such as the implemented switch to motor telemetry, must be identified and characterized
in parallel.

Embrace redundant sensing methodologies: Another significant challenge was the complexity
associated with diagnosing anomalies on an integrated flight like assembly. When the EM unit
exhibited anomalous beam breaker readings, the investigation required intrusive and methodical
disassembly, carrying risks of breaking configuration or damaging hardware. This experience
underscores a critical lesson: the value of implementing and characterizing multiple, independent
methods for measuring a critical parameter. The team's ability to fall back on a well characterized
system using motor encoder counts provided the necessary operational redundancy to overcome
the optical sensor's limitations and ultimately meet mission requirements. For critical parameters,
a robust system design should not only focus on the fidelity of the primary sensor but also on the
viability of secondary and tertiary measurement techniques.

Design for sensor range: for similar spring driven force sensing systems, a longer actuation
baseline should be designed to maximize the total range of implemented sensors. This system
maintained a small form factor initially designed for the magneto resistive sensor to avoid adding
mass and redesign time to the EM break beam sensor integration, which ultimately limited the
optical sensor's travel and contributed to the performance challenges.
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Carousel Baseplate Development

The carousel baseplate is the backbone of the SDC that mounts all its components and is the shared
structural interface between the DraMS attic baseplate and the lander structural side wall. During the ETU
phase the baseplate was made from aluminum and only interfaced with the DraMS attic baseplate, but as
the EM design progressed the SDC moved outboard and also had to interface to the port structural sidewall
of the lander, becoming more critically integrated. After the PDR designs were completed EM assembly
was already underway, the Dragonfly program encountered a high mass problem that affected all payloads
and as a result the SDC was directed to change the baseplate material to magnesium as part of the
resolution. Mounting schedule pressure and emphasis on minimizing cost impacts led to this straight
aluminum to magnesium material swap instead of a dedicated effort to optimize the PDR design. While
initial analysis with the magnesium showed sufficient structural margins, SDC encountered problems with
the material and the ability to meet electrical conductivity requirements.

Magnesium alloys are highly susceptible to corrosion and have limited heritage as a structural spacecraft
material. As such, corrosion resistant coatings that are also electrically conductive, do not significantly
change the dimensions of a part, and have undergone significant testing are not common. The final down
select, based on material availability and manufacturability, and corrosion coupon testing by GSFC, was
magnesium alloy AZ31B with a chrome pickle treatment (Dow 1) [5]. The final expected baseplate drawing
dimensions factored in expected material removal from the chrome pickling solution, which ultimately did
not match during measurement inspections. There is high variability in the calculations as material removal
is directly proportional to the pickling solution composition and the part’s exposure time. For large parts like
the baseplate that are unable to be submerged in a bath the pickling solution is brushed on and rinsed off,
adding another potential point of variability 6. Overall, this caused assembly problems and required
modification of the mating parts (tight tolerance pins) instead of modifying the baseplate which would then
have required another Dow 1 cycle that was at risk of still not fitting.

However, as the SDC vibration environment continued changing throughout EM progression, it became
apparent that a magnesium baseplate no longer had sufficient margins and the baseplate material pivoted
again back to aluminum 7075. As a result, the first EM SDC unit assembled was on a magnesium baseplate
while the second EM SDC and later the FM SDC units used aluminum baseplates.

Figure 13. Evolution of the SDC baseplate from the magnesium baseplate on the first EM (left), and the
final mass optimized aluminum baseplate on the FM (right).

After the baseplate material was resolved, the largest change to the baseplate occurred after the second
EM unit went through vibration testing. It was discovered that the LDMS chamber, which has stringent
accuracy requirements, had shifted enough during vibration testing where a pre-vibe configuration of the
alignment of the laser would be inaccurate post vibe. It was determined that the thermal isolator that sits
between the baseplate and the carousel cover that the LDMS is mounted on was not stiff enough to maintain
its position during testing, and the clamping force for the fasteners holding it down was insufficient to prevent
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the isolator from slipping during vibration. Simply adding material to increase the stiffness of this structural
member would adversely affect its thermal isolation properties and disrupt the delicate thermal environment
3. On the current EM SDC, a total of two pins maintained the isolator position (one locating, one clocking)
but also were insufficient as they prevented relative motion only at the locating pin but allowed the isolator
to slip elsewhere. In lieu of stiffening the structure which could compromise thermal performance, 23
additional pinned locations were added for “locking” the thermal isolator in place. Assembling the carousel

isolator to interface with all 25 pin locations was achieved, helped by the compliance of the thermal isolator
that was also the source of the initial problem.
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Figure 14. Post vibration measurement performed on EM LDMS chamber, which sits atop the carousel
cover, thermal isolator, and baseplate (left) and the 25 total pins installed that constrain the movement of
the thermal isolator (lower right), which was pressed and for which a test fit was performed after each
sequential pin installation to ensure that the thermal isolator would fit (upper right).

Key lessons learned:

System interfaces maturity: requirements should be determined and communicated as early as
possible. The changes made while environmental requirements were still not finalized occurred
after hardware was procured and while the assembly was in process. The quick decision to switch
materials to save schedule upfront instead of having a dedicated effort to optimize the design
ultimately resulted in more delays. In the end, the final mass of the optimized FM aluminum
baseplate was equivalent to that of the EM magnesium baseplate.

Magnesium usage in primary structure: magnesium as a structural spaceflight material is not
common. The tradeoff of mass savings from switching to magnesium often does not outweigh the
additional cost from the extra engineering and analysis, and consideration regarding corrosion
resistance required to make it work, especially when environmental requirements are not yet
mature.

Manufacturing coupons for buying down risk: for magnesium manufacturing, specifically as it
applied to the DOW 1 pickling solution, estimates on material removal for tightly tolerance parts
have a large margin for error. Best practice is to have coupons made with the exact features as
intended and send these coupons to the finishing vendor to see the effects prior to finalizing the
tolerances. The actual parts then must use the same vendor and same process to minimize risk
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Thermal Testing in a Clean Environment

Thermal testing of the fully assembled SDC occurred at the Honeybee Hoth cryogenic thermal chamber
and was the most difficult of the qualification tests performed. In addition to achieving the complex thermal
environment, complying with contamination control was a significant undertaking.

The SDC lives in two distinct thermal zones with a large temperature difference between them. The cold
zone is the upper half that houses the sample cups and DraMS instrument interfaces and resides in the
cryogenic zone < -140°C that is exposed to the ambient -180°C Titan atmosphere. The warm zone is the
lower half that contains all the actuators and mechanisms and resides in the lander body and is maintained
at ~0°C. These two zones are separated by the carousel baseplate which not only structurally mounts all
the SDC components but is also the thermal interface between the zones [3].

The thermal/mechanical setup for the thermal testing (called the Hot Box setup) involved enclosing the
warm zone of the SDC in a rigid structure that could support the SDC mass and insulate it against the
exterior cryogenic atmosphere. A fan heater in combination with finned radiative heaters simulated the
convective warm thermal environment. No additional insulation on the SDC structure in the cold zone was
needed as the interior thermal chamber temperature emulated the convective Titan environment. However,
test cameras were mounted to the cover at the GCMS and LDMS instrument interfaces to provide visual
confirmation of sample cup positioning both rotationally from the carousel and vertically from the elevators.
These cameras required heaters to operate and were encased in insulating foam, encapsulated in a non-
shedding foam and secured with polyimide tape to prevent leaking heat into the cryogenic environment and
affecting the ability to achieve the target cold temperature, see Figure 15.

Cameras

In addition to the thermal challenges, the SDC is built to strict contamination control requirements that
require verification of both particulate contamination (visual masses of solid matter on a surface) and
nonvolatile residue (invisible, non-volatile molecular films, oils, greases, or particulates that remain on a
surface after a solvent evaporates). Hoth was previously used for DrACO end to end testing which involved
drilling into simulants that, due to their small size, were entrained and circulated to all corners of the
chamber. Even after several attempts to clean the chamber, traces of various simulants were still found to
be circulating during post cleaning test runs. Setup of the cryogenic chamber for the SDC thermal test thus
implemented additional modifications to keep the FM SDC in its clean state (see Figure 16):

1. A hard exterior enclosure was built which would house the encapsulated SDC and would be the

first layer of physical defense from any circulating contaminants
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A soft cover made of shielded bagging material would completely encapsulate the insulated SDC
and Hot Box setup and would sit inside the exterior enclosure

A new GNz2 source line with an inline 0.003 um particle filter that would enter the chamber pass thru
to provide a clean convective environment.

o Downstream of the particle filter the GN2 line would branch into two lines: Line 1 would take
the shortest to minimize cooling during travel and penetrate the warm zone. Line 2 would
have a longer coiled length in order to cool down the GN:z inside the line before penetrating
the cold zone. Both GNz lines would penetrate through the hard exterior enclosure and the
soft cover, ensuring that unclean chamber air would never touch the SDC.

Figure 16. Representative diagram of the test setup (left) and SDC installed in the hard enclosure used to

maintain cleanliness while enabling the test article to achieve target temperatures (right).

Lessons learned for thermal test campaign revealed the following:

Adequate preparation of test equipment: planning ahead to test significant changes in the test
environment or equipment is important. Test all GSE prior to usage to resolve any issues, time
permitting: The hard enclosure was initially a soft enclosure — rigid framing covered with metalized
shielding material serving as the walls. There was a balance between tightly wrapping the bagging
material onto the frame to prevent contamination and keeping it compliant enough to withstand the
convection and CTE mismatches. After a test run tore most of the soft walls, the switch was made
to aluminum sheet side panels.

Overall Conclusions

The development of the DrACO SDC yielded many lessons learned that cover a breadth of design,
manufacturing, and testing aspects. Specific takeaways are documented at the conclusion of each of the
previous sections, but the following insights can be broadly applied across any program:

Early procurement of all parts: complex parts are often the first to be procured because of their
longer lead times. However, all parts, even simple ones that may require a finishing treatment
should also be procured as soon as possible as even standard and controlled processes can be
defective and cause the part to have to be remade. As an added benefit, the sooner parts are
received, the sooner test fits can occur, and the sooner problems can be discovered and resolved.
Testing in representative conditions and flight operations: using flight equivalent hardware and
avionics as soon as possible will identify discrepancies in capabilities between GSE and flight
avionics. Testing at the top-level integrated system can reveal interactions that would not be
apparent at the benchtop component level tests.
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¢ Interface and requirement maturity: changes to major system interfaces when environmental flow
downs and requirements are not mature can have significant adverse cost and schedule impacts
down the line. The cost of time spent on redesign, analysis, and the obsoletion of parts already
procured are not recoverable.

e Provisioning time and effort for clean hardware: in general, building hardware in a cleanroom to
stringent contamination control requirements adds significant time. Testing the hardware outside of
the cleanroom and developing methods to maintain cleanliness in environments that are not
normally maintained to a cleanliness level takes significant planning and effort to upgrade the test
space to a required level.

Figure 17. FM SDC prior to packing up for delivery to NASA GSFC for integration with DraMS.
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