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ABSTRACT

Dragonfly is a National Aeronautics and Space Administration (NASA) New Frontiers mission that
will send a nuclear-powered rotorcraft lander to Titan, Saturn’s largest moon. The Dragonfly
spacecraft consists of a cruise stage with an attached lander inside an aeroshell, powered by a Multi-
Mission Radioisotope Thermoelectric Generator (MMRTG) as provided by the U.S. Department of
Energy (DOE) in coordination with NASA’s Radioisotope Power Systems (RPS) Program. The
Dragonfly proposal to NASA’s New Frontiers 4 Announcement of Opportunity (AO) benefitted
from guidance on costing the use of an MMRTG. One detail not adequately addressed by the AO
was the secondary cooling system “chillers” used during spacecraft integration; it had been assumed
that existing chillers from previous Mars missions would be provided with the MMRTG as
government furnished equipment (GFE). Given the launch cadence of nuclear-powered missions,
the RPS Program now recommends that each mission develop its own secondary cooling system
tailored to their specific RPS integration plan. Based on APL’s experience developing this cooling
system for Dragonfly, this paper will describe the many unusual engineering and safety
considerations that a future mission should consider when developing their own RTG cooling
systems.

Keywords: MMRTG, Safety Critical, Secondary Cooling System, Chillers, Dragonfly

1. Introduction
1.1.  Purpose

In September of 2023, the Johns Hopkins University Applied Physics Laboratory (JHU/APL) and NASA’s
Jet Propulsion Laboratory (JPL) began discussions concerning reuse of Ground Support Equipment (GSE)
left over from Mars Science Laboratory (MSL), and Mars 2020 mission integration activities. Both missions
used Multi-Mission Radioisotope Thermal Generators (MMRTGs), and both utilized secondary GSE
cooling to manage the temperature of the MMRTG during integration and test (I&T) activities. During the
early portion of the Dragonfly program, the need for secondary cooling was identified, and the availability
and status of JPL’s secondary cooling system (used for MSL and Mars 2020) was not fully understood.
Further discussions revealed JPL’s recommendation that the Dragonfly program fund and build a new
purpose-built cooling system. NASA’s Radioisotope Power Systems (RPS) Program assumed
responsibility for this piece of MMRTG support equipment, and elected to fund the procurement of this
new GSE. NASA’s RPS Program suggested the new cooling system be designed to specifically meet
Dragonfly’s requirements. After Dragonfly is launched, the RPS Program will assume ownership of this
new equipment to potentially support future missions.

An initial set of requirements was formulated by JHU/APL for the new cooling system between February
and April 2024, using the original specification from MSL; a request for proposals was let out to procure
two new chiller cabinets and coolant distribution manifolds in June 2024 for a competitive award. A
contract for the new secondary cooling system was awarded by JHU/APL to Advanced Cooling
Technologies (ACT) (www.1-act.com) of Lancaster, Pennsylvania, in January 2025.

This paper will elaborate on the procurement of a new secondary cooling system, specific to the Dragonfly
MMRTG configuration, to capture insights and recommendations to a future RPS (and possibly a fission
power system) mission user.


http://www.1-act.com/

1.2.  The Dragonfly Mission to Titan

Dragonfly is a NASA New Frontiers mission, led by JHU/APL, that will send a rotorcraft lander to Titan,
Saturn’s largest moon. The Dragonfly spacecraft consists of a lander, powered by an MMRTG,
encapsulated inside an aeroshell attached to a cruise stage. NASA’s RPS Program and the Department of
Energy (DOE) provide the MMRTG as government furnished equipment to the Dragonfly Project, and
these entities work collaboratively to integrate the MMRTG into the flight system; this same team supports
numerous aspects of nuclear launch authorization. Dragonfly builds upon the flight-safety experience
gained through previous flights of the MMRTG by the Mars Science Laboratory (MSL) and Mars 2020
missions.

JHU/APL, under a separate NASA task order that directly supports the RPS Program, was asked to manage
the contract to procure the new MMRTG secondary cooling chiller system. While this work is managed by
JHU/APL for RPS, and despite that this system directly supports Dragonfly, the development of this new
cooling system is not considered part of the Dragonfly mission and is independent of the Dragonfly PI-
managed mission costs.

1.3.  The Multi-Mission Radioisotope Thermoelectric Generator

The MMRTG directly converts the heat from the natural radioactive decay of plutonium-238 into usable
electricity through thermoelectric couples. Its plutonium-238 heat source is bound into ceramic oxide,
encapsulated by an iridium alloy cladding safely within a general-purpose heat source (GPHS) module.
The GPHS module protects the plutonium oxide from release should a launch accident occur, and provides
for safe reentry of the plutonium oxide if the spacecraft inadvertently enters Earth’s atmosphere from orbit.

Within the MMRTG, the GPHS modules are contained within the heat source assembly. The heat source
assembly functions to hold the GPHS modules in place and to distribute their heat to the thermoelectric
(TE) couples which convert a portion of the heat energy to electric energy via the Seebeck effect for use by
the spacecraft. These thermoelectric couples are a combination of Lead-Telluride (PbTe) and Tellurium-
Antimony-Gallium-Silver (TAGS). Waste heat from the thermoelectric couples is transported to the outer
housing and heat rejection system (fins and cooling loop) which transfers the waste heat to the environment
via radiation (in space) or combined radiation and convection in planetary atmospheres (Mars and Titan).
Tubular manifolds are integrated with the MMRTG’s cooling fins, forming the primary and secondary
cooling loops. Heat transfer media (coolant or refrigerant) can be circulated through these manifolds to
further transport heat energy away from the MMRTG.

Once the GPHS modules are installed, the exterior of the MMRTG will continuously be at an elevated
temperature (above the boiling point for water), making integration to the lander difficult for human
operators who must work in close proximity.

The Dragonfly mission requested unique modifications to the MMRTG to better support operations on the
surface of Titan. The fin length has been reduced by 50% to better fit the MMRTG into the Dragonfly
lander and reduce mass as large fins are not needed due to the convective dominant thermal control system.
The MMRTG primary cooling loop was enlarged to support the Dragonfly Common Fluid Loop (CFL)
subsystem, which circulates refrigerant throughout the spacecraft to both remove heat from the MMRTG
and provide heat to spacecraft systems. The MMRTG secondary cooling loop was similarly enlarged as a
risk mitigation should the convective baseline thermal design prove ineffective. Dragonfly lander thermal
design did not need the secondary cooling loop in the flight configuration, freeing this manifold for use
during ground operations to manage the MMRTG thermal state; this forms the basis for a vital part of the
Dragonfly I&T evolution: managing the MMRTG’s temperature while the CFL is serviced with refrigerant.
If active cooling is lost during CFL subsystem servicing, the refrigerant (aboard the CFL) will vaporize and
overpressurize the CFL tubing, leading to a catastrophic failure. This consideration drives a multitude of
issues, as described in the following sections of this paper. Upon successful verification of the CFL
subsystem (and associated temperature stabilization), the secondary Chiller system can be ramped down
and de-mated from the Dragonfly flight system.



1.4. The Dragonfly MMRTG Secondary Cooling Chiller System Description

The Dragonfly MMRTG Secondary Cooling Chiller System consists of 3 separate chiller cabinets, the Main
Distribution Panel (MDP) and the Auxiliary Distribution Panel (ADP), all interconnected via 4" outer
diameter (OD) stainless steel over-braided flexible tubing. Each individual chiller cabinet has the capacity
to fully cool the MMRTG by itself; having 3 chiller cabinets facilitates dual fault tolerance, supporting
range safety requirements in the event one chiller fails. The MDP is primarily a 3-into-1 (input-to-output)
manifold that controls the flow of coolant from each chiller, thereby allowing the I&T technician to control
which chiller is actively cooling the MMRTG (while the remaining 2 chillers serve as standby units). To
facilitate rapid swap over, both standby chillers recirculate coolant to/from the MDP in parallel with the
primary chiller, only requiring the repositioning of a few valves to change the source of chilled coolant.
The ADP is intended to be adjacent to the MMRTG to allow for monitoring of coolant conditions as near
to the MMRTG as possible. The ADP also features a recirculation function, allowing I&T technicians to
closely monitor preheated coolant temperatures prior to initiating flow to the MMRTG (preventing thermal
shock).

1.5. Document Structure

The remainder of this document details specific challenges encountered by the JHU/APL and ACT
development team. These fall into two broad categories: engineering performance, and Safety and Mission
Assurance (SMA). These challenges are tightly interrelated and do not allow for a sequential discussion.
Figure 1 attempts to organize the challenges into logical groupings to minimize repetition in the narrative,
while also depicting the interrelationships between performance and safety.
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Figure 1. Interrelationships between Document Sections

2. Engineering Challenges
This section describes the engineering challenges related to secondary cooling system performance.
2.1. MMRTG Interfacing Requirements
The following derived requirements drive the performance design of the secondary cooling system:

e Compatibility: any secondary cooling system must be compatible with the MMRTG secondary cooling tube
and its connection fittings.



e Heat Rejection: a system cooling capacity of 3,500 Watts (thermal) was specified to provide ample margin
as compared to the thermal output of the MMRTG.

e Inlet Temperature: The MMRTG secondary cooling tubing has a minimum temperature limit, bounding the
lowest temperature for the coolant.

e Delta Temperature: The system has a not-to-exceed differential temperature requirement across the
secondary cooling tube inlet to outlet based on allowable MMRTG axial and circumferential temperature
gradients. This requirement effectively drives minimum system flow rate for a given coolant temperature.

INL/LTD-16-38850 Multi-Mission Radioisotope Thermoelectric Generator Users Guide [1] provides
technical details and is available to mission partners via the RPS Program.

2.2.  System Operating Temperatures

The secondary cooling system must be able to not only provide chilled coolant, it must also be able to
preheat the coolant up to the expected fin-root temperature (FRT) (temperature limits are available in
INL/LTD-16-38850 Multi-Mission Radioisotope Thermoelectric Generator Users Guide [1]). This wide
temperature range falls well outside of industry standard temperatures for cooling systems (traditionally
glycol-water based) impacting the availability of standard parts such as pumps, valves, and filters. The
high operating temperature made it difficult for ACT to find analogous parts to their standard in-house
designs. Furthermore, selection of an appropriate coolant was especially difficult as there were no identified
options with a reasonable compromise between performance and safety. The preheat temperature was later
reduced by 40°C (shifting from maximum allowable FRT to the expected FRT during integration plus
margin) opening up trade space for part selection and allowed for a second trade study on coolant.

2.3. National Pipe Thread (NPT) Fluid Components

The initial system design put forth by ACT utilized many NPT fittings on the coolant handling side of the
Chiller cabinets. Per NASA-STD-8719.24B [2], the use of NPT fittings in hazardous pressure systems (see
section 3.4) requires NASA’s Payload Safety Working Group (PSWG) approval (for use in ground support
equipment). NPT fittings do not have installation torque specifications and require thread sealant,
complicating reliable assembly and opening the possibility of coolant leakage. However, these fittings are
widely used in fluid handling/plumbing applications and difficult to avoid.

Given the closed loop cooling system architecture combined with an initial preheat temperature requirement,
ACT had difficulty locating parts that did not use NPT fittings. The following parts with NPT fittings had
been selected: temperature gauges, pressure gauges, fluid Pump, air inlet valve, immersion heater, high
temperature switch, flat plate heat exchanger, filter housings, check valves, JIC (Joint Industry Council)
fitting adapters, isolation valves, and 3-way modulating valves.

Based on lessons learned from the Interstellar Mapping and Acceleration Probe (IMAP) spacecraft launch,
APL became increasingly concerned about the potential for leakage of hot coolant from NPT fittings.
Importantly, in the event of a leaky connection, NPT fittings cannot be retorqued to seal the joint — pipe
threads are tapered and designed to deform during installation. Consequently, a leaking joint cannot simply
be re-torqued to stop a leak, the offending fitting must be removed and replaced.

ACT quickly began a campaign to reduce the number of NPT fittings and to modify the architecture and
parts selection to facilitate field repairs. JHU/APL has had good experience using Swagelok® fittings on
other projects, but a suitable product was not offered in the catalog. ACT contacted Swagelok® who was
able to provide a non-catalog part number for new isolation and 3-way valves with an appropriate
(temperature) seating surface. The modular construction of these valves (fittings at all connections can be
individually specified) allowed for a significant reduction in total number of NPT fittings. This number
was further reduced through the use of NPT-to-Swagelok® adapters which further improves field expedient
repairs and component replacement.

2.4. Helium Leak Testing

Given that the system was over-the-road transportable, and required disassembly and reassembly at multiple
venues, a concept of operations was developed specifying the use of gaseous helium (GHe) leak testing to
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verify system integrity prior to operations. An approach utilizing helium pressure decay (gross verification),
combined with helium mass spectrometer probe (fine detection) was developed. With help from subject
matter experts within JHU/APL’s propulsion group, we eventually converged on a per-fitting leak rate of
1x10™* sccs (standard cubic centimeters per second) based on the definition of liquid tight as included in
NASA-STD-7012 Leak Test Requirements [3], KSC-STD-Z-0006 Design of Hypergolic Propellants
Ground Support Equipment [4], and American Society of Mechanical Engineers (ASME) B31.3 Process
Piping section U345.8 Sensitive Leak Test [5].

2.5. Coolant Selection Trade Study

The specification provided to ACT allowed for their recommendations regarding coolant to accommodate
the wide temperature range in the Dragonfly application. ACT’s experience lay primarily with forms of
glycol-water based coolant; in the Dragonfly MMRTG application, a glycol-water formulation would
require high operating pressure to prevent the coolant from boiling. To ensure high reliability, low
probability of leakage, and personnel safety, it was decided a sealed and self-pressurizing system was
undesirable. Additionally, and as will be discussed later, avoiding the use of high internal pressure was also
desired in order to mitigate issues arising from classifying the system as a “boiler” or “pressure vessel”
(within the context of the ASME Boiler and Pressure Vessel Code (BPVC) —see ASME BPVC.IX American
Society of Mechanical Engineers, Boiler and Pressure Vessel Code, Section 1X: Welding, Brazing, and
Fusing Qualifications, [6]).

A market survey was performed to identify candidate coolants, key parameters of interest included:

Boiling Point (and pour point) — boiling not permitted in closed loop cooling system

Heat Flux — the coolant must accommodate the watt density from the MMRTG and any resistance heaters
Dynamic Viscosity — primary driver for pump outlet pressure

Specific Heat Capacity — primary driver for required flow rate

Flash Point — measure of the combustibility/flammability of vapor emitted from coolant

Vapor Pressure — partial pressure of the vaporous coolant in the reservoir

The evaluation produced two different general solutions: a low-pressure, low-viscosity, combustible option,
or a high-pressure, high-viscosity, non-flammable option. This choice was non-trivial as most coolants
evaluated have at least one of the following negative safety traits: 1) flammable or combustible; 2) high
pressure (from high viscosity or vapor suppression); or 3) toxic.

To remain in the low-pressure operating regime, JHU/APL and ACT collectively ruled out the non-
flammable options and selected Dynalene HF-LO, a combustible hydrocarbon-based coolant. The impact
of this choice will be seen in subsequent sections below.

2.6. Class 1, Division 2 Exclusion Areas

The restrictions of Class 1, Division 2 exclusion areas, per National Fire Protection Association (NFPA) 70
[7], were significant design constraints. The MMRTG is integrated to the spacecraft as a final I&T step,
meaning other I&T operations (including propellant loading) have been completed. Due to the presence of
propellant in the spacecraft, the MMRTG Secondary Cooling System would either need to operate outside
of Class 1, Division 2 areas, or be designed with intrinsically safe (non-spark producing) electronics.
Initially, the exclusion area placed the chillers 150 feet horizontally and up to 25 feet vertically from the
Dragonfly spacecraft. Negotiation with the PSWG relaxed this area to a 3-foot high by 25-foot radius
around the spacecraft, allowing MMRTG I&T operations in the Payload Hazardous Servicing Facility
(PHSF) for the hot fit check, as well as SpaceX Hangar 39A for flight.

Extensive discussions with the PSWG with respect to chiller operations in both PHSF and SpaceX Hangar
39A determined that use of combustible coolant rendered the secondary cooling system itself to be a “source”
within the context of Class 1, Division 2. This was an unexpected development, however further discussions
yielded a solution: 24/7 monitoring of the secondary cooling system (during active operation) by 1&T
personnel would allow immediate identification and response to any coolant leakage, should it occur.



3. Safety and Mission Assurance Challenges

This section describes various secondary cooling system development challenges related to Safety and
Mission Assurance (SMA) requirements.

3.1. NASA Safety Standards

Key NASA safety standards applicable to the development of the secondary cooling system are NASA-
STD-5005 Standard for the Design and Fabrication of Ground Support Equipment [8] and the Annex to
NASA-STD-8719.24B NASA Payload Safety Requirements: Requirements Table [2]. These standards form
a core thread throughout the remainder of section 3.

3.2.  Safety Critical System Designation

NASA-STD-5005, Standard for the Design and Fabrication of Ground Support Equipment [8], states
“Critical GSE: GSE whose loss of function or improper performance could result in serious personnel
injury, damage to flight hardware, loss of mission, or major damage to a significant ground asset.”

Annex to NASA-STD-8719.24B NASA Payload Safety Requirements: Requirements Table [2], states,
“Safety critical. A term applied to a condition, event, operation, process, or item whose mishap severity
consequence is either Catastrophic or Critical (e.g., safety-critical function, safety-critical path, and safety-
critical component).” This document also defines a “catastrophic hazard”’ as a hazardous condition causing
a mishap that could result in one or more of the following: death, permanent total disability, irreversible
significant environmental impact or facility, ground, or flight equipment loss greater than $10,000,000.00.

NASA-STD-8739.8B Software Assurance and Software Safety Standard [9], “Safety Critical is defined as
any condition, event, operation, process, equipment, or system that could cause or lead to severe injury,
major damage, or mission failure if performed or built improperly, or allowed to remain uncorrected.”

NPR 8705.4B Risk Classification for NASA Payloads [10], defines “a Critical item as one which, if
defective or fails, causes a catastrophic event affecting the public, NASA workforce, high-value assets, or
mission success. Reliability considerations apply to determination of criticality for cases where loss of
multiple units of the item in question is required for the catastrophic event to be realized, and the units are
of the same design and build lot and have a common failure mode relevant to the critical function.”

As noted earlier, reliable cooling is vital to the CFL servicing evolution. The Dragonfly CFL is serviced
with R245FA refrigerant, and in the event that active cooling is lost, the refrigerant will vaporize.
Uncontrolled, this condition will eventually overpressurize and rupture the CFL tubing inside the lander.
The Dragonfly team determined such an event would result in enough damage to cause the loss of the
Dragonfly spacecraft, thus meeting the threshold of “catastrophic hazard.” The MMRTG secondary cooling
system is therefore considered safety critical from the commencement of CFL charging, through completion
of CFL charging, CFL recirculation, and ends only when (at the end of the evolution) the CFL is controlling
the temperature of the spacecraft. Only after the satisfactory completion of this process will the secondary
cooling system be idled, drained, and de-mated from the MMRTG.

3.3. Dual Fault Tolerance

Per the Annex to NASA-STD-8719.24B [2], Volume 3, Chapter 3, Section 3.2.1. “If a system failure may
lead to a catastrophic hazard, the system shall have no less than three inhibits (dual failure tolerant).” Per
this requirement, the MMRTG secondary cooling system must implement dual fault tolerance. The
MMRTG itself only has a single secondary cooling tube with a single set of connection fittings, thereby
precluding full dual failure tolerance at the system-of-systems level of assembly. Dual fault tolerance is
therefore only applied to the active system components (i.e., each chiller as controlled by the MDP) as the
probability of failure for the mechanical sections (hoses, pipes) was considered generally low — meeting the
intent of the standard given the limitation of the MMRTG design.

While JHU/APL would eventually conduct a probabilistic risk assessment (PRA) against the ACT design,
until completed, the best protection of the single string side of the system and the MMRTG tubing from
mechanical failure (rupture) or leakage was to minimize the operating pressure to as low as possible.
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For Dragonfly, the coolant preheat cycle does not need dual fault tolerance, although each chiller is identical
and therefore the system has redundant heaters and reservoirs providing dual fault tolerance for
preconditioning. In hindsight, a single common reservoir with a single set of heaters, or a single flow-
through heater at either the MDP or ADP, would perhaps form acceptable design alternatives.

3.4. Hazardous Pressure System

Per the Annex to NASA-STD-8719.24B [2], Chapter 11, Ground support hazardous pressure systems are
defined as follows:

1) pressurized systems used to store and transfer hazardous fluids such as cryogens, flammables, combustibles,
and hypergols.

2) systems with operating pressures that exceed 150 psig.

3) systems with stored energy levels exceeding 14,240 foot pounds.

4) pressurized systems that are identified as Safety Critical by the PSWG and Range Safety.

The secondary cooling system utilizes a combustible coolant, and therefore is defined as a “hazardous
pressure system” in accordance with criteria 1 (above). The system, as designed by ACT, does not meet
criteria 2 and 3 (above). Although the PSWG has not officially classified the secondary cooling system as
“safety critical” per criteria 4 (above), the JHU/APL and ACT team has treated the system as such (per the
previous discussion of the CFL servicing process in section 3.2 of this paper). Per Annex to NASA-STD-
8719.24B, designation as “hazardous” then invokes compliance to ASME B31.3 [5] and ASME BPVC [6]
standards in the design and construction of the secondary cooling system — a non-trivial cost and schedule
driver.

As previously discussed in section 2.5, as part of their design approach ACT selected a coolant to keep the
system operating pressure low — in this case well below 150 psig, in turn keeping stored energy well below
14,240 foot pounds. Given this low-pressure operating point for the system, the JHU/APL team worked
with PSWG to establish a technical rationale to not classify the system as a “boiler” or “pressure vessel”
and remove mandatory compliance with the ASME BPVC [6] requirements. To ensure a safe design,
JHU/APL and ACT decided a technical “best practice” would be compliance with certain aspects of ASME
B31.3 [5] such as (but not limited to) design pressures, operating temperatures (and cycles), material
selection, and design margin. This allowed each chiller cabinet’s coolant reservoir to be fabricated to ASME
BPVC standards, although without the added cost and schedule overhead of an ASME stamp.

3.5. Welding Standards

ACT proposed to fabricate welded joints (on the coolant side of the system) under the American Welding
Society (AWS) construct, to Class “C” acceptance standards. This was primarily driven by the certification
of their existing Welding Procedure Specification (WPS) to the AWS standards. As the JHU/APL team
performed due diligence to verify ACT’s compliance to Annex to NASA-STD-8719.24B NASA Payload
Safety Requirements: Requirements Table [2], a variety of requirements applicable to the Chiller System
were found that conflicted with ACT’s initial approach.

As discussed in Section 3.4, the MMRTG secondary cooling system proposes use of a hydrocarbon-based
coolant, and as a result is classified as a “hazardous pressure system.” As such, Annex to NASA-STD-
8719.24B NASA Payload Safety Requirements [2] paragraph 11.2.2.6.7 states:

“All piping and fitting butt welds used to fabricate hazardous pressure systems shall be 100 percent
visually and radiographically inspected. Accept/reject criteria shall be in accordance with ASME
B31.3, Table 341.3.2A or Table K341.3.2A for pressure systems equal to or greater than 6,000 psi.”

This requirement drove the combined JHU/APL and ACT team to revise its approach to welding in order
to implement class “A” (radiographic) inspection and acceptance for all weldments, and also ensure ACT’s
WPS was certified to Section IX of the ASME BPVC [6] as specified in ASME B31.3[5].

ACT generated a proposal including cost information to execute a Procedure Qualification Report (PQR)
effort (that included fabrication of several weld test specimens), and contacted an independent provider of
welding services to obtain cost/schedule quotation to certify a new welding procedure to ASME BPVC
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Section IX [6]. The cost associated with this effort was not trivial; this proposed cost was part of a larger
portfolio of recommended design changes needing adjudication with Dragonfly project management.

During the review of proposed changes and costs with the Dragonfly project management team, the need
for compliance to the ASME BPVC [6] was questioned, since there is little functional difference between
ASME and AWS welds accepted to class “A” criteria. An important part of this questioning of intent is also
related to whether the secondary cooling system is a “boiler” or “pressure vessel.” The JHU/APL and ACT
team does acknowledge that the secondary cooling system is a “pressure system,” but does not consider the
system to be a boiler or pressure vessel due to its low operating pressure, the fact that fluid pressure decays
as coolant transits across the system, and the limit on heating/cooling cycles as defined by the concept of
operations. This approach is closely related to that previously described in section 3.4, where JHU/APL is
working with NASA’s PSWG in establishing technical rationale to classify the system as neither a “boiler”
nor a “pressure vessel.” As such, the need to comply with ASME BPVC Section IX [6] is dubious, and at
the time of the writing of this paper, the JHU/APL and ACT team is working with the NASA safety
community to determine the suitability of AWS-compliant welds.

3.6. PID Controllers and Firmware

NASA guidance for Software Development is provided in NPR 7150.2 NASA Software Engineering
Requirements [11]. To avoid issues with compliance to NASA requirements applied to Safety Critical
software, Programmable Logic Controllers (PLC) were not used in the system design. Proportional-
Integral-Derivative (PID) controllers, which are much simpler devices, were selected and combined with
analog circuitry to control major system components (e.g. pump, fans, preheating element, modulating heat
exchanger valve, compressor). The PID controllers are commercial off-the-shelf (COTS) products that
contain embedded proprietary firmware; as such, it was impossible for the JHU/APL and ACT team to
verify compliance with NPR 7150.2 [11]. It is anticipated a safety waiver (through the PSWG) may be
required to accept the COTS firmware. The use of the PID controllers appears to be a suitable approach,
however PLC controllers offer significantly more flexibility; a notional future system may benefit from
implementation of PLC control, however PSWG software evaluations for such a solution should begin early
to adjudicate issues and concerns.

4. Conclusions

The first conclusion is that a secondary cooling system for any RPS does not readily fit the profile for an
off the shelf cooling system, and therefore careful system engineering and development is required for any
satisfactory solution. A second conclusion is the procuring agency should select a contractor who is willing
to work with the spacecraft mission as the requirements surface and change.

The following is a summary of key points for a future MMRTG mission user:

e NPT fittings are highly discouraged by NASA standards for ground support equipment. Ensure that
“minimization of NPT fittings” is explicitly articulated in the statement of work.

e  The Concept of Operations (CONOPs) applicable to leak tightness testing, and implementation of specific
test methods should be evaluated and documented early as appropriate; additionally features to support such
testing must be included in the system design.

e The next MMRTG mission user should perform coolant trades prior to starting chiller procurement — select
the appropriate coolant to anchor system design.

e Avoid flammable or combustible coolants if practical or possible — even when used safely, the optics of this
choice may not outweigh performance benefits.

e Plan for system operation inside or near a Class 1, Division 2 Exclusion area; do not allow the secondary
cooling system to become its own source for Class 1, Division 2 requirements.

e Develop the Compliance Matrices associated with NASA-STD-5005 [8] and the Annex to NASA-STD-
8719.24B [2] to include key requirements from these standards in any statement of work.

e Software (and firmware) for a designated “Safety Critical” system must be developed in accordance with
NPR 7150.2 NASA Software Engineering Requirements [11].

e Begin PSWG evaluation of COTS software and firmware early in the design cycle and let this guide controller
selection.
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