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Abstract

The high specific impulse (Isp) of Nuclear Electric Propulsion (NEP) technology offers the potential for advanced
space mission capabilities. However, the five critical technology elements of NEP vehicles have yet to prove technical
maturity levels for consideration into mission design. In response to the critical reviews by the NASA Engineering
and Safety Center (NESC) [1] and the National Academies of Sciences, Engineering, and Medicine (NASEM) [2],
NASA’s Space Nuclear Propulsion (SNP) project created an NEP Technology Maturation Plan (TMP) for focused
development of NEP technology [3]. The TMP called for a coordinated set of technology development efforts to meet
this objective. The Modular Assembled Radiators for NEP VehicLes (MARVL) Early Career Initiative (ECI) project
was initiated to develop a portion of the fifth Critical Technology Element (CTE) of the NEP vehicle: the Primary
Heat Rejection Subsystem (PHRS). A target application of a 2039 human-rated Mars mission was outlined in the
TMP. For the outlined mission, a NEP vehicle will experience several thermal environments which will impact the
design and operation of the PHRS. To maintain radiator temperatures within the required effective temperature range,
the effect of natural, induced, and NEP internally generated heat loads on the radiator panel must be well understood.
Furthermore, this analysis is critical for analyzing the influence of various orientations and positions of the NEP
vehicle relative to nearby celestial bodies throughout the mission. This study conducted a complete enveloping
analysis of the thermal environments influencing the NEP vehicle throughout the mission. Thermal analysis was
conducted for the radiator panels based on the defined mission environments. This thermal analysis concludes with
the selection of ideal radiator orientations for the NEP vehicle, and the identification of worst case hot and cold
environmental sink temperatures throughout the mission.

For the target application, the environmental sink temperature ranges from 30 K to 353 K when the reactor is powered
OFF, and from 2.7 K to 243 K when it is powered ON. In interplanetary space, the minimum environmental sink
temperature occurring when the reactor is powered OFF and the radiators are oriented “edge to Sun” is 2.7 K.

The environmental thermal models generated in this study will be used for future studies with the full vehicle system
model. The environmental sink temperature curves generated will be used for future radiator and component analysis
to predict transient performance in the space environment. The environmental sink temperature and heat rejection
capability curves will inform the trade between commissioning orbits that are in consideration. The model may also
serve as a useful tool as reference for future crewed space missions, missions involving radiators or temperature
sensitive equipment, or other missions requiring analysis of natural orbital thermal environments.
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1 Introduction

The integration of NEP technology into advanced mission designs and early human Mars missions reduces total transit
time and enables deep space exploration and science. Previous crewed Mars mission studies were constrained to
chemical propulsion systems, technologies with specific impulses (Is,) below 450 seconds, which significantly limit
performance on propulsively demanding, high-Av missions[4]. Therefore, past missions were designed for
conjunction class trajectory, defined by the positions of Mars and Earth on the same side of the Sun, and selected for
the lower Av requirements. However, a consequence of this design is the extended total mission duration [5].

In contrast, NEP technology significantly reduces the overall required propellant mass and increases Av capabilities
when compared to chemical propulsion systems, opening the possibility for mission designs of shorter durations. With
high Isp at over thousands of seconds [2, 3, 6], a hybrid nuclear electric propulsion (NEP)/chemical propulsion vehicle
can enable mission designs advantageous for early crewed missions to Mars. One mission design enabled by this
technology is the opposition class mission design, defined by positions of Mars and Earth on opposing sides of the
Sun. This mission design is advantageous as high Av maneuvers required for this trajectory result in shorter mission
durations. For initial human Mars missions, shorter mission durations are ideal for reduced crew exposure to space
hazards and risk, such as exposure to deep space radiation and duration in microgravity [5].

Since the late 1950s, several NEP programs have been pursued by NASA and the United States military including the
Systems for Nuclear Auxiliary Power (U.S. Government initiative led by the Atomic Energy Commission, in
collaboration with the U.S. Air Force and NASA), SP-100 Space Power Reactor (DOD, DOE, and NASA), Space
Exploration Initiative (NASA), and Jupiter Icy Moons Orbiter/Prometheus (NASA) [2]. However, although NEP
technology offers the potential for significant advances in mission capability, its critical technology elements (CTEs)
have not yet achieved the technical maturity required to support credible mission architecture development. The five
CTEs of the NEP vehicle include CTE1: Nuclear Reactor and Coolant Subsystem (RXS), CTE2: Power Conversion
Subsystem (PCS), CTE3: Power Management and Distribution (PMAD), CTE4: Electric Propulsion Subsystem
(EPS), and CTES: Primary Heat Rejection Subsystem (PHRS) [3]. In a review of nuclear propulsion technical maturity
by the NASA Engineering and Safety Center (NESC) [1], the key NEP technologies were identified at or below
Technology Readiness Level (TRL) 4, with even lower maturity at the system and subsystem levels. The vehicle
assessed was a hybrid NEP/chemical propulsion vehicle. The National Academies of Sciences, Engineering, and
Medicine (NASEM) subsequently conducted a review [2] of the NEP/chemical propulsion vehicle and concluded that
the primary factor limiting NEP system advancement is the lack of coordinated development and research focused on
demonstrating megawatts electric (MW.)-class hardware at TRL 5.

In response to the critical reviews by the NESC [1] and NASEM [2], NASA’s Space Nuclear Propulsion (SNP) project
created an NEP Technology Maturation Plan (TMP) for focused development of NEP technology [3]. The mission
plan developed in the TMP led to the creation of the Modular Assembled Radiators for NEP VehicLes (MARVL)
Early Career Initiative (ECI) project, to develop a portion of the CTES of the NEP vehicle: the Primary Heat Rejection
Subsystem (PHRS). The project is a Langley Research Center led cross-agency team including personnel from
Langley Research Center, Glenn Research Center, Kennedy Space Center, Marshall Space Flight Center, and Johnson
Space Center.

1.1 Mission Parameters

To capture the wide variety of possible mission phases and environments for crewed missions to Mars, a target
application was outlined in the TMP for NEP technology development. This target application from a thermal
perspective is not a singular mission, but rather an enveloping opposition-class mission which encompasses the
possible trajectories and orbits of multiple previous mission studies. The term opposition is defined by Mars’ location
relative to Earth and determines the duration of various phases for the mission. The trajectory for the opposition class
mission is shown below in Figure 1.
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Figure 1. Mission locations of the opposition class trajectory [5].

The target application has a crew departure date of 2039 with a total mission duration of around 3 years [3, 7]. The
NEP system will be used for cruise phases, and the chemical stage will be used to enter and exit gravity wells. The
possible mission locations include Low Earth Orbit (LEO), Near-Rectilinear Halo Orbit (NRHO), Lunar Distant High
Earth Orbit (LDHEO), Mars orbit, a Venus flyby, and interplanetary space. A relevant environment is the specific
subset of the operational environment required to demonstrate critical "at risk" aspects of final product performance
[8]. The relevant environments for this mission include thermal, vacuum, micrometeoroid and orbital debris, radiation,
launch loads, in-space loads, and microgravity. The focus of this study is on thermal environments for the mission.

1.2 MARVL System of Interest

The overall power level of the PCS is estimated at 2-4 MW, [3]. A Brayton cycle is used to convert heat from the
reactor into electric power. As a part of this cycle the PCS generates waste heat to be rejected which for a 2 MW,
vehicle is estimated to produce a power output of 4 megawatts thermal (MWg) [3]. The amount of thermal energy that
will be generated over time is too significant to be repurposed by the vehicle and must be rejected into space. The
three key functions of the PHRS are to 1) accept waste heat generated in the PCS, 2) transport waste heat, and 3)
radiatively reject waste heat to space. The MARVL system of interest (SOI) is a portion of the PHRS. In terms of
thermal components, the SOI includes the fluid loops, fluid interfaces between the fluid loops and radiator panels, and
radiator panels. The MARVL SOI within the PHRS is illustrated below in Figure 2.

MARVL SYSTEM OF INTEREST

POWER FLUID INTERFACE FLUID INTERFACE FLUID INTERFACE

CONVERSION
SUBSYSTEM
HEAT
EXCHANGER

1

|
POWER CONVERSION 1  PRIMARY HEAT REJECTION SUBSYTEM

SUBSYSTEM !

1

Figure 2. The MARVL System of Interest (SOI) is found within the PHRS and consists of fluid loops,
radiators, and fluid interfaces.



Due to the large amount of waste heat generated by the PCS, the PHRS is the largest and most massive of the five
CTEs. The PHRS constitutes 40-60% of the total NEP dry mass, with an estimated surface area >3,000 m?[9]. A key
metric for the performance and feasibility of the NEP system is the power system specific mass, or aps [kg/kW.] [10].
The PHRS is the largest contributor, estimated at around 50% of the total system a, [11]. Reduction in PHRS mass
is key in terms of optimizing vehicle performance, with a threshold for minimum success of 8 kg/kWe and a goal for
maximum success of 3.5 kg/kWe.

1.3 Radiator Wing Configuration

The selected wing configuration for the PHRS is a bi-wing configuration (Figure 3a). This wing design is
advantageous as it can be flown edge-on to the Sun or to nearby celestial bodies which reduces incident heat loads.
Additionally, wing-to-wing view factors are minimized. Therefore, the heat rejection capability of the bi-wing
configuration is more effective than that of the quad-wing design (Figure 3b). The TMP integrates in-Space Assembly
(iSA) into the PHRS design, which allows for expanded possibilities for radiator configurations. Greater effectiveness
of the bi-wing panels allows for a reduction in total panel surface area, which leads to about a 20-40% dry mass
reduction [9] when compared to quad-wing designs.

(@) (b)

Figure 3. Representative conceptual illustration of the (a) bi-wing and (b) quad-wing panel
configurations. The MARVL project focuses on the development of the bi-wing configuration and the
design of a modularized in-space assembled system for the PHRS.

2  Objectives

The objectives of the study can be summarized into four parts: 1) envelope the wide variety of mission phases to
define the worst case hot and cold environments, 2) understand the effect of panel orientation on environmental sink
temperature and heat rejection capability, 3) select ideal panel orientations to align with radiator temperature and heat
rejection capability constraints, and 4) identify the absolute extrema of environmental heat sink temperatures across
the mission.

This study identifies the most extreme thermal environments influencing the NEP vehicle throughout all phases of a
2039 crewed opposition class Mars mission. The thermal environment describes the effective temperature of the
surrounding environment that acts as a thermal sink for radiative heat transfer from a surface. The environmental sink
temperature represents a complex radiation environment as a single equivalent temperature value [12]. Worst case hot
and cold effective environmental temperature values are identified for the mission. Environmental sink temperature
and heat rejection capability are influenced by radiator orientation and position of the NEP vehicle, due to view factors
of the radiator panels to nearby celestial bodies. This analysis varies the orientation and position of the radiator panel
to select ideal panel orientations across the range of mission phases and locations.

Mission phases for consideration include LEO, NRHO, LDHEO, Mars orbits, Venus flyby, and interplanetary space.
The space environment thermal inputs include direct solar radiation, solar radiation reflected from nearby planets also
known as albedo, and planetary infrared (IR) also known as outgoing longwave radiation (OLR). Additional



considerations include selection of planetary albedo and IR worst-case values, wavelength band sensitivity of the
radiator surface finish, capturing maximum and minimum direct solar radiation values for each mission location that
account for variation in specific spacecraft paths, considerations for eclipse cases, and beta angles. Surveys were
conducted from various resources and NASA documentation [13, 14, 15, 16, 17, 18, 19] to identify the hot and cold
values of nearby heating sources in the space environment and these values are detailed in Appendix A.

The relationship between the heat rejection of the radiator panels, the average radiator temperature, and environmental
sink temperature is illustrated in Figure 4. Like the mission analyzed in the study, the radiator temperature is held at
a constant effective temperature of 400 K [9]. At 0 K environmental sink temperature, the heat rejection capability is
at the maximum, 100%. As the environmental sink temperature reaches the radiator temperature, 400 K, the heat
rejection capability reaches 0%. The calculations behind this analysis are defined by Equations 1, 6, and 7 in
Section 3.1.

Heat Rejection Capability (%) vs. Environmental Sink
Temperature (K) Average Radiator Temperature of 400 K
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>
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o 0 100 200 300 400
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Figure 4. Relationship between three key thermal factors for the radiators: heat rejection capability,
environmental sink temperature, and average radiator temperature.

Reactor power levels vary from powered OFF to fully powered ON in the MARVL target application, dependent on
the mission phase and reactor power requirements. In this study, the radiator temperature is maintained at a constant
average temperature of 400 K due to thermal performance limits of the water-based heat pipes. There are two variables
that can be manipulated to keep this constant radiator temperature. First, the environmental sink temperature is
dependent on NEP vehicle location but can be altered by changing panel orientation. Second, the internally generated
waste heat load of the NEP system can be altered by throttling the reactor and PCS power levels.

The objective of this study is to analyze the effect of panel orientation on environmental sink temperature and heat
rejection capability, and to identify viable panel orientations. The environmental sink temperature varies significantly
with mission location and panel orientation. Altering the panel orientation for a given mission location affects the
view factor between the panel and nearby environmental heating sources, which alters the derived environmental sink
temperature without compromising mission trajectory. Once ideal panel orientations are selected, the extrema of
thermal environments throughout the mission will be captured.

3 Methods

This study captures the environmental heating source extrema at each mission phase. Specifically, the hot and cold
cases for direct solar, albedo, and OLR at LEO, NRHO, LDHEO, Mars orbits, Venus flyby, and interplanetary space.
The values, provided in the summary tables in Appendix A, were used as inputs to the Thermal Desktop (TD) model.
The Methods section is divided into four parts: 1) interaction of the panel with the space thermal environment, 2)
Thermal Desktop model setup, 3) modeling to capture variations in mission trajectory, and 4) selection of ideal panel
orientations and beta angles to reduce cases.



3.1 Interaction of the Radiator Panel with the Space Thermal Environment

The net thermal power emitted by the radiator surfaces is described in Equation 1 [12, 13],
Q = Ageron(Tg — To‘éwt) (D

where Q is the net thermal power emitted [W], A is the radiator surface area [m?], ;5 is the IR emissivity [unitless],
o is the Stefan-Boltzmann constant [W/m?K*], 7 is the radiator effectiveness [unitless], Ty is the radiator temperature
[K], and T, ,, is the total environmental sink temperature [K]. The net thermal power emitted is equal to the thermal
emission rate minus the thermal absorption rate from the environment.

Radiator panel net heating is comprised of several sources. Ty is driven by the waste heat generated by the PCS and
carried in the thermal trunkline to the PHRS. T, . depends on various sources including from the space environment,
IR emitted from the NEP vehicle, and solar radiation reflected off the NEP vehicle. The effect of IR emitted from the
vehicle and reflected solar radiation from the vehicle are dependent on vehicle geometry. These effects are expected
to be small compared to the rest of the sources and will be neglected in this study but will be analyzed in future studies.
Therefore, for this study Tc,,,, is calculated only from view factors of the panel to heating sources in the space

environment.

The radiator array thermal network, shown in Figure 5, consists of the fluid loop inlet temperature Tjye¢ [K], fluid
loop outlet temperature Tyy¢ie [K], fluid increment inlet temperature T, [K], fluid increment outlet temperature T .
[K], fluid increment average temperature Tfavg [K], fluid to heat pipe resistance R; [K/W], heat pipe to panel resistance

R, [K/W], heat pipe temperature Ty, [K], and total environmental sink temperature Tc,.

Tfin Tfavg Tfout

Tinter—""® »@----> Tyttt
R,
Thp
R,
Tg
T°°tot

Figure S. Radiator array thermal network.

In this study, T is held constant at 400 K. This represents the area-weighted average surface temperature of the radiator
considering thermal resistances and associated temperature drops along the radiator array length. The Ty variable is
determined via the effective individual radiator temperatures, calculated from a thermal network with an iterative
numerical method. Major variables in the analysis include working fluid inlet and outlet temperatures, working fluid
mass flow rate, radiator increment area A; [m?], working fluid specific heat capacity, heat pipe to panel thermal
resistance, heat pipe spacing, and thermal conductivity of radiator panel face sheet [W/K]. The radiator array operates
at progressively cooler temperatures along its length, and the effective temperature accounts for this variation.

The following relationships for Tfavg’ Thp, Qrej> and Ty are utilized in the iterative numerical analysis.
Qrej = Iéli“fIRo-rl(Tlgl - T‘gtot) @

_ Tfout B Tfin (3)

Tf avg 2

10



Thp = Tfavg - Qrele (4)

Tr = Thp — QrejRo ©)

The assumptions for all other variables are described in the remainder of this section.

The fluid to heat pipe resistance R, is the inverse of the fluid to heat pipe conductance (assumed to be 1000 W/K), so
R; = 1/1000 K/W, and the fluid to heat pipe conductance R, is the inverse of the heat pipe to panel conductance
(assumed to be 1000 W/K), so R, = 1/1000 K/W.

The working fluid inlet temperature Tj,;.r of 550 K and outlet temperature T, . 0f 330 K were identified via
numerical methods of the energy balance for the MARVL thermal network including fluid loop, heat pipe, and radiator
design variables, with interfaces to the NEP PCS considered. When exceeding the outlet temperature limit, there is
significant NEP system mass increase, as the PCS cycle efficiency decreases thereby increasing the waste heat load
[9]. Furthermore, regarding the inlet temperature limit, the heat pipes are designed with water as the working fluid
due to the higher TRL level of this design compared to other options (e.g., cesium or halide based working fluids).
With water as the working fluid, higher temperatures can cause various issues. First, higher temperatures can dry out
the heat pipes, preventing heat transfer and causing risk of damage [9], and second, the boiling limit must not be
exceeded as this may cause the fluid to evaporate and increase internal pressure which leads to mass increases due to
increased heat pipe wall thickness. The returning fluid will travel to the PCS heat exchanger and is limited to 330 K,
determined based on the results of an integrated NEP parametric analysis that optimizes system mass and performance.

The radiator effectiveness is dependent on heat pipe spacing and fin geometry [13]. In this study, a conservative
radiator panel effectiveness of 7 = 0.85 is assumed for this preliminary analysis of the MARVL radiator system.

Next, the heat rejection capability R, of the radiator panels can be calculated as a percentage using Equation 1. The
capability for heat rejection is defined as emitted heat at a given environmental sink temperature compared to heat
rejection achieved at the design sink temperature. The percent heat rejection capability is:

Apepon(Tg — T
=< rem (T “’f))*mo (6)

AREIRO'T](TRA} - T‘gdes)

where T, is the design sink temperature which is the baseline capability of the vehicle. For this study, the design
sink temperature is at 0 K, so the maximum heat rejection capability is achieved when no external sources of heat load
are incident on the radiator panels. When T, ,,. = 0 K, the calculation can be simplified as shown in Equation 7. The

relationship between Q, Ty, and R, is also discussed in Section 2 and illustrated in Figure 4.

Tq —Ta
R, = w x 100 (7)
TR

Since Ty, ;,, = 0 K throughout this study, the total environmental sink temperature Ty, , will instead be referred to as
T, for simplicity.
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Space thermal environment interactions with the radiator panel are illustrated in Figure 6. As depicted, the two bands
of thermal radiation interacting with this panel are sunlight (solar band radiation) and IR radiation. The radiator panel
receives direct solar radiation, solar radiation reflected from nearby planets also known as albedo, and IR radiation
emitted from nearby planets. The thermal radiation that reaches the radiator is either reflected off the panel or absorbed.
The combined energy from both thermal radiation and heat transfer from the fluid loops that is absorbed by the panel
causes it to heat up, which could increase radiator temperature past the 550 K limit of the water-based heat pipes if
the heat transfer from the fluid loop is not decreased. The absorbed heat energy is then rejected from the radiator
surface by IR radiation. The induced thermal environment caused by emitted and reflected heat fluxes from the NEP
vehicle incident upon the panels is not included in this study.

- Sun
Radiator 7 Legend
- / Direct Solar
Reflected Solar
r A~ Emitted IR
A« » Reflected IR

Figure 6. Illustration of the interaction between a
radiator panel and the space thermal environment.

The panel optical properties affect how the thermal radiation incident on the panel is either absorbed or reflected. The
fraction of solar radiation absorbed by the panel, and the effectiveness of a material to emit IR radiation compared to
an ideal blackbody at a given temperature, is described by the material’s solar absorptivity (@) and IR emissivity
(g;g) respectively [13].

Requirements for the optical properties of the MARVL radiator surface will depend on radiator surface material,
operating temperature range, and mission flight profile (e.g., property degradation over mission life) [3]. The current
material in consideration for the radiator surfaces is a carbon-based material, specifically graphite composites with
thermally conductive fibers [20]. Typical carbon-based materials have an emissivity between 0.85 and 0.9, and in the
NEP TMP, 0.85 is identified as the minimum threshold for end-of-life IR emissivity [3]. This study assumes a
conservative estimate of 0.85. This value is subject to change with future material tests. The value for a; is also subject
to change and is currently assumed at 0.7. The absorptivity of the carbon-based composite material is higher than the
value mentioned previously for typical radiators because currently, no low solar absorptivity coatings exist rated for
>550 K applications. The coatings are limited by the performance of the adhesive or binder when exposed to higher
temperatures. Orientation of the radiator panels in an edge on to the Sun configuration is an avenue to mitigate greater
than desired absorbed solar flux caused by high solar absorptivity materials. The effect of panel orientations will be
analyzed in depth in this study.

The summary of current assumptions for optical properties for the MARVL radiators is shown in Table 1. With
material selection and further analysis, optical property values are subject to change later in the radiator design process.
The optical property values are parameterized in this study, allowing for future changes to these assumptions. This
process is further described in Section 3.2.
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Table 1. Conservative Assumptions for MARVL Radiator Optical Properties.

. Conservative Assumption for
Optical Property MARVL Radiators
o 0.7
&R 0.85

3.2 Thermal Modeling and Data Capture

With the environmental heating sources defined in Appendix A, the next step was capturing the interaction between
the radiator panels and the space thermal environment. The commercial thermal analysis software C&R Technologies
Thermal Desktop (TD) version 6.3 was used to model orbital cases and trajectories to then apply and record the heating
source values. This model was also used to measure the effect of altering the view factors between the panel and
nearby celestial bodies.

The objective of the model was to measure the space thermal environment depending only on location of the panel
and view factor of the panel to heating sources. This model uses a representative 1 m x 1 m panel with 0 m thickness,
with arithmetic nodes set to record instantaneous flux values. The justification is as follows:

1. The 1 mx 1 m surface dimensions of the panel are reasonable as only specific incident fluxes (W/m?)
are measured. Additionally, the change in location across the MARVL radiator wings (one side ~1200
m?) is insignificant compared to the position in space relative to the Sun and other celestial bodies.

2. The model has a 0 m thickness to isolate the effect of view factor from the flat face to the heating sources.
The MARVL radiator panels are relatively thin, on the order of less than a few inches in thickness, thus
there is a negligible effect on view factor to heating source.

3. The use of arithmetic nodes is a reasonable representation of the panel as the assumptions are that the
radiator will have a low thermal time constant (10s of seconds to minutes) [21]. Additionally, the
temperature of the radiator surface in the Thermal Desktop model does not affect results as radiator-to-
radiator view factor is not modeled. This is a reasonable representation of the bi-wing radiator arrays
which will be relatively flat with some deflection errors.

The IR emissivity and solar absorptivity values were both set to one within the TD model to represent the panel as a
black-body surface. Doing this enables the TD model to capture only the incident fluxes (solar and IR). The application
of radiator surface optical properties was then parameterized as a variable in the data collection and post-processing
step to calculate total absorbed flux. This method is applicable for this study because the panel was modeled as a
single flat surface, thus there are no surface-to-surface view factors or reflections. One advantage of this approach is
the optical property assumptions can be changed later as needed, or for future analysis of different materials in the
same space environment, all without re-running the TD models.

Note: if solar absorptivity assumptions lower significantly, then the heating source input values used in the
TD models must be updated to reflect material sensitivity to IR only. More information on material sensitivity
and the selection of heating source inputs can be found in Appendix A.2.

Outputs generated include hot and cold cases for time-varying (single orbit) incident flux values for each space
location, panel orientation, and solar beta angle variation. Next, every solar and IR incident flux value calculated in
TD was recorded in Microsoft Excel. The assumptions for the MARVL radiator optical properties were applied in this
step. Equation 8 shows the calculation for total absorbed flux [22, p. 38].

qa = (a5 * q5) + (&1r * qur) (3

Where q4 is the total absorbed flux [W/m?], g, is incident solar flux [W/m?], and g, is incident IR flux [W/m?]. In
this step, the optical properties a; = 0.7 and &,z = 0.85 were specified in Excel. This equation was applied to all
output incident flux values that were calculated in TD. Next, using the absorbed flux values, environmental sink
temperatures were calculated using Equation 9 [22, p. 38].
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This calculation was solved for every time step calculated in TD, providing insight into the T,,, fluctuations
throughout the vehicle’s orbital paths. Finally, the radiator panel temperature was also parameterized as a variable in

Excel. The T, ,, values and assumed radiator temperature Ty are used to solve for R, values using Equation 7.

3.3 Modeling to Capture Variations in Mission Trajectory

This study focuses on LEO, NRHO, Mars orbits, and a Venus flyby, and excludes analysis of LDHEO. LDHEO was
excluded due to modeling complexity, but orbital parameters and thermal values for LDHEO heating source inputs
are included in Appendix A.4. Considered in the model are orbit altitudes, orbit eccentricities, trajectories, beta angles,
and hot/cold cases; this results in a total of 328 different cases ran in this study. A breakdown of the 328 cases is
provided in Figure 7, and the modeling parameters selected for modeling are also described in this section.

LEO (2) (altitude variations)

NRHO (1) = . x6panel _ x3beta —p X 2 cases
Mars (5) (eccentricity variations) 9 locations orientations  angles + — (hot/cold) = Total cases
Venus close approach (1) modeled in study:
Venus flyby _ . X 2 panel —/
trajectory = 1 location orientations

Figure 7. Summary of 328 total cases modeled in Thermal Desktop.

3.3.1 Definitions of Modeled Variables

This section includes detailed information regarding modeled variables described in Figure 7 that make up the 328
cases ran in the study.

3.3.1.1 Locations

The general in-space mission locations of LEO, NRHO, Mars orbits, and Venus flyby, have been expanded into 10
specific locations for analysis. The expansion is shown in Table 2.

Table 2. Expansion of general in-space mission locations into 10 modeled orbits and trajectories.

Mission Location Orbit/Trajectory Specifications COI.Y;;:;;;:SKEBTE d
LEO 500 km orbit, 1100 km orbit 2
NRHO 9:2 Lunar Synodic Resonant, Southern L2 Lagrangian Point 1
Mars orbits 250x7660 km (<1-Sol), 1-Sol, 2-Sol, 5-Sol, 10-Sol 5
Venus flyby Sample Venus flyby trajectory, finite altitudes model 2

The NASA Gateway 9:2 Lunar Synodic Resonant specification was selected for the MARVL NRHO, due to its
analysis for the planned Gateway Space Station. Specification of this orbit considers Lagrange (or libration) points,
with L1 and L2 associated with halo orbits and closest to the moon. In these Lagrange points, there can also be NRHOs
specified as either in the northern or southern family. Of the specifications, the L2 southern family NRHO was
selected for better stability and visibility to the lunar far side for communications, as compared to L1 [23].
Furthermore, Lunar Synodic Resonant is a phasing specification which was selected to avoid eclipses by the Earth.
This phasing avoids Earth shadow from January 2020 to February 2035, with only two partial eclipses occurring in
2034 and 2035. Finally, the 9:2 specification means the orbit completes on average, 9 revolutions for every 2 lunar
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months. This specification allows for easier surface access for the Gateway design, with a lower altitude perilune [23].
More detailed information about the orbital parameters for NRHO and for every in-space mission phase is provided
in Appendix A.

Figure 8 depicts each of the models in TD. The orbital plane of the vehicle is represented by the yellow ellipse, and
the shadow of the planetary body is represented by the purple cylinder.

9:2 lunar synodic-resonant,

southern L2 Lagrangian point 250x7660 km Sample Venus flyby trajectory

500 km altitude

Vector to
Venus

2-Sol orbit

‘Vector to Sun
@&

1100 km altitude Venus flyby finite altitude positions

e
10-Sol orbit

s 5-Sol orbit
Loy AT )
it

s

L "Eat

-

LEO NRHO Mars Orbits Venus Flyby

Figure 8. The ten total orbits and trajectories modeled in Thermal Desktop.

3.3.1.2 Panel Orientations

For LEO, NRHO, LDHEO, and Mars orbits, there are six panel orientations that are modeled in the TD model. The
panel is oriented relative to the velocity vector (VV) of the NEP vehicle trajectory, and to the central body. The panel
orientations include: “face to planet (edge to VV)”, “edge to planet (edge to VV)”, “edge to planet (face to VV)”,
“face to sun”, “edge to Sun (horizontal)”, and “edge to Sun (vertical)”. For NRHO substitute “Moon” for “planet”.
Each panel orientation is shown in Figure 9, depicted for the £52° beta angle LEO, at 1100 km altitude case.

| 01 - Face to Planet (Edge to VV) | | 02 - Edge to Planet (Edge to VV) | | 03 - Edge to Planet (Face to VV) |

|

| [ 05-Edge to Sun (Horizontal) ||

Figure 9. The six panel orientations modeled in TD for the LEO 500 km orbit. The same panel
orientations were modeled for LEO, NRHO, LDHEQO, and Mars orbits.
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3.3.1.3 Beta Angles

The model includes cases for the range of possible solar beta angles. The solar beta angle represents the angle between
the solar vector and the orbital plane. Specifying beta angles is important when modeling the thermal environment as
altering the beta angle affects the incident environmental heating, the view factor of the panel to the Sun and nearby
celestial bodies, and time spent in shadow. The beta angle sweep was modeled to capture the extreme thermal
environments across the range of possible beta angles. The beta angle is described in Equation 10 [24], and is limited

by:
B =+(e+1il) (10)
Over the range of
—90° < f < +90°

where f is the beta angle [degrees], € is the obliquity of the ecliptic (or planetary tilt) [degrees], and i is the orbital
inclination (the angle between orbital plane and equatorial plane) [degrees]. Whether the Sun is north or south of the
orbital plane determines if the beta angle is considered positive or negative, respectively. The beta angle ranges
between + 90° for all orbits, except for LEO, which has a range between + 51° based on a defined orbital inclination
of 28.5° [25] (Appendix A).

The motivation for representing various beta angles in the orbital modeling is twofold: first, since not all phases in the
target mission have an inclination angle defined (Appendix A), the model includes a sweep of possibilities for the
target mission. Second, even for a fixed orbital inclination angle, the beta angle will change over time due to right-
ascension of the ascending node (RAAN) shifts. Therefore, the model includes three beta angle increments for each
case to bound the beta angle sweep, ranging from 0° to the maximum beta angle. An example of the three beta angles
modeled for <1-Sol Mars orbit is shown in Figure 10.

() (b) (©)
Figure 10. Variations modeled for <1-Sol Mars orbit represent (a) £90° (b) £45° (¢) £0° beta angles.

3.3.1.4 Hot and Cold Cases

All combinations of mission locations, panel orientations, and beta angles were modeled for both hot and cold-biased
heat source input values, including direct solar, albedo, and IR radiation. In the TD model, the hot case uses heating
source inputs with the hot case extreme values, and the cold case uses heating source inputs with the cold case extreme
values (Appendix A). The worst-case hot and cold thermal environmental inputs represent bounding cases for the
mission based on variation in planetary locations due to time of year, and position of the vehicle relative to the planet.
Due to more observational data on IR and albedo values throughout the year for Earth, values for heating source inputs
for Earth orbits also depend on material sensitivity to albedo and IR, thermal time constants for the radiator material,
orbit inclination, and orbit beta angle albedo correction factors.

3.3.2 Special Cases

The cases described in Figure 7Table 7 describe much of the target mission trajectory, but there are additional
considerations in the model to fully bound the thermal environments. This section describes the additional modeling
considerations.
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3.3.2.1 Vehicle Passage Through Shadow of Celestial Bodies

The coldest environment in an orbit occurs when the vehicle passes through the shadow of a celestial body. This
section describes the various eclipse modeling considerations.

3.3.2.1.1 Cylindrical Shadow Approximation

The shadow behind celestial bodies is not naturally a cylindrical shape. Rather, it is a conical shape and has two
regions within the shadow. The umbra is the region of the shadow where radiation intensity is close to zero. The
penumbra includes both the umbral region and the region around the umbra of partial sunlight. For this study, all orbits
have shadows modeled using a cylindrical shadow approximation (Figure 11).

Figure 11. Comparison of penumbra and umbra regions of conical shadow with cylindrical shadow
approximation that was modeled in Thermal Desktop.

The modeling of penumbra and umbra regions is more complex and is reserved for future work where the objective
is to study components with higher thermal time constants and the performance of components throughout the orbit
is more significant. The cylindrical shadow approximation will not affect the extrema of T,, and R, values identified
in the study but will overestimate the rate of change in these values at shadow crossings. Therefore, even with this
approximation the results for orbital cases will be conservative and represent the worst case, because the shadow
crossing will be more gradual than presented.

Earth orbits, NRHO, and less elliptical Mars orbits will not be significantly impacted by the cylindrical shadow
approximation. However, with more elliptical orbits the panel will see more gradual entry into shadow as the duration
in penumbra region would be longer when farther away from Mars. Thus, modeling the penumbra and umbra shadow
regions is an area of future work for studies which require more accurate models of the thermal conditions for shadow
entry and exit. As the objective of the study is to capture the extrema of thermal environments, the cylindrical shadow
approximation is sufficient for the purpose of this study.

3.3.2.1.2 Measurement Positions for Capturing Eclipse Shadow Entry and Exit

As the cylindrical shadow approximation is used
for modeling the eclipse cases, the position of
‘ Positions measured measurements is adjusted to more accurately
Caiy RACOY capture the shadow entry and exit in the model.
For the 500 km and 1100 km altitude LEO,
NRHO, and <1-Sol and 1-Sol Mars orbits, the
orbit was subdivided into 39 equal angular
increments in TD, and the panel positions within
the eclipses were captured. The analysis positions
Positions measured can be seen in Figure 10 for the <1-Sol Mars
outside shadow orbit, represented as white orientation markers
around the orbital plane. In contrast, for the
highly eccentric Mars 2-Sol, 5-Sol, and 10-Sol
orbits, there were positions that skipped over the
shadow during the 0° beta angle orbit. Therefore,
the analysis increments were adjusted to read just

Shadow entry

Shadow exit

Figure 12. The 5-Sol Mars orbit for 0° beta angle around
the point of apoapsis. Position intervals are adjusted for
more eccentric orbits to include shadow entry and exit.
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before and within the shadowed region to improve precision and most accurately represent the coldest cases. This is
shown in Figure 12.

3.3.2.1.3 Modeling Eclipse Cases for NRHO

The 9:2 Lunar Synodic Resonant NRHO is based on the Gateway orbit parameters [14] and introduces two additional
eclipse considerations (Appendix A.3.1). The first consideration is passage through the Moon’s shadow. Passage
through the Moon’s shadow is always less than 76.1 minutes for the NRHO, and the range of eclipse durations are
captured in Table 8. The maximum passage duration through the penumbra (partial shadow) is 76.1 minutes, and the
maximum passage through the umbra (total shadow) is 73.2 minutes. In this study, the NRHO is modeled using a
Keplerian approximation of the orbit (Appendix A.3) with a cylindrical shadow approximation which captures an
eclipse duration of 74.24 minutes.

The second eclipse consideration is passage through Earth’s shadow. This eclipse can extend longer than 90-minutes
without mindful NRHO trajectory design. The reasons for the longer eclipse duration is as follows: 1) Earth’s shadow
is larger than the Moon’s shadow when viewed by the spacecraft in NRHO, and 2) spacecraft passage through Earth’s
shadow is typically of longer duration due to slower orbital velocity near apolune where Earth’s shadow usually occurs
along the NRHO [14]. The Lunar Synodic Resonant NRHO mostly avoids eclipses by Earth shadow from January
2020 to February 2035, though two partial eclipses occur during 2034 and 2035 [14, 23]. Therefore, additional
planning may be considered to avoid Earth shadow for the 2039 mission.

3.3.2.2 Orientation of Eccentric Orbits

The orientation of eccentric orbits within
the model is a consideration for the NRHO
and Mars orbits. By identifying the orbit
orientation that represents the worst-case
conditions, the number of cases can be
reduced. Figure 13 illustrates the 0° beta
angle for the 1-Sol Mars orbit, where the
periapsis is on the Sun side or the apoapsis
is on the Sun side. Results and analysis
from modeling the two cases are described
in Appendix B. Resulting from this
analysis, periapsis on the sun-side of the
central body represents worst-case hot and
cold environmental sink temperatures.
Therefore, eccentric orbits for NRHO and

Mars orbits follow this specification. (b)
Figure 13. Opposite extreme orbit orientations, modeled with 0°
3.3.2.3 Venus Flyby beta angle at 1-Sol Mars orbit for: (a) Periapsis on Sun side

(identified to represent worst-case). (b) Apoapsis on Sun side.

The Venus flyby modeling method is
highlighted in this section as this mission location consists of a trajectory rather than an orbit. To model this, two
methods were used.

The first method used a sample trajectory that was provided by the Systems Analysis and Concepts Directorate
(SACD) at NASA Langley Research Center. For this model, only “edge to planet” and “edge to Sun (horizontal)”
were analyzed. Only these two radiator orientations were modeled for the Venus flyby sample trajectory because
maintaining edge to major environmental heating sources is advantageous while the reactor is powered ON. Otherwise,
the reactor and PCS would need to be throttled down to reduce the internally generated heat load so the components
do not exceed their limits. The second method was built to measure incident environmental heating at positions at
finite altitudes to Venus. Rather than a sample trajectory, the intent of this model is to compare environmental sink
temperatures at arbitrary trajectory points. This method is included because it is independent of a sample trajectory.

18



These two methods are illustrated in Figure 14 for the “edge to Sun (horizontal)” panel orientations. At the end of the
sample trajectory provided, the vehicle is at an altitude of 6000 km. This altitude is highlighted as a red line at 6000
km in the graph in Figure 14b for comparison between the two models.
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Figure 14. The two methods used for modeling Venus flyby are described:
(a) Venus trajectory, and (b) finite altitudes model.

3.3.2.4 Interplanetary Travel

In addition to the mission locations, the thermal environment of interplanetary space must be considered. The
temperature of deep space is approximately 2.7 K (Appendix A.l). Therefore, the minimum T, is ~2.7 K across the
entire mission, occurring when the panel is distant from all celestial bodies and oriented “edge to Sun”.

3.4 Reduction of Cases to Capture the Thermal Environment

From the T, and R curves generated from the TD model and data analysis step in Excel, the cases were then reduced
from the initial 328 cases. The cases were reduced first by selecting ideal panel orientations for the mission and then
by identifying enveloping beta angles. The reduced set of bounding cases will significantly reduce data processing
time in future thermal analysis that includes the full radiator or NEP vehicle model. The envelope of T, and R values
from the reduced set of cases is presented in Table 3 in Results (Section 4), and a complete list of all the selected cases
is provided in Table 12 in Appendix D. Summary of Selected Cases.

First, the ideal panel orientations were identified. This selection results in the actual reduction of panel orientations to
be considered for the mission. The selected panel orientations are, most importantly, compatible with reactor power
states at each mission location relative to the mission phase (e.g., commissioning or reactor powered ON at steady
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state). The reactor will be powered OFF prior to commissioning and reactor startup, where LEO 500 km, LEO 1100
km, and NRHO are possible options. For this power state, ideal environmental sink temperatures are high to prevent
freezing of the internal working fluids. Phases analyzed for the reactor powered ON include NRHO, Mars orbits, the
Venus flyby, and Interplanetary travel. For this power state, ideal environmental sink temperatures are low to
maximize heat rejection capability. The selected panel orientations were also those with greater consistency in T, and
R, values across the completion of one orbit and across the beta angle sweep. From a thermal control perspective,
orientations that have greater consistency are more ideal than orientations which see large variations. Where one or
more panel orientations are not clearly identifiable as ideal or non-ideal, they were included for continued analysis
under future thermal analysis studies.

Once the panel orientations are selected, the case set can be further simplified by identifying the beta angles that
represent the hottest or coldest cases to capture the extrema of thermal environment. While panel orientation selection
provides recommendations for the mission, the selection of beta angles simplifies the number of cases necessary for
future modeling. The beta angles selected at each panel orientation must a) include the temperature extremum for that
panel orientation, and b) represent the highest or lowest sink temperature throughout the orbit. If a beta angle includes
both criteria, only one beta angle was selected to be representative of a hot or cold case. A beta angle case may also
be selected for modeling if it represents any significant thermal characteristics such as rapid change in environmental
sink temperature or a long eclipse duration.

4 Results

There were 328 total cases run with the TD model,
due to the combinations of locations, panel

Table 3. Reactor Power State with Corresponding
Thermal Environment Extrema.

orientations, beta anglgs, and. hot/cold case l?l;?vcvzr obiective | Case | T Location Panel
specifications. All resulting environmental sink et } K] (specification) | Orientation
temperature and heat rejection capability curves . p—
. . . . . ace to Eart]
for eac.h mission location are included in o | ass | 1EOG00Km, | (Bdgetovy)
Appendlx E. 0° beta angle)
Maximize Face to Sun
. . . . radiator panel
By selecting ideal panel orientations for each PO(V)V;;ed tempera't)ure, NRHO (9:2 lunar
location, the cases were reduced from 328 cases to prevent Synodi; reSOLn;m’
. freezi southern
35 cases. The summary of selected ideal panel reesmg 1 Cold | 30 Langrangian | F20€ 10 Sun
orientations at each mission location, and selected point,
beta angles for simplified modeling, is provided in 0" beta angle)
Appendlx D. Mars orbit (<1-,
Minimize Hot 243 1-, 2-, 5-, 10-Sol, | Edge to Sun
For the target application, the environmental sink radiator pancl 250 km perigee, | - (horizontal)
. . temperature, 45° beta angle)
temperature while the reactor is powered OFF Powered prevent
. ON )
ranges from 30 K to 353 K, and while the reactor overheating,
is powered ON ranges from 2.7 K to 243 K. A '“i;:gfio;a‘ Cold | 27 ImeerrLavﬁtary Edge to Sun
summary of the results is provided in Table 3.

5 Discussion

Analysis and selection between the ideal panel orientations is outlined in Section 5.1. Section 5.2 includes a discussion
of rapid changes in environmental sink temperature that were identified in the study.

After the selection of panel orientations, and enveloping beta angles representative of hot and cold cases were selected
for further simplification of the model for future vehicle model thermal analysis. With the selection of enveloping beta
angles, the number of cases was reduced to 35. The selected beta angles and justifications for selection are summarized
in Appendix D, in Table 13 and Table 14. This reduced set of cases is the minimum number of cases required for future
modeling that captures the variety of space environments and thermal environment extrema.
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5.1 Selection of Ideal Panel Orientations

Described in this section is the process of selecting ideal panel orientations for each mission location. A final list of
the selected panel orientations is provided in Appendix D, Table 12 to summarize the selections made in this section.
Analysis of ideal panel orientations for LEO 500 km, LEO 1100 km, and NRHO is conducted for two different reactor
states, when the reactor is powered ON or OFF. For Mars orbits, Venus flyby, and interplanetary travel mission
locations, the analysis considers only periods when the reactor is powered ON.

5.1.1 LEO 500 km and 1100 km

LEO 500 km and 1100 km have the same panel selections, and both altitudes were analyzed for reactor power states
ON and OFF. While both power states were analyzed for completeness, it is important to note that LEO 1100 km is
the minimum orbit for nuclear safe operations [25]. For LEO orbits, the ideal panel orientation was “edge to Sun
(horizontal)” when the reactor is powered ON, and “face to Earth (edge to VV)” and “face to Sun” when the reactor
is powered OFF.

For both reactors powered ON and powered OFF cases, the “edge to earth (edge to VV)” panel orientation was
eliminated from future analysis as there was significant variability in environmental sink temperatures and rejection
capability across the beta angle sweep.

When the reactor is powered ON, ideal panel orientations are those that expose the panels to the lowest environmental
sink temperatures to maximize heat rejection capability. The “edge to Sun (horizontal)” and “edge to Sun (vertical)”
panel orientations have lower average temperatures and greater consistency across beta angles and the duration of the
orbit compared to all other panel orientations. The “edge to Sun (vertical)” orientation was selected for the reactor
powered ON state because it provided a lower average environmental sink temperature when compared to “edge to
Sun (horizontal)”.

When the reactor is powered OFF, the remaining orientations include “face to Earth (edge to VV)”, “edge to Earth
(edge to VV)”, and “edge to Earth (face to VV)”. Of these orientations, both “face to Earth (edge to VV)” and “face
to Sun” have higher environmental sink temperatures which align with requirements of high environmental sink
temperature for the candidate commissioning orbits. Between these two panel orientations, the advantages are unclear
based on thermal environment analysis alone. The “face to Sun” orientation has the advantage of higher average
temperatures, but there was a significant change in environmental sink temperatures when traveling into Earth’s
shadow, while the “face to Earth (edge to VV)” orientation has the advantage of less rapid change in environmental
sink temperature over time, but lower temperatures compared to “face to Sun”. Thus, the “face to Earth (edge to VV)”
and “face to Sun” orientations were selected for further analysis in upcoming full vehicle thermal model studies.

5.1.2 NRHO

Because NRHO is also a possible commissioning orbit, ideal panel orientations for both the reactor powered ON and
OFF states were identified for this orbit. First, a few panel orientations were eliminated for both reactor states due to
large variation in T,, and R, values across the beta angle sweep, and consistency of these values is ideal (see Section
3.4). The eliminated panel orientations include “edge to Moon (edge to VV)”, “edge to Moon (face to VV)”, and “face
to Moon (edge to VV)”. For “edge to Moon (edge to VV)”, and “edge to Moon (face to VV)” orientations, there was
a sink temperature difference of ~260 K between the 0° beta angle to the 45° beta angle cases while the panel is away
from the Moon (which is most of the orbit duration in NRHO). There was also significant variation in sink temperature
as a function of beta angle for the “face to Moon (edge to VV)” case, with the most extreme difference between 0°
beta angle to the 45° beta angle cases around 200 K. The remaining panel orientations have more consistency across
T, and R values and were selected next based on reactor power states.

When the reactor is powered ON, ideal orientations include “edge to Sun (horizontal)” and “edge to Sun (vertical)”.
Between these two orientations, the “edge to Sun (vertical)” panel orientation was selected due to lower average and

maximum environmental sink temperatures throughout the orbit.

When the reactor is powered OFF, the remaining panel orientation with the highest overage sink temperature was the
“face to Sun” orientation. Despite a 0° beta angle case at this panel orientation, the vehicle passes through the Moon’s
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shadow and experiences a rapid change in environmental sink temperature which is not ideal (See Section 3.3.2.1.1
for discussion of cylindrical shadow approximation and Section 5.2.1 for discussions on rapid temperature change for
NRHO eclipse case). Nonetheless, this orientation was selected due to highest environmental sink temperatures across
all beta angles throughout most of the orbit.

5.1.3 Mars Orbits

For all Mars orbits, the reactor will be fully powered ON, so the ideal panel orientations have low environmental sink
temperatures to maximize heat rejection capability. The “face to Mars (edge to VV)”, “edge to Mars (edge to VV)”,
and “edge to Mars (face to VV)” panel orientations are eliminated due to the high variability in environmental sink
temperature across the beta angles. Additionally, the “face to Sun” orientation was eliminated due to the high
environmental sink temperatures throughout the whole orbit. Between “edge to Sun (horizontal)” and “edge to Sun
(vertical)”, the “edge to Sun (horizontal)” panel orientation was selected due to the lower overall environmental sink
temperatures throughout the orbit.

5.1.4 Venus Flyby

For the Venus flyby, two different radiator panel orientations were analyzed: “edge to Venus (horizontal)” and “edge
to Sun” orientations. The “edge to Sun” orientation was selected as ideal because the maximum environmental sink
temperature was lower for this orientation when compared to that of the “edge to Venus (horizontal)” orientation.
Furthermore, the environmental sink temperature was more consistently low throughout the trajectory and closest pass
for this panel orientation.

5.1.5 Interplanetary Travel

The reactor will be powered ON during interplanetary travel. The ideal panel orientation was “edge to Sun” to
minimize radiative flux. With no incident solar flux, the environmental sink temperature is ~2.7 K (Sec. 3.3.2.4).

5.2 Rapid Changes of Environmental Sink Temperature

The analysis of environmental sink temperatures reveals a significant consideration of rapid changes of environmental
sink temperature, often most pronounced in elliptical orbits. This occurs when the vehicle passes the periapsis for a
short period of time, but experiences large increase in the incident solar and IR flux due to increased OLR and albedo
flux from passing near the celestial body. The most significant temperature gradient for the reactor powered ON is
described in Figure 15.
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Figure 15. Most rapid change in environmental sink temperature for reactor powered ON.
Mars 10-Sol orbit edge-to-Sun panel orientation.
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The most significant environmental sink temperature change over time while the reactor was powered ON was at the
Mars 10-Sol orbit. There was a 153.8 K increase in environmental sink temperature over 1.7 hours when approaching
the point of periapsis.

5.2.1 Limitations in Identifying Rapid Change in Environmental Sink Temperature Due to Cylindrical
Shadow Approximation

It is important to note that the trends with respect to time for entering and exiting planetary shadow were limited by
the model set up, due to the cylindrical shadow model used in this study. Due to the cylindrical shadow model, the
changes would be instantaneous, and the “rate of change” for shadow entry and exit was due to the discretization of
the orbit, not a physical phenomenon. Instead, there may be a more gradual change in environmental sink temperature
due to passing through the penumbra region of the eclipse. Therefore, while trends show extrema throughout the orbit
for environmental sink temperatures, and the maximum and minimum values are represented on the graphs with
corresponding times, the detailed temperature profiles are limited by the model and should be regarded as
approximations.

6 Conclusion and Future Work

The objectives met within this study support future research efforts within the MARVL project and Space Nuclear
Propulsion portfolio. First, the thermal environments of all locations for the target mission have been defined and can
be used to support future analysis. Next, the study of LEO and NRHO mission locations will help inform optimal
orbits for reactor commissioning. In addition, the number of cases required for future analysis has been reduced from
328 to 35 cases based on thermal driving cases for each mission location. This is impactful as the TD model will be
used for future full vehicle model studies to analyze the effect of radiative interaction between the vehicle and radiator
panels. Finally, the quantification of environmental sink temperatures and identification of rapid change in
environmental sink temperature over time is useful for predicting component transient properties and the performance
of more sensitive equipment with low thermal time constants.

Future work is needed for more accurate modeling of the temperature gradient for vehicle passage through shadow,
as the current study uses a cylindrical approximation for the eclipse cases. Future work is also needed to understand
the NRHO long duration eclipse risk. The Gateway NRHO Earth shadow passes are limited to two from 2024-2038,
so more information is needed for the target mission which has a 2039 Earth departure and ~3-year mission duration.

Future work is needed for the selection and evaluation of optical properties of composite material for the radiator
panel face sheets. Testing of these materials will be useful especially to identify optical properties within the
temperature range of interest. To reflect future material property analysis, the optical property assumptions will be
updated in the Excel model to identify environmental sink temperature and heat rejection capability curves for updated
optical property assumptions

The model generated in this study captures the effects of view factor and location to measure the thermal environment
by using a representative 1 m x 1 m panel with parameterized optical properties and radiator temperature. The model
may serve as a useful tool for further MARVL analysis, and the techniques used in this paper can be applied to other
conceptual design-level mission surveys of radiator performance or other thermal performance metrics, which may
aid in analysis for future mission concepts.
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Appendices

Appendix A. Thermal Environment Specification for Relevant Phases

Thermal values for direct solar radiation, albedo, and OLR are defined for LEO, NRHO, LDHEO, Mars orbits, and
the Venus flyby. Orbital parameters for planctary bodies will be derived from values presented in the Spacecraft
Thermal Control Handbook [13] and cross-checked with built in values found in Thermal Desktop. Summary tables
for direct solar, albedo, and OLR will be included for each mission location, and report values that include uncertainty

to capture worst-case hot and cold.

To calculate the extrema for direct solar radiation, the minimum and maximum distance of the vehicle at each phase
from the Sun in astronomical units (AU) is used (Table 4).

Table 4. Select orbital parameters.

Closest Distance to Sun [AU] Furthest Distance to Sun [AU]
Earth 0.9833 1.0167
Moon 0.9809 1.0194
Mars 1.381 1.666
Venus 0.7184 0.7282

Then, the direct solar radiation intensity is calculated using the following Equation Al:

1
Solar Flux = Fiie 1367 W /m? (A1)

Where d is the distance in AU, and 1367 W /m? is the solar constant at 1 AU. Figure 16 illustrates how the solar flux
value decreases with distance from the Sun using the orbit semimajor axis for various planets.

Solar Flux versus Distance from the Sun
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Figure 16. Solar flux as a function of distance from the Sun.

The trajectory profile of a 2039 NEP/chemical Mars opposition class mission has been delivered by trajectory subject
matter experts from Langley SACD to obtain specific positions of the spacecraft in a Sun centered reference frame.
This trajectory is based on initial estimates for launch date and NEP vehicle capabilities. From this trajectory profile,
the distance between the NEP vehicle and the Sun will vary from a minimum of 0.5955 AU to a maximum of 1.6510

AU. Figure 17 illustrates this trajectory.
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Figure 17. Spacecraft distance from the Sun in AU throughout mission duration for a sample trajectory. Note:
The trajectory profile is plotted for a sample Mars mission and is subject to change. Minimum and maximum
direct solar radiation values based on trajectory profiles must be updated if changes are made to the trajectory.

According to the sample mission trajectory plotted in Figure 17, the minimum distance of the spacecraft to the Sun is
0.59550, closer than Venus’ perihelion distance. When substituting this value into Equation A1, the maximum direct
solar radiation calculated for this mission is 3,855 W/m?.

The maximum direct solar radiation must be estimated using the sample trajectory in Figure 17, since the closest the
spacecraft will travel to the Sun will likely be closer than the perihelion distance of Venus. Regarding the cold case
environment, a wider envelope to account for variation in the specific spacecraft path is presented in this document.
Direct solar radiation will be at a minimum of 492.51 W/m? at Mars’ aphelion distance (Section A.5, Table 10).

A.1 Interplanetary Travel

When the spacecraft is in interplanetary travel with no view factor to the sun, there will be a minimum temperature of
approximately 2.7 K due to the cosmic microwave background [26].

A.2 Low Earth Orbit

Values defined in this section for LEO apply to 500 km and 1100 km altitudes.

Earth’s orbit has a perihelion of 0.9833 AU and aphelion of 1.0167 AU. Earth has a 23.44° tilt. For both 500 km and
1100 km LEO in the mission, the spacecraft will have a 28.5° inclination angle. The solar beta angle will vary
throughout the Earth orbit between -51° and +51°. With the movement of Earth between perihelion and aphelion, the
direct solar thermal radiation will vary between a minimum of 1,322 W/m? and a maximum of 1,414 W/m?, with an
average of 1,367 W/m? at 1 AU [13, p. 22].

Hot case and cold case values for direct solar radiation, albedo, and OLR are summarized in Table 5 [13].

Table 5. LEO extreme-case thermal environments.

Case Direct Solar [W/m?] Albedo OLR [W/m?]
Hot Case 1414 0.22% 331
Cold Case 1322 0.40* 150

*4lbedo Correction: Albedo values must be corrected according to beta angle to account for non-Lambertian reflection
near the terminator [13, p. 27]. Orbit-average albedo correction is applied to the albedo values for both hot and cold
cases. The corrections for the following beta angles are applied:
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Beta Angle Albedo Correction
0° +0.04
+25° +0.05
+52° +0.09

The inputs for albedo and OLR extrema are identified according to the following classifications:

Time Constants: For worst-case analysis, the shortest measured time constant of 16-seconds has been used for
selection. This precision was selected to account for equipment sensitivities to fluctuations in albedo and IR, since
applicable equipment will have relatively low thermal time constants.

Material sensitivity: Current optical property assumptions for MARVL radiator panels are ay= 0.7 and &= 0.85
(Section 3.1). Optical property assumptions may vary slightly, but overall the radiator panel material is assumed to be
both IR and albedo sensitive. However, if solar absorptivity assumptions lower significantly, these input values must
be updated to instead reflect material sensitivity to IR only [13, pp. 26-27].

Inclination angle: With a 28.5° inclination angle, extremes are bound with data for 0-30 inclination angle values [13,
pp. 26-27].

Error: The reported albedo and OLR values in Table 5 are a conservative (3.3-0) set of recommended values that will
be exceeded 0.04% of the time. The alternative set of values presented in the Spacecraft Thermal Control Handbook
is less-severe (2-o) values that will be exceeded 5% of the time. The 3.3-c values are used here to represent worst-
case thermal environments.

A.3 Near-Rectilinear Halo Orbit

Vehicles in the 9:2 Lunar Synodic Resonant Near-Rectilinear Halo Orbit (NRHO) have a minimum perilune of
1,458 km and maximum apolune of 70,112 km [17, p. 5]. The Moon varies in distance from Earth with a perigee of
363,300 km and apogee of 405,500 km [14]. The distance from the Moon to the Sun varies from a perihelion of 0.9809
AU and an aphelion of 1.0194 AU. The solar beta angle varies in this orbit between -90° and +90°. The argument of
periapsis is nominally 90°. However, the Moon’s equator has a £1.54° tilt with respect to the ecliptic plane, and an
additional £3 is applied to account for oscillations estimated in 9:2 NRHO. A Keplerian approximation is used for
NRHO, and the orbital parameters for this approximation are provided in Table 6 [14].

Table 6. Orbital parameters for NRHO Keplerian approximation.

Orbital Parameter Beta 0° Beta +45° Beta +90°
Orbit Inclination 90 90 90
Right Ascension of the Ascending Node (RAAN) 270 270 90
Argument of Periapsis 85.46 85.46 85.46
Right Ascension of the Sun (RAS) 270 225 0
Right Ascension of the Prime Meridian 0 0 0

Hot case and cold case values for direct solar radiation, albedo, and OLR for NHRO are summarized in Table 7.

Table 7. NRHO extreme-case thermal environments.

Extrema Direct Solar [W/m?] Albedo OLR [W/m?]
Maximum 1426 0.20 285
Minimum 1310 0.07 91
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Note: For thermal modeling with enveloping environments [14, pp. 18-19], analysis uses the subsolar coordinate
system.

Direct solar radiation values are defined below [15, pp. 200-201]:

Maximum direct solar: 1,421 W/m?
Minimum direct solar: 1,315 W/m?

With a +/-5 W/m? measurement uncertainty when values are used in thermal analysis.

The landscapes of the near side (Earth-facing side) of the Moon and far side lead to significant variation in thermal
characteristics. The near side of the Moon has an abundance of maria while the far side is composed of mostly
highlands. The breakdown of albedo and OLR values for the near side and far side are described below [15, p. 201],
with albedo values included for the lunar south pole [15, p. 276].

Near Side
mean albedo: 0.12, ranging from 0.07 to 0.2
mean IR: 164 W/m? ranging from 91-285 W/m?

Far Side
mean albedo: 0.15, with variation of +/-0.05
mean IR: 154 W/m?, ranging from 131-285 W/m?

South Pole
Mean albedo: 0.16

A.3.1 NRHO Eclipse Case

Another consideration for the NRHO is the duration the spacecraft will spend with no direct solar radiation which
could result either from its position in Earth’s shadow or the Moon’s shadow.

Passage through Earth’s shadow can last longer than 90 minutes without mindful trajectory design. This is because
Earth’s shadow is larger than the Moon’s shadow size as a spacecraft would observe at the NRHO position, and
spacecraft passage through Earth’s shadow is typically longer duration due to lower orbital velocity away from
perilune where Earth’s shadow usually occurs in NRHO [16, p. 4]. The NASA Gateway 9:2 Lunar Synodic Resonant
NRHO was selected to avoid eclipses by the Earth from January 2020 to February 2035, with only two partial eclipses
occurring in 2034 and 2035 [14] [23]. Passage through Earth’s shadow for a vehicle in this orbit can be avoided with
orbital modifications.

Passage through the Lunar shadow will be a maximum of 76.1 minutes, with 73.2 minutes in totality for the Gateway
NRHO. Values from Table 8 are used to identify worst case eclipse durations.

Table 8. Duration in lunar shadow for Gateway 9:2 Lunar Synodic Resonant NRHO [14].

Shade Minimum [minutes] Mean [minutes] Maximum [minutes]
Penumbra 0.9 52.5 76.1
Umbra 10.2 49.9 73.2

A.4 Lunar Distant High Earth Orbit

Direct solar radiation for the Lunar Distant High Earth Orbit (LDHEO) is calculated using the closest and farthest
distance from the Sun in AU with Equation A1l. The values for Earth’s perihelion and aphelion distances are defined
in Section A.2. This calculation yields the following values for maximum and minimum direct solar radiation:

Maximum direct solar: 1,421 W/m?
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Minimum direct solar: 1,322 W/m?

Albedo and OLR values for the LDHEO align with values for LEO found in Section A.2. Consideration in modeling
must be made to adjust for the spacecraft’s altitude away from Earth. The LDHEO has a perigee of 407 km and an
apogee of 400,000 km [7].

A.5 Mars Orbits

Mars has a 25.19° planetary tilt and has a perihelion of 1.381 AU and aphelion of 1.666 AU. One Mars sol is equal to
88775.244 seconds.

Based on previous mission trajectory studies, the spacecraft’s orbit around Mars is constrained by a perigee of 250 km
[7]. The various orbits in consideration range from a ~0.215-Sol orbit with an apogee altitude of 7,660 km [18] to a
10-Sol orbit with an apogee altitude of 182,000 km. The <1-Sol orbit is specified at an inclination angle of 88° [5],
but for all other Mars orbits the inclination angle, not yet specified, will range between 0° and 180° [3, 19]. The solar
beta angle will vary between -90° and +90° for all Mars orbits. A summary of these orbits is shown in Table 9.

Table 9. Summary of Martian-Phase Orbits.

Orbital Period Orbit Inclination [°] Perigee Distance [km] Aphelion Distance [km]
<1-Sol 88 250 7660
1-Sol 0-180 250 33867
2-Sol 0-180 250 57573.4
5-Sol 0-180 250 115000
10-Sol 0-180 250 182000

Direct solar radiation for the Martian Orbits is calculated using Mars’s perihelion and aphelion values, and albedo and
OLR values were defined in [13, p. 56]; these values are reflected in Table 10.

Table 10. Martian Extreme-Case Thermal Environment [13]

Extremum Direct Solar [W/m?] Albedo OLR [W/m?]
Maximum 716.77 0.28 470
Minimum 492.51 0.17 30

A.6 Venus Flyby

Venus’s orbit around the Sun varies with a perihelion distance of 0.7184 AU, and an aphelion distance of 0.7282 AU
[13, p. 49]. The direct solar radiation, albedo, and OLR values are defined in [13, pp. 52-53]. These values are
summarized in Table 11.

Table 11. Venus Extreme-Case Thermal Environment [13]

Extremum Direct Solar [W/m?] Albedo OLR [W/m?]
Maximum 2759 .82 178.4
Minimum 2650 78 146.3
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Appendix B. Comparison of Modeling Periapsis vs. Apoapsis on Sun-Side of Mars

For eccentric orbits, the direction of the major and
minor axis on eccentric orbits can rotate the ellipse
within the same plane. However, altering the direction
the point of periapsis is located relative to the Sun will
affect thermal loads. As this specification is not yet
detailed for the target mission, the study must consider
all possibilities. The goal of this analysis is to determine
what conditions yield the worst-case conditions; thus,
all eccentric orbits will be oriented accordingly. To
determine which orientation of the eccentric orbits will
capture the extrema of hot and cold environments, two
extreme opposite orientations were analyzed. The two
cases modeled for this analysis are shown in Figure 18.
For this analysis, the 1-Sol Mars orbit was modeled, | Figure 18. Modeled cases for identifying worst case
panel orientation “edge to Sun (horizontal)”. orientation of eccentric orbits.

Apoapsis

Apoapsis on Sun side

Environmental sink temperature (Figure 19) and heat
rejection capability (Figure 20) curves are shown for both hot and cold cases. Optical properties used in this analysis
are oo = 0.3 and € = 0.85. Point of periapsis or apoapsis on Sun side is notated P-to-Sun and A-to-Sun respectively.
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Figure 19. Environmental sink temperature curves for orbit orientation analysis. (a) Complete orbit. (b)
Magnified view of first two hours of orbit, on the Sun side.
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Figure 20. Heat rejection capability curves for orbit orientation analysis. (a) Complete orbit. (b) Magnified
view of first two hours of orbit, on the Sun side.

For this analysis, environmental sink temperature ranges for periapsis on Sun side and apoapsis on Sun side are 39 K

to 283 K and 104 K to 245 K respectively. These data points are labelled in Figure 19a and Figure 19b. Thus, for
orbits with the periapsis on the Sun side (P-to-Sun) (the apoapsis is away from the Sun), absolute maximum and
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minimum environmental sink temperatures are reached. Therefore, eccentric orbits are modeled in this study with the
periapsis on the Sun side. This includes 0° and 45° beta angles for NRHO, and 0° and 45° beta angles for Mars orbits.

Appendix C. Modeling Multiple Sequential Orbits

Multiple sequential orbits were run for Mars 1-Sol orbits to verify that the model is consistent after multiple runs. For
this analysis, optical property inputs of a = 0.3 and &€ = 0.85 were used. As observed in Figure 21, a constant cyclic

pattern is maintained.
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Figure 21. Six sequential Mars 1-Sol orbits.
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Appendix D. Summary of Selected Cases.

Table 12 is a summary of all selected cases for this study. There are 35 cases selected in total.

Table 12. Summary of all selected cases.

q . . Reactor . . + Beta Case
Orbit Specification Power State Panel Orientation Case Angle [°] |Number
Face to Earth (Edge to VV) C}iola 502 ;
OFF
500 km Face to Sun (I; (;; 502 i
Hot 0 5
ON Edge to Sun (Vertical) Co"l S = =
Hot 0 7
Hot 52 8
LEO Face to Earth (Edge to VV) Co‘; n > 5
OFF Cold 52 10
1100 km Hot 0 11
Hot 52 12
Face to Sun Cold 25 3
Cold 52 14
ON Edge to Sun (Vertical) é{(ﬁ; 502 :Z
Hot 0 17
Hot 45 18
OFF Face to Sun
9:2 lunar synodic Cold 0 19
NRHO resonant, southern L2 Cold 45 20
Lagrangian point Hot 0 21
ON Edge to Sun (Vertical) Hot 90 22
Cold 0 23
Hot 4 24
<1-Sol Edge to Sun (Horizontal) Co‘i ; 05 >
1-Sol Edge to Sun (Horizontal) (Ij_t)(::j 405 53
Hot 4 2
Martian orbits 2-Sol ON Edge to Sun (Horizontal) Co(i d 05 22
Hot 45 30
5-Sol Edge to Sun (Horizontal) Co(: m 0 3
Hot 4 2
10-Sol Edge to Sun (Horizontal) Co(; d 05 ; 3
Hot 45 34
Venus flyby Sample trajectory ON Edge to Sun (Horizontal) Co(: m 2 35

Table 13 and Table 14 summarize the selection of beta angles for modeling (from each of the selected panel
orientations) for when the reactor is powered OFF and ON respectively. When the reactor is powered OFF, the
objective is to maximize radiator panel temperature and prevent freezing. When the reactor is powered ON, the
objective is to minimize radiator panel temperature, prevent overheating, and increase heat rejection. Environmental

sink temperature for interplanetary space is included in the last row of Table 14 for comparison.

Given a range of beta angles studied for one panel orientation, the beta angle which observes the maximum or
minimum T, is identified and selected for future analysis. Other considerations for beta angle selection include lower
or higher average T,,, or longer/shorter duration in shadow when compared with other beta angles within that selected

panel orientation.
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Table 13. Reactor powered OFF: justification for beta angle selection and extrema of environmental sink
temperature for selected panel orientations.

. Hot Case Cold Case
Location Case + Bet Justification for Bet Maxi = Bet Mini
Specification eta ustification for Beta aximum eta . . . inimu
©p ) angle Angle Selection T, [K] angle Jims st {0 SEEEm m T, [K]
01 — Face to Earth o Maximum observed T,. 353 590 Minimum observed T,. 203
LEO (Edge to VV) Higher average T,. Lower T, throughout orbit.
(500 km) . Maximum observed Te,. . Minimum observed T,.
LSRR 0 Higher average To,. Sk 32 Lower T, throughout orbit. 188
0 Ma>?1mum observed T,. 348 500 Lowest maximum Ty, 195
Higher average Tc,.. observed.
01 (—El;ace tOVEi?;th Longer duration in shadow
ge to jon i °
50° Shortest duration in 316 250 compared to 52° case. 195
shadow. Lower average Ty,
LEO compared to 0° case.
(1100 km) 0 Maximum observed Te,. 348 500 Minimum observed T,. 176
Higher average T,. Lower T, throughout orbit.
04 — Face to Sun Longer duration in shadow
59° Shortest duration in 335 25° compared to 52° case. 190
shadow. Lower average Ty,
compared to 0° case.
NRHO Minimum observed T,.
. 0° Maximum observed Te,. 328 0° Vehicle passes through 30
(9:2 lunar synodic had
resonant, southern 04 — Face to Sun Shadow.
L2 Lagrangian 45° Higher average T,. 325 90° Lower T, throughout orbit. 312
point) Vehicle avoids shadow. Vehicle avoids shadow.
Worst case Worst case
hot cold

Table 14. Reactor powered ON: justification for beta angle selection and extrema of environmental sink
temperature for selected panel orientations.

o Hot Case Cold Case
rbi 3 s
i i + Maximum + Minimum
(Specification) L0 2Ll Lkt Justification for Selection xmy Beta Justification for Selection e
angle T, [K] angle T [K]
LEO 05 — Edge to Sun 0° Maximum observed T,. 239 590 Minimum observed Tc,. 180
(500 km) (Vertical) Higher average T, Lower average Ty,.
LEO 05 — Edge to Sun 0 Maximum observed T,. 220 50° Minimum observed T,. 164
(1100 km) (Vertical) Higher average T,. Lower average Ty.
DRHO) . 90° Higher Ty, throughout orbit. 163 Minimum observed Te,.
(9:2 lunar synodic
06 — Edge to Sun . Lower average T,.
resonant, southern . 0 . 13
p (Vertical) . Largest temperature Vehicle passes through
L2 Lagrangian 0 . 146
A gradient. shadow.
point)
Mars orbit 05 — Edge to Sun 45° Maximum observed T,. 243 0 Minimum observed T,. 43
(<1-Sol) (Horizontal) Higher average T, Lower average Ty
Mars orbit 05 — Edge to Sun 45° Maximum observed T,. 243 0 Minimum observed T,. 17
(1-Sol) (Horizontal) Higher average T, . Lower average T,.
Mars orbit 05 — Edge to Sun 45° Maximum observed T,. 243 0 Minimum observed T,. 12
(2-Sol) (Horizontal) Higher average T,. Lower average Ty..
Mars orbit 05 — Edge to Sun 45° Maximum observed T,. 243 0 Minimum observed T,. 7
(5-Sol) (Horizontal) Higher average T, Lower average Ty ..
Mars orbit 05 — Edge to Sun 45° Maximum observed T,. 243 0 Minimum observed T,. 5
(10-Sol) (Horizontal) Higher average T,. Lower average Ty
Venus flyby
(altitude model, 5= Ed.ge ol 45° Maximum observed T,. 221 90° Minimum observed T,. 118
(Horizontal)
6000 km)
For Comparison:
L Ceplaretany Edge to Sun N/A N/A N/A N/A N/A 27
Space
Worst case Worst case
hot cold
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Appendix E. All Environmental Sink Temperature and Heat Rejection Capability Curves
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Figure 22. Hot and cold case environmental sink temperature curves for LEO 500 km.

Orbital period: ~1.58 hours.
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Figure 23. Hot and cold case heat rejection capability curves for LEO 500 km.
Orbital period: ~1.58 hours.
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Low Earth Orbit (1100 km)
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Figure 24. Hot and cold case environmental sink temperature curves for LEO 1100 km.
Orbital period: ~1.79 hours.

37



Heat Rejection Capability (%) Heat Rejection Capability (%)

Heat Rejection Capability (%)

0.0

0.0

Low Earth Orbit (1100 km)

Heat Rejection Capability

Heat Rejection Capability (hot, f=0°) Heat Rejection Capability (hot, =0°)
----- Heat Rejection Capability (hot, p=+25°) ====- Heat Rejection Capability (cold, p=+25°)
s eeeeee Heat Rejection Capability (hot, f=£52°) ceeeeee Heat Rejection Capability (cold, pB=£52°)

Face to Earth (Edge to VV) Edge to Earth (Edge to VV)

e ———

o)
[¥3
oo iecerecnserncesasesens)
RN Sy
|

-

(=
eves,
.

02 04 06 08 10 12 14 16 18 00 02 04 06 08 10 12 14 16 1.8
Time (hours) Time (hours)

(a) (b)

Edge to Earth (Face to VV) Face to Sun

Heat Rejection Capability (%)
D
S

.

.oooaooc-ooo--oo.

eococe
-:---.--o-

02 04 06 08 10 12 14 16 18 00 02 04 06 08 10 12 14 16 18

Heat Rejection Capability (%)
D
IS

Time (hours) Time (hours)
(© (d)
Edge to Sun (Horizontal) Edge to Sun (Vertical)
100
05 asssssnst T \t................:....:
oy Rt T
85

02 04 06 08 10 12 14 16 18 00 02 04 06 08 10 12 14 16 18
Time (hours) Time (hours)

(e (H

Figure 25. Hot and cold case heat rejection capability curves for LEO 1100 km.
Orbital period: ~1.79 hours.
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Near-Rectilinear Halo Orbit — 9:2 Lunar Synodic Resonant, Southern L.2 [agrangian Point
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Figure 26. Hot and cold case environmental sink temperature curves for Gateway NRHO.
Orbital period: 182.5 hours.
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Figure 27. Hot and cold case heat rejection capability curves for Gateway NRHO.
Orbital period: ~182.5 hours.
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Mars Orbit (250x7660 km)
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Figure 28. Hot and cold case environmental sink temperature curves for 250x7660 km Mars orbit.
Orbital period: ~5.3 hours.
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Figure 29. Hot and cold case heat rejection capability curves for 250x7660 km Mars orbit.
Orbital period: ~5.3 hours.
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Figure 30. Hot and cold case environmental sink temperature curves for 1-Sol Mars orbit.
Orbital period: 1-Sol or ~24.7 hours.
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Figure 31. Hot and cold case heat rejection capability curves for 1-Sol Mars orbit.
Orbital period: 1-Sol or ~24.7 hours.
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Mars Orbit (2-Sol)

Environmental Sink Temperature

Sink Temperature (hot, p=0°)

Sink Temperature (cold, p=0°)

----- Sink Temperature (hot, pB=+45°) ====-Sink Temperature (cold, f=%45°)
seesee Sink Temperature (hot, f=+90°) ceevree Sink Temperature (cold, p=+90°)
Face to Mars (Edge to VV) Edge to Mars (Edge to VV)

S I SN R A i

o o g e e, s ) s e i ) ) O, > O, s o e o e,

=

[

[

-

.S

w1

E]

)

g

g

E 0 10 20 30 40 50
=a) Time (hours) Time (hours)

(a) (b)
Edge to Mars (Face to VV) Face to Sun

W
W
(=]
(5]
W
(=]

<300 l J
e
E 2250 \ —— f
= I+
< =
g, “Ec’uzoo
g . 150
=
@ @ 100
—_— <
< -
: % -
£ =
g £ 0
E 0 10 20 30 40 50 = 0 10 20 30 40 50
M Time (hours) = Time (hours)
(© (d)
Edge to Sun (Horizontal) Edge to Sun (Vertical)

350 350
g 300
£ 250
: E
k5] =
2.200 5]
£ £
e &
2 2
s =
= |
£ £
g s
E 0 10 20 30 40 50 é‘ 0 10 20 30 40 50
= Time (hours) =) Time (hours)

(e) (f

Figure 32. Hot and cold case environmental sink temperature curves for 2-Sol Mars orbit.
Orbital period: 2-Sol or ~49 hours.
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Figure 33. Hot and cold case heat rejection capability curves for 2-Sol Mars orbit.
Orbital period is 2-Sol or ~49 hours.
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Mars Orbit (5-Sol)
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Figure 34. Hot and cold case environmental sink temperature curves for 5-Sol Mars orbit.
Orbital period: 5-Sol or ~127 hours.
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Figure 35. Hot and cold case heat rejection capability curves for 5-Sol Mars orbit.
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Figure 36. Hot and cold case environmental sink temperature curves for 10-Sol Mars orbit.
Orbital period: 10-Sol or ~245 hours.
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Figure 37. Hot and cold case heat rejection capability curves for 10-Sol Mars orbit.
Orbital period: 10-Sol or ~245 hours.
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Venus Flyby (Finite Altitude Positions Model)
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Figure 38. Hot and cold case environmental sink temperature curves for Venus flyby finite altitude positions
model.
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Venus Flyby (Finite Altitude Positions Model)
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Figure 39. Hot and cold case heat rejection capability curves for Venus flyby finite altitude positions model.
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Figure 40. (a) (b) Hot and cold case environmental sink temperature curves for Venus flyby (sample
trajectory). (c) Detailed view of “edge to Sun” orientation near end of sample trajectory.
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Figure 41. Hot and cold case heat rejection capability curves for Venus flyby (sample trajectory).
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