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Space reactors have the potential to play a key role in future NASA exploration activities due to their capability to enable sustainable power and advanced propulsion systems. To enable assessment of the space reactor design space, the nuclear space system analysis and modelling (NSSAM) software was developed by Analytical Mechanics Associates. NSSAM leverages a scalable and extensible software architecture which automates reactor analysis to perform coupled engine-reactor and reactor physics-thermal hydraulics calculations. This allows space reactor systems to be evaluated by a wider number of users with a consistent analysis approach to compare designs. NSSAM has been developed with multiple use cases to tailor the analysis to the level of detail desired by the user and computing resources. This summary overviews the NSSAM architecture and development approach, current capabilities (including design variants and use cases) and analysis approach for reactor and system component models.
I. INTRODUCTION & MOTIVATION
Nuclear space reactors have the potential to enable high power levels for extended periods of time, which can enable NASA’s Artemis program’s needs for sustainable power and advanced in-space propulsion. Numerous variants of nuclear space reactor systems spanning a broad range of application areas have been investigated in historic space reactor programs. Further, ongoing industry innovations related to advanced reactors, fuel development, small and micro modular designs to support ongoing department of energy and department of defense programs, have the potential to enable new variants of the space reactor design space. 
Analysis of reactor designs for space nuclear propulsion (SNP) applications requires the informed selection of many system parameters ranging from targeted performance, working fluid, power cycle design, component level operating conditions, and component level material selection. Since reactor design requires the solution of coupled thermal hydraulic and reactor physics processes, selection of operating conditions, material selection (including the working fluid), and reactor component level geometries can result in significant sensitivity to the design space. Ultimately, this sensitivity may be great enough that small changes in the design, such as new requirements for system mass or increased efficiency, may push the design past a break point in the design space. This level of information related to system sensitivities and breakpoints is of interest to systems engineers hoping to identify optimal points in the design space which show little sensitivity or high margin to critical design parameters. 
II. NSSAM OVERVIEW & ARCHITECTURE
The driving motivation behind NSSAM’s software development was to enable accessible and customized systems engineering analyses of the design space of space reactor systems. The code suite is built in an object-oriented Python environment due to its capability to ensure high-cohesion and low-coupling for scalability and extensibility. Python allows for NSSAM to automate complex calculations and seamlessly pass information between codes, without the user needing detailed knowledge of reactor physics or T/H systems. This includes writing input files, calling and running external software (such as Monte Carlo based reactor physics codes), and extracting meaningful outputs from external software output files. The NSSAM software architecture enables extensibility across the different space reactor systems and design variants of each of the system components via a model-view-controller pattern.  This pattern enables the user to operate NSSAM under various use cases (Fig. 1). Current NSSAM use cases are available through the following controllers:

System Controller – allows the user to analyze the coupled behavior of a reactor in a power or engine application. Coupled reactor physics-thermal hydraulic solutions or uncoupled reactor thermal hydraulic solutions allow for modelling of the reactor in the system analysis.

Design Sensitivities Controller – allows the user to assess system or reactor sensitivities to different variables.
Infinite Lattice Controller – allows the user to analyze single channel and average unit cell behavior of the reactor to estimate reactor performance, sizing, and breakpoints (criticality or maximum use temperatures) based on specified inlet state points. 
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Fig. 1. NSSAM software class diagram showing design controllers and physics models.
Software testing is utilized as a part of the development process. Unit tests are used throughout development check small sections of each method and are run to verify that modifications do not affect the integrity of the code, simplifies refactoring by providing a baseline to test against. Integration tests are run before every code release and focus on the high-level functionality by simulating various user input scenarios and verifying that the outputs match anticipated results.

II. REACTOR MODELS
The reactor models enable the user to analyze the performance of representative space reactor systems through coupled or uncoupled reactor-physics, thermal hydraulic solutions of the reactor core. Three initial use cases were envisioned, and models were built to be extensible across each case. Key outputs for each of the use cases include calculated state points (exit fluid conditions) for each of the major reactor component interfaces (fuel, moderator, and reflector), calculated temperature distributions of fuel and moderator, calculated kinf and power distributions. Fluid conditions, maximum component temperatures, and kinf are compared to design limits and if violated are printed to screen to warn the user.
Single Channel Reactor Analysis –for rapid, initial scoping studies of reactor and fuel sizing trends. allows for an assessment of the effectiveness of heat transfer from the fuel under the selected geometry (internal channel, rodlet) and material system (fuel, matrix, cladding). Single channel analysis allows for an assessment of reactor sizing (length) under user defined design limits (power density) on system performance: exit temperature (related to Isp and power cycle efficiency) and number of channels (total thermal power or thrust). Single channel analysis does not allow for an assessment of radial power distribution of a finite geometry but does provide a preliminary assessment of axial power profile based on user material and geometry selection.

Average Unit Cell Reactor Analysis – used for more detailed scoping studies of reactor and unit cell geometries (prototypic geometry fuel and moderator elements). NSSAM is capable of evaluating fuel elements up to 91 channels or rodlets in unmoderated, tie-tube moderated, or moderator block configurations. Unit cell analysis enables more detailed assessment to assess the impact of moderator or structural material selection on the average reactor power profile and heat transfer. Unit cell analysis estimates the number of unit cells which can satisfy necessary thermal power (thrust) and identifies if design limits are violated. 

Finite Reactor Analysis – not yet implemented, used for the assessment of a finite reactor performance against user defined performance parameters. It is envisioned that the finite reactor will include a customizable core unit cell geometry and radial reflector region (reflector, control drums) to assess the criticality and performance of a user defined finite reactor design. 
II.A. Reactor Physics Analysis Approach
The NSSAM reactor physics analysis models were developed in MCNP and Serpent. An internal material property library for fuel, moderator, insulator, and structural materials is used to calculate the temperature dependent density and material compositions used in the reactor physics calculation. Current fuel material options include ceramic matrix ceramic fuel composites (cercer), metallic matrix ceramic fuel composites (cermet), graphite (C) matrix, and fuel only options (UO2, UN, UC, UC-ZrC). Moderator material options include zirconium hydride (ZrHx), beryllium (Be), and C. Structural material options for tie-tube, cladding, housings, and inert matrices include: C, Be, Inconel, molybdenum (Mo), silicon carbide, tungsten (W), Mo-30W, and zirconium carbide. Internal services to MCNP or Serpent automate writing and running input files. Reactor component geometries are broken down into a number of axial and radial cells per component which are defined by the user (Fig. 2). This approach allows for the definition of material composition, density, and any relevant detectors to couple with thermal hydraulic calculations. The single channel is modelled as an infinite lattice of a single rodlet or internal channel (triangular pitch) with periodic boundary conditions on a representative hexagon with a pitch equivalent to the spacing between each rodlet/internal channel. Similarly, to the single channel, the average unit cell is modelled as an infinite lattice of elements with periodic boundary conditions. Based upon the chosen configuration (Fig. 3), the average unit cell may reside within a repetitive hexagon or rectangular boundary: unmoderated (hexagon), tie-tube moderated (hexagon or rectangular, dependent on the ratio of fuel to moderator elements, 1:1, 2:1, 1:2, 1:3), and moderator block (hexagon).
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Fig. 2. Comparison of infinite lattice geometries modelled in Serpent for (a) single channel reactor analysis of an internal channel and (b) average unit cell reactor analysis of a 91-channel hexagonal element in a moderator block.
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Fig. 3. Example multichannel unit cell options for: (a) unmoderated, (b) tie-tube moderated, and (c) moderator block reactor configuration type.
II.B. Reactor Thermal Hydraulic Analysis Approach
To properly calculate reactor state points and account for reactivity feedback from the coolant, fuel, and other reactor components, NSSAM includes an internal solution for reactor thermal hydraulics which can be used in a coupled solution with the as-calculated reactor power distributions or an uncoupled estimation of reactor behavior using an effective cosine estimation of axial power distribution. A forward difference method solution of the conservation of mass, energy, and momentum equations1 is used to solve for the 1-D axial fluid temperature (T) and pressure (P) distribution, which is consistent with other space reactor system analysis codes2,3. Reynolds number, heat transfer coefficient, and other key T/H parameters are calculated based on accepted empirical correlations (friction factor, Nusselt number, etc.), determined by fluid type, channel geometry, and fluid property regime (T, P, velocity), and fluid property datasets.

The general thermal hydraulic convergence scheme for fuel regions is reliant on varying mass flow rate and calculating 1-D pressure and enthalpy based on a given reactor geometry and power profile (cosine approximation or reactor physics calculation). Mass flow rate is varied until an exit temperature is achieved by the calculation. In each iteration, boundary conditions for inlet mass flow rate, fluid temperature and pressure, using linear least squares regression pressure and enthalpy are calculated and the coolant properties are updated for each node. With the bulk fluid temperature known, wall and fuel temperature surrounding the channel may be derived4,5. Radial temperature distribution is calculated by iteratively calculating axial fluid and fuel temperatures via a binary search method until all three variables are converged. Since fluid correlations are dependent on the ratio of bulk fluid and wall temperature4, the fluid bulk and wall temperature are calculated in this iterative loop, mass flow rate is varied until the exit fluid temperature is satisfied. The final iterative step calculates the radial fuel temperature based on the power and fuel properties by updating the thermal conductivity at each layer. Once the convergence is complete, state points at each node are printed to screen for bulk fluid pressure as well as bulk fluid, wall, average cladding, average fuel, and maximum fuel temperature. If moderator components are included in the calculation, the moderator fluid and material properties are also printed to screen. For the sensitivities controller, plots of the parametric space are generated based on the design parameters varied in the calculation (Fig. 4). For infinite lattice and system model cases, fuel and moderator 1-D axial temperature profiles and fuel temperature distribution plots are currently implemented (Fig. 5).
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Fig. 4. Example 4-D maximum fuel temperature design space from outputs of the sensitivities controller showing the effect of varied power density, reactor length, and outlet coolant temperature target.
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Fig. 5. Example NSSAM output plots of the 1-D axial fluid bulk, wall, and maximum fuel temperature profile (top) and the fuel temperature distribution around a single reactor channel (bottom).
III. ENGINE MODELS
In order to provide a complete thermodynamic power cycle of the modeled NTP engine, non-nuclear components are modelled referred to as the engine subsystem. These components allow for increased engine performance accuracy and prevent the thermodynamic cycle from converging on unrealistic solutions. The engine subsystem contains the following components: pump, regeneratively cooled nozzle jacket, mixing regions and valves, turbine, thrust chamber, and nozzle. The layout of these components and piping is specific to the desired engine-reactor design (Fig. 6). Digital models were created for the various engine components to simulate their thermodynamic processes. Since these models are desired to accommodate a wide range of use cases, they are high level and general. The pump and turbine model calculates the turbopump’s performance, including the mass flow provided by the pump, pressure ratios for the turbine and pump, and turbopump shaft power. The operating conditions are derived from the turbopump’s respective maps and the desired performance of the engine design. Currently, the profile of the pump and turbine maps are based on the RL10A engine6. These profiles are then linearly scaled to match the desired engine thrust, as compared to the RL10A thrust class. 

The nozzle regenerative cooling jacket model calculates the convective and conductive heat transfer from the nozzle interior to the regenerative cooling fluid, as well as the pressure drop experienced in the channels. A discrete number of nodes are placed on the jacket, and the heat transfer equations are solved based on provided material properties, fluid properties, and the desired nozzle conditions. The geometry of the nozzle, jacket, and channels are based on a fully extended RL10A nozzle7. For the various mixing regions and valves within the layout, the fluid’s mass flow rate and temperature are assumed to equalize, and the resulting fluid’s pressure is equal to the lower of the two input fluids’ pressure levels. 

Within the thrust chamber model, the fluid is assumed to accelerate isentropically to its speed of sound at the throat, assuming that the velocity of the fluid in the chamber is initially equal to the stagnation state. When the fluid has passed the throat, the fluid isentropically expands in the nozzle, while following the geometry and expansion ratio of the nozzle. The energy transferred to the regenerative cooling region is removed from the fluid instantaneously after the fluid has passed the throat. The fluid state at the exhaust is then used to calculate the resulting engine thrust and specific impulse.
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Fig. 6. Comparison of different cycle flow paths available in NSSAM based on the reactor configuration.
III.B.   Engine-Reactor System Coupling Approach

In the case of an NTP engine, NSSAM calculates a representative, closed reactor-engine power cycle based upon user inputs for performance parameters and reactor design. An iterative approach is used to converge on a closed thermodynamic cycle of the engine and reactor subsystem. This approach can be divided into three phases:

1. Reactor Component Analysis: Determines the thermodynamics of the reactor subsystem, including reactor thermal power and state points. Thermal hydraulic only calculations are also supported within the system controller.
2. Engine Component Analysis: Thermodynamic analysis of the engine subsystem and flow state points, based upon inlet boundary conditions supplied by the user or calculated by the reactor models.

3. Iteration: Fluid state points between each run are compared, if this difference does not satisfy convergence criteria, the mass flow rate is altered and state points recalculated. This process repeats until convergence or the iteration limit is exceeded.
For NTP system analysis, design parameters and user inputs for target performance (specific impulse and thrust) are supplied to NSSAM via to guide the calculation. Design parameters of average reactor power density and reactor geometry are supplied by the user. NSSAM converges to exit conditions by varying the mass flow rate per unit cell while keeping power per unit cell and unit cell geometry constant.  Once NSSAM has completed the system calculation, a thermodynamic power cycle diagram is displayed with relevant state points and performance parameters (Fig. 7). An estimation of finite reactor sizing (based on the number of unit cells) and average reactor unit cell temperature and power distributions are output to the user. 
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Fig. 7. Example NTP thermodynamic power cycle diagram output from the NSSAM system controller.

IV. CONCLUSIONS 

A nuclear space reactor system modelling toolkit has been developed to enable rapid exploration of the space reactor design space accessible to systems engineers. NSSAM automates the coupled calculation of reactor-engine and reactor physics-thermal hydraulic for a higher fidelity system solution of the reactor system of interest. The NSSAM architecture supports extensibility and scalability, NSSAM may be used for preliminary design space scoping or sensitivity studies and higher fidelity system modeling dependent on desired use case and computing resources. Initial benchmarking of NSSAM against reference NTP reactor designs is in progress. Current and future work efforts are aimed at expanding these use cases to include parametric and system evaluation of finite reactor designs and space power reactor system modelling. 
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