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[bookmark: _Toc110038992]Introduction
[bookmark: _Toc110038993]Document Description
The Subsystem Analysis Plan (SAP) organizes all verification by analysis procedures so that it is well documented and described for execution during the project. Verification confirms that the design of a system, subsystem, or component is compliant to the requirements allocated to that entity and is performed by analysis, test, inspection, or demonstration. The verification program is performed once regardless of how many operational units may be generated as long as the design doesn’t change. Analysis is used in lieu of or in addition to other verification methods to verify compliance to specification requirements. Modeling and Simulation, statistical analysis, and quantitative engineering analysis are all analysis techniques. Analysis is often used when it can be determined that, (1) rigorous and accurate analysis is possible, (2) test is not cost effective, (3) verification by inspection is not adequate. Analysis can be advantageous over testing when, (1) it is known that phenomena can be modeled with sufficient precision, (2) consequences of undiscovered problems can be tolerated, (3) a test cannot be credibly implemented
[bookmark: _Toc110038994]Scope of Applicability
ABEX performs analysis on all Technical Performance Measures (TPM) regardless of if testing will also be performed to verify a design’s compliance to requirements. TPMs are subdivided into Knowledge Points (KP), and Domain Knowledge Maps (DKM) are created for each KP. Each KP is given dedicated analytical consideration. Instructions for the definition of TPMs and creation of DKMs may be found in the ABEX Systems Engineering Guidance Document. This document will outline all the analysis used in verifying the Thermal Control subsystem.
[bookmark: _Toc110038995]Reference Documents and Resources
The documents, products, or model artifacts relevant to the execution of this analysis plan and will be referenced in the material. Reference type, description, and source are needed. Tangential materials can be cited in References.
[bookmark: _Toc110039050]Table 1: Reference documents and resources.
	Name
	Description of Document
	Source

	Project Summary
	An overview of the ABEX project and its major elements.
	ABEX

	Thermal Control Development and Integration Plan (DIP)
	An overview of the analytical methods, tools, technology development approach, and integration flow of the Thermal Control subsystem.
	ABEX




[bookmark: _Toc110038996]Analysis Traceability 
A design is verified to be compliant to the requirements allocated to the design; low-level requirements defining details of subsystem operation are termed specifications. Specification categories discussing various types of low-level requirements are operational, capability, non-functional, interface, design constraint, verification, and validation. Generally, only capability specifications requiring the function of a subsystem to a given level of performance are analyzed. TPMs are methods of tracking the technical performance of a system over time. They help decision making in the design through capturing the impact to the project into helpful parameters. TPMs can be defined for components, subsystems, and systems. A TPM is associated with a requirement and is analyzed against that requirement in the system analysis plan. Additional characterization of TPMs may be found in the ABEX Systems Engineering Guidance Document. A full list of subsystem requirements may be found in the project requirements document, only the relevant requirements as applicable to the analysis plan are shown here.
[bookmark: _Toc110038997]Analysis Traceability Matrix
Each TPM defined for ABEX are linked to requirements and to the supporting models and simulations which are used for analytical verification. In the table below each TPM is described and linked to the requirements, models and simulations which will be described in this analysis plan.
[bookmark: _Toc110039051]Table 2: TPM description and traceability to project requirements and the models and simulations used to determine them (as applicable).
	TPM
	Unit
	Description
	Requirement Traceability
	Model & Simulation Traceability

	Implemented Heater Wattage
	W
	Heaters are implemented to ensure components remain within their operational and extreme temperature boundaries.
	-
	MATLAB, Simulink, Thermal Desktop

	Implemented Radiator Area
	m2
	Implementing a radiator allows for heat to be redirected away from spacecraft electronics and radiated into space before the heat can negatively impact the electronics.
	-
	MATLAB, Simulink, Thermal Desktop










[bookmark: _Toc110038998]Models & Simulation Tools
The following modeling and simulations tools are used by the Thermal Control in the analyses of the spacecraft. The Technical Performance Measures are defined through the use of these tools.
[bookmark: _Toc110039052]Table 3: List of analysis tools and models with the TPMs they calculate.
	Model Name
	Description
	Tool/Format
	TPMs

	MATLAB
	MATLAB is a matrix-based programming software developed by MathWorks. It is useful for matrix manipulation and other advanced calculations.
	.mat
	Implemented Heater Wattage,
Implemented Radiator Area

	Simulink
	Simulink is an add-on to MATLAB developed by MathWorks. It is useful for creating advanced models in a more visual and approachable manner than MATLAB is otherwise capable of accommodating.
	.m, .mat
	Implemented Heater Wattage,
Implemented Radiator Area

	Thermal Desktop
	Thermal Desktop a computer-aided design software developed by C&R Technologies. It is useful for thermally analyzing three-dimensional CAD models, and with the use of add-ons developed by C&R Technologies, Thermal Desktop is capable of analyses involving radiation, fluid flow, and orbital mechanics.
	.STEP, .dwg
	Implemented Heater Wattage,
Implemented Radiator Area



[bookmark: _Toc110038999]Analysis Methodology
The analysis methodology for each TPM is defined in the following sections using DKM representations. For each TPM, several KPs might be used to break up the evaluation of the TPM into manageable sections. Subsections are provided for each TPM and KPs used for that TPM along with summary tables on the relevant parameters used for the TPM and KPs. For each KP, a full page is dedicated to show the DKM on the left-hand side and the methodology and equations used shown on the right-hand side. Many TPMs require several nested set of KPs to evaluate. DKMs should not be so large that they’re hard to read. In the table below describe all the relevant parameters used by this TPM, where they are sourced, and the relevant knowledge points they might be organized in as applicable




[bookmark: _Toc110039000]TPM Knowledge Point Integration Flowchart
Many TPMs require several nested set of KPs to evaluate. DKMs should not be so large that they’re hard to read. In the table below describe all the relevant parameters used by this TPM, where they are sourced, and the relevant knowledge points they might be organized in as applicable.
[bookmark: _Toc110039053]Table 4: TPM Parameters and Knowledge Point Integration Table
	TPM
	Unit
	Description
	Requirement Traceability
	Model & Simulation Traceability

	Minimum/Maximum Environmental Heat Flux
	
	The minimum (TES-min) and maximum (TES-max) heat fluxes that are expected to be incident on the satellite during its orbit. 
	-
	MATLAB

	Total Operational Heat
	
	The sum of the generated heats within the satellite for a given thermal environment. The Total Operational Heat accounts for heat dissipation at the EPS, battery, and throughout electrical components, but does not consider the heat dissipated by the heaters. 
	-
	MATLAB calculated; values provided by SysML

	Absorbed Heat per Face
	
	The fraction of the heat incident on a given spacecraft face that is absorbed within the structure of the satellite rather than reflected back to space. 
	-
	MATLAB

	Radiative Heat Rejection from Satellite Face
	
	The heat rejected from a satellite face via radiation to the environment. Requires a preliminary radiator area value to be assumed for completion of the calculation. 
	-
	MATLAB

	Isothermal Radiator Area
	
	The isothermal radiator area is a first-order solution to determining how much heat must be rejected from an isothermal satellite during a TES-max and at EOL. The isothermal radiator area is the minimum area required to maintain the temperature of the satellite within its thermally viable operation envelope, even after material properties have degraded EOL. 
	-
	MATLAB

	Isothermal Heater Wattage
	
	The isothermal heater wattage area is a first-order solution to determining how much heat must be added to an isothermal spacecraft during a TES-min and at BOL. The isothermal heater wattage describes the minimum heat dissipation required from the heater to maintain thermal viability of the isothermal satellite. 
	-
	MATLAB

	Simulink Model Environment Properties 
	-
	The Simulink Model Environment Properties includes values that describe the orbital phase the Thermal Resistance Network will simulate as well as the Minimum Maximum Heat Fluxes the satellite will experience during that phase. This is essential to the Thermal Resistance Network as this allows for a transient simulation
	-
	Simulink

	Isothermal Radiator Area Range
	
	The Isothermal Heater Wattage Range is an array that contains 100 equally spaced values that range from 0 to 2x the Isothermal Heater Wattage Estimate provided by the MATLAB team. This array is inserted into the Simulink Thermal Resistance Network where it is multiplied by the Isothermal Radiator Range to create a 100 x 100 matrix containing all possible combinations of heater wattage and radiator area
	-
	Simulink

	Isothermal Heater Wattage Range
	
	The Isothermal Heater Wattage Range is an array that contains 100 equally spaced values that range from 0 to 2x the Isothermal Heater Wattage Estimate provided by the MATLAB team. This array is inserted into the Simulink Thermal Resistance Network where it is multiplied by the Isothermal Radiator Range to create a 100 x 100 matrix containing all possible combinations of heater wattage and radiator area. 
	-
	Simulink

	Component Thermal Resistances
	
	The Component Thermal Resistances is an array of the internal thermal resistance present in each individual component and are essential to the modeling of how heat flows throughout the satellite.
	-
	Simulink

	Structural Component Physical Properties
	-
	The Structural Component Physical Properties is a matrix that contains physical properties of each individual component within the ABEX Thermal Control Team models. 
	-
	Simulink

	Component Thermal Contact Resistances 
	
	The Component Thermal Contact Resistances is a matrix describing the thermal resistances present in the interfaces between components of the ABEX satellite.
	-
	Simulink

	Heater Wattage and Radiator Area Operational Envelope
	-
	The Heater Wattage and Radiator Area Operational Enveloped is a 100 x 100 matrix containing all possible combinations of Isothermal Heater Wattages and Radiator Areas. Within this envelope, valid combinations of Heater Wattage and Radiator Area are denoted with a 1 and invalid combinations are denoted with a 0. A combination is considered valid if every individual component does not cross predetermined temperature thresholds throughout the simulation of the Simulink Thermal Resistance Network for both the minimum and maximum thermal conditions.
	-
	Simulink

	Component Boundary Condition Heat Flux Array
	
	The Component Boundary Condition Heat Flux Array contains the cumulative maximum heat and minimum heat flux absorbed by each component from all radiation and serves as a boundary condition for each externally facing model component in the Thermal Desktop model.
	-
	Simulink 

	Implemented Radiator Area
	
	The implemented radiator area has been analyzed in Thermal Desktop against the Spacecraft Transient Temperature Distribution and Thermally Feasible Radiator Areas while considering if the radiator area can be physically integrated into the satellite.
	-
	Thermal Desktop

	Implemented Heater Wattage
	
	The implemented heater wattage has been analyzed in Thermal Desktop against the Spacecraft Transient Temperature Distribution and Thermally Feasible Heater Wattages while considering if the heater wattage can be physically integrated into the satellite.
	-
	Thermal Desktop 


-
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[bookmark: _Toc110039055]Figure 1: TPM Knowledge Point Integration Flowchart


[bookmark: _Toc110039001]Implemented Heater Wattage TPM
[bookmark: _Toc110039002][bookmark: _Toc2107734925][bookmark: _Toc109955331]Implemented Heater Wattage
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[bookmark: _Toc110039056]Figure 2: Implemented Heater Wattage Domain Knowledge Map



	The Implemented Heater Wattage (QHW,iso,TES-min,SLS-BOL) is a scalar value satisfying the Heater Wattage Technical Performance Measure. Inputs to the Implemented Heater Wattage are sourced from multiple ABEX teams. The Not-To-Exceed Component Temperature (TNTE,c,MxN), Structure Component Physical Properties (SCPP25x8), and Component Thermal Contact Resistances (Rcont,c,25x25) are sourced from the ABEX Systems Engineering Team. The Heater Wattages and Radiator Area Operational Envelope (OpETES-min) and Component Boundary Condition Heat Flux (Q’’abs,total,c,TES-min,25x1) are sourced from within the ABEX Thermal Control Team. The Not-To-Exceed Temperatures are compared to Spacecraft Transient Temperature Distribution (TTDTES-min,MxN) The four other previous inputs are used as inputs to the Simulation Thermal Properties module. The Imported Component CAD Models are sourced from the ABEX Structures and Mechanisms Team. These CAD models are used as inputs to the Component Thermal CAD Models. The Simulation Thermal Properties module is modeled by the Spacecraft Transient Temperature Distribution and Thermally Feasible Heater Wattages (TFQHW,MxN). The Implemented Heater Wattages are found by comparing the wattages against the Spacecraft Transient Temperature Distribution and Thermally Feasible Heater Wattages.

	Methodology





[bookmark: _Toc110039003][bookmark: _Toc886147031][bookmark: _Toc109955332]Structrual Component Physical Properties
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[bookmark: _Toc110039057]Figure 3: Structural Component Physical Properties Domain Knowledge Map

	The Structural Component Physical Properties is a matrix that contains physical properties of each individual component within the ABEX Thermal Control Team models. Inputs to the Structural Component Physical Properties matrix are all sourced from the ABEX Systems Engineering Team and includes Component Dimensions, which consists of a component’s length, height, and width, Component Specific Heat, Thermal Interface Material Thermal Conductance, Component Mass, Component Operational Ohmic Heating, Component Surface Roughness, Component Therma Conductance, and Component Emissivity. 

These properties are essential to the modeling process as they dictate how the absorption, movement, storage, and transfer of heat is simulated within the ABEX satellite.


	Methodology




[bookmark: _Toc110039004][bookmark: _Toc109955333][bookmark: _Toc164064802]Component Thermal Contact Resistances
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[bookmark: _Toc110039058]Figure 4: Component Thermal Contact Domain Knowledge Map






	The Component Thermal Contact Resistances is a matrix describing the thermal resistances present in the interfaces between components of the ABEX satellite. This matrix is formed by first inserting Component Dimensions, which includes the length, height, and width of each individual component present within the ABEX Thermal Control Team models, Component Surface Roughness, and the Thermal Interface Material Thermal Conductance, all of which are sourced from the ABEX Systems Engineering Team. 

The equation for calculating Component Thermal Contact Resistance is shown below:

     (Eq. 3.2.1.2-1)


	Methodology





[bookmark: _Toc110039005]Heater Wattages and Radiator Area Operational Envelope 
	[bookmark: _Toc109955334][bookmark: _Toc1171095408]
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[bookmark: _Toc110039059]Figure 5: Heater Wattages and Radiator Area Operational Envelopes Domain Knowledge Map

	The Heater Wattage and Radiator Area Operational Enveloped is a 100 x 100 matrix containing all possible combinations of Isothermal Heater Wattages and Radiator Areas. Within this envelope, valid combinations of Heater Wattage and Radiator Area are denoted with a 1 and invalid combinations are denoted with a 0. A combination is considered valid if every individual component does not cross predetermined temperature thresholds throughout the simulation of the Simulink Thermal Resistance Network for both the minimum and maximum thermal conditions. This is modeled by the Simulink Thermal Resistance Network which provides a non-isothermal transient quasi-three-dimensional model of the ABEX satellite. 

The term non-isothermal represents that each component’s thermal properties are taken into account when analyzing heat distribution within the satellite. The term transient represents that the model is able to simulate different phases of the orbit and monitor temperature distributions of the satellite during those phases. Finally the term quasi-three dimensional represents that it is a intermediate-fidelity model due to the number of assumptions that were made when creating the model. Inputs to the model are all sourced from the ABEX Thermal Control Team and include Component Thermal Contact Resistances, Structural Component Physical Properties, Component Thermal Resistances, Simulink Model Environment Properties, and Isothermal Heater Wattage and Radiator Area Ranges.

	Methodology




[bookmark: _Toc110039006]Component Thermal Resistances 
	[bookmark: _Toc836876483][bookmark: _Toc109955335]
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[bookmark: _Toc110039060]Figure 6: Component Thermal Resistances Domain Knowledge Map

	The Component Thermal Resistances is an array of the internal thermal resistance present in each individual component and are essential to the modeling of how heat flows throughout the satellite. The thermal resistances are found by first inserting the Component Dimensions, which includes the length, height, and width of every component present within the Simulink Thermal Resistance Network, and Component Thermal Conductances, both of which are provided the ABEX Systems Engineering Team, into a standard thermal conductance equation. This array is then used to populate the Simulink Thermal Resistance Network with each individual component’s internal resistance.

The equation for calculating Component Thermal Resistance for each component is shown below:

(Eq. 3.2.1.3.1-1)


	Methodology
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[bookmark: _Toc110039061]Figure 7: Isothermal Heater Wattage Range Domain Knowledge Map

	
The Isothermal Heater Wattage Range is an array that contains 100 equally spaced values that range from 0 to 2x the Isothermal Heater Wattage Estimate provided by the MATLAB team. This array is inserted into the Simulink Thermal Resistance Network where it is multiplied by the Isothermal Radiator Range to create a 100 x 100 matrix containing all possible combinations of heater wattage and radiator area. The Simulink Thermal Resistance Network then iterates through every combination and monitors the thermal condition of every individual component. If each component stat within their temperature bounds, the combination is considered valid.

The equation for the Isothermal Heater Wattage Range is shown below: 

]     (Eq. 3.2.1.3.2-1)


	Methodology



0. [bookmark: _Toc110039008][bookmark: _Toc1251103022][bookmark: _Toc109955337] Isothermal Heater Wattage
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[bookmark: _Toc110039062]Figure 8: Isothermal Heater Wattage Domain Knowledge Map




	The Isothermal Heater Wattage is a first-order estimate for the heater wattage necessary to keep the satellite within thermal operational bounds during a minimum TES. The Isothermal Heater Wattage parameter name, () indicates the necessary heat rejected by an isothermal heater at a minimum TES at BOL . As life increases, the absorptivities of spacecraft components increase and the emissivities of the components decrease; as such, the spacecraft will be, on average, hotter at EOL than at BOL. This indicates that the maximum heater wattage should be sized at BOL, as the necessary wattage required to maintain thermal viability of the spacecraft will slowly decrease throughout the lifecycle. 

The Isothermal Heater Wattage is calculated with regard to the total incident heat via radiation per face (, the operational heat generated via the satellite electronic components, EPS, and battery (, and the heat rejected via radiation from each individual satellite face (.

The equation used to calculate the Isothermal Heater Wattage is provided as follows:

     (Eq. 3.2.1.3.2.1-1)   


	Methodology





0.0.0.0.0.1 [bookmark: _Toc110039009] Absorbed Heat per Face
	[bookmark: _Toc1370215294][bookmark: _Toc109955346]
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[bookmark: _Toc110039063]Figure 9: Absorbed Heat per Face Domain Knowledge Map

	Absorbed Heat per Face is a summation of the absorbed heats on each individual face due to earth albedo, solar emission, earth emission, charged particle heating, and free molecular heating radiative heat fluxes. The Absorbed Heat per Face matrix accounts for both maximum and minimum TES and beginning of life (BOL) and end of life (EOL) SLS, hence the 2x2 array for each of the six satellite faces. 

The Absorbed Heat per Face equation is documented as follows:

     (Eq. 3.2.1.3.2.2-1)

	Methodology





0. [bookmark: _Toc110039010] Absorbed Solar Emission Heat per Face
	[bookmark: _Toc1294554655][bookmark: _Toc109955347]
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[bookmark: _Toc110039064]Figure 10: Absorbed Solar Emission Heat per Face Domain Knowledge Map

	Absorbed Solar Emission Heat per Face represents the total wattage of solar emission heat flux () that is absorbed per satellite face due to the face’s absorptivity (), the projected area of the face to the incoming radiation (), and the shadow fraction (). The following equation is used to calculate the Absorbed Solar Emission Heat per Face is represented below:

    (Eq. 3.2.1.3.2.3-1)


	Methodology


0.0.0.0.0.3 [bookmark: _Toc110039011] Solar Emission Heat Flux
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[bookmark: _Toc110039065]Figure 11: Solar Emission Heat Flux Knowledge Map

	Solar Emission Heat Flux describes the emitted solar heat flux that is incident on the satellite at various points in the orbit cycle. The Solar Emission Heat Flux is calculated from the determination of the heat flux at the surface of the Sun () and the radiative view factor between the Sun and the satellite (). 

The equation used to calculate the Solar Emission Heat Flux is provided below:

     (Eq. 3.2.1.3.2.4-1)


	Methodology


0.0.0.0.0.3.1 [bookmark: _Toc110039012]Solar Surface Heat Flux
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[bookmark: _Toc110039066]Figure 12: Solar Surface Heat Flux Domain Knowledge Map

	The Solar Surface Heat Flux describes the heat flux emitted from the Sun at its surface, and is a function of the Solar Surface Temperature () and the range of wavelengths that the Sun emits as radiation () The equation used to calculate Solar Surface Heat Flux () is provided below:
 =      (Eq. 3.2.1.3.2.4.1-1)   


	Methodology


0.0.0.0.0.3.2 [bookmark: _Toc110039013][bookmark: _Toc109955348][bookmark: _Toc511773850]Solar to Satellite Radiative View Factor 
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[bookmark: _Toc110039067]Figure 13: Solar to Satellite Radiative View Factor Domain Knowledge Map

	The Solar to Satellite Radiative View Factor helps describe what fraction of radiation being emitted from the Sun is incident on the satellite at a given distance from the Sun. The equation for the Solar to Satellite Radiative View Factor is provided below:

     (Eq. 3.2.1.3.2.4.2-1)


	Methodology


0.0.0.0.0.4 [bookmark: _Toc110039014] Solar Emission Effective Absorptivity 
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[bookmark: _Toc110039068]Figure 14: Solar Emission Effective Absorptivity Domain Knowledge Map







	The Solar Emission Effective Absorptivity is an angle-of-incidence dependent absorptivity that is calculating using the Fresnel Relations. Refractive indices () and mass-attenuation parameters ()  are sourced from RefractiveIndex.INFO and are used to develop a more accurate solar emission absorptivity for varying angles of incidence (). 

The Solar Emission Angle of Incidence Equation is developed via a relationship between a face’s normal unit vector and the unit vector of the incident radiation, as demonstrated in the following equation:

     (Eq. 3.2.1.3.2.5-1)


The Fresnel relations are used to calculate this Solar Emission Effective Absorptivity and, for the interest of conserving space, has been including Appendix B.1.1. 

     (Eq. B.1.1)


	Methodology
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[bookmark: _Toc110039069]Figure 15: Solar Emission Projected Spacecraft Area Domain Knowledge Map

	The Solar Emission Projected Spacecraft Area describes the effective area of a given face that is subjected to incoming solar emission heat flux. Solar Emission Projected Spacecraft Area is a function of the face’s dimensions () and the Solar Emission Angle of Incidence (), which was previously solved for in Eq. 3.2.1.3.2.5-1.

The equation used to determine the Solar Emission Projected Spacecraft Area is given below:

     (Eq. 3.2.1.3.2.6-1)
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[bookmark: _Toc110039070]Figure 16: Absorbed Albedo Heat per Face Domain Knowledge Map

	Absorbed Albedo Heat per Face represents the total wattage of albedo heat flux () that is absorbed per satellite face due to the face’s  absorptivity (), the projected area of the face to the incoming radiation (, and the eclipse shadow fraction (. The equation used to calculate Absorbed Albedo Heat per Face is represented below:

    (Eq. 3.2.1.3.2.7-1)
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[bookmark: _Toc110039071]Figure 17: Albedo Heat Flux Domain Knowledge Map

	Albedo Heat Flux describes the solar heat flux incident on the satellite that has reflected off of the surface of Earth. Albedo heat flux is calculated from the determination of the solar surface heat flux (), the radiative view factor from the earth to the satellite (), and the albedo factor () and solar zenith angle (), which both help describe the fraction of solar heat flux that is reflected off of the earth and is subsequently incident on the satellite.

The equation used to calculate Solar Zenith Angle () is provided below:

     (Eq. 3.2.1.3.2.8-1)

Finally, the equation used to calculate Albedo Heat Flux is provided below:

     (Eq. 3.2.1.3.2.8-2)
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[bookmark: _Toc110039072]Figure 18: Earth to Satellite Radiative View Factor Domain Knowledge Map

	The Earth to Satellite Radiative View Factor helps describe what fraction of radiation being emitted from or reflecting off of Earth is incident on the satellite at a given distance from the Earth. The equation for the Earth to Satellite Radiative View Factor is provided below:

     (Eq. 3.2.1.3.2.8.1-1)
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[bookmark: _Toc110039073]Figure 19: Albedo Effective Absorptivity Domain Knowledge Map










	The Albedo Effective Absorptivity is an angle-of-incidence dependent absorptivity that is calculating using the Fresnel Relations. Refractive indices () and mass-attenuation parameters ()  are sourced from RefractiveIndex.INFO and are used to develop a more accurate albedo absorptivity for varying angles of incidence (). 

The Albedo Angle of Incidence Equation is developed via a relationship between a face’s normal unit vector and the unit vector of the incident radiation, as demonstrated in the following equation:

     (Eq. 3.2.1.3.2.9-1)


The Fresnel relations are used to calculate this Albedo Effective Absorptivity and, for the interest of conserving space, has been including Appendix B.1.1. 

     (Eq. B.1.1)
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[bookmark: _Toc110039074]Figure 20: Albedo Projected Spacecraft Area Domain Knowledge Map



	The Albedo Projected Spacecraft Area describes the effective area of a given face that is subjected to incoming albedo heat flux. Albedo Projected Spacecraft Area is a function of the face’s dimensions () and the Albedo Angle of Incidence (), which was previously solved for in Eq. 3.2.1.3.2.9-1. 

The equation used to determine the Albedo Projected Spacecraft Area is given below:

     (Eq. 3.2.1.3.2.10-1)
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[bookmark: _Toc110039075]Figure 21: Absorbed Earth Emission Heat per Face Domain Knowledge Map

	Absorbed Earth Emission Heat per Face represents the total wattage of earth emission heat flux () that is absorbed per satellite face due to the face’s absorptivity () and the projected area of the face to the incoming radiation (). The following equation is used to calculate Absorbed Albedo Heat per Face is represented below:

    (Eq. 3.2.1.3.2.11-1)
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[bookmark: _Toc110039076]Figure 22: Earth Emission Heat Flux Domain Knowledge Map



	Earth Emission Heat Flux describes the emitted heat flux from Earth that is incident on the satellite at various points in the orbit cycle. The Earth Emission Heat Flux is calculated from the determination of the heat flux at the surface of the Earth () and the radiative view factor between the Earth and the satellite (). 

The equation used to calculate Earth Surface Heat Flux () is provided below:

 =      (Eq. 3.2.1.3.2.12-1)   

The equation used to calculate the Earth Emission Heat Flux is provided below:

     (Eq. 3.2.1.3.2.12-2)   
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[bookmark: _Toc110039077]Figure 23: Earth Emission Effective Absorptivity Domain Knowledge Map







	The Earth Emission Effective Absorptivity is an angle-of-incidence dependent absorptivity that is calculating using the Fresnel Relations. Refractive indices () and mass-attenuation parameters ()  are sourced from RefractiveIndex.INFO and are used to develop a more accurate earth emission absorptivity for varying angles of incidence (). 

The Earth Emission Angle of Incidence Equation is developed via a relationship between a face’s normal unit vector and the unit vector of the incident radiation, as demonstrated in the following equation:

     (Eq. 3.2.1.3.2.13-1)


The Fresnel relations are used to calculate this Earth Emission Effective Absorptivity and, for the interest of conserving space, has been including Appendix B.1.1. 

     (Eq. B.1.1)
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[bookmark: _Toc110039078]Figure 24: Earth Emission Projected Spacecraft Area Domain Knowledge Map



	The Earth Emission Projected Spacecraft Area describes the effective area of a given face that is subjected to incoming earth emission heat flux. Earth Emission Projected Spacecraft Area is a function of the face’s dimensions () and the Earth Emission Angle of Incidence (), which was previously solved for in Eq. 3.2.1.3.2.13-1. 

The equation used to determine the Earth Emission Projected Spacecraft Area is given below:

     (Eq. 3.2.1.3.2.14-1)
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[bookmark: _Toc110039079]Figure 25: Absorbed Charged Particle Heating Heat per Face Domain Knowledge Map

	Absorbed Charged Particle Heating Heat per Face represents the total wattage of charged particle heating heat flux () that is absorbed per satellite face with respect to the total area of the face being analyzed. Unlike the other heat fluxes, charged particle heating is assumed to be isotropic in nature, and as such the entire area is considered when analyzing its effect on the satellite. The following equation is used to calculate the Absorbed Charged Particle Heating Heat per Face and is represented below:

    (Eq. 3.2.1.3.2.15-1)
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[bookmark: _Toc110039080]Figure 26: Absorbed Free Molecular Heating Heat per Face Domain Knowledge Map

	Absorbed Free Molecular Heating Heat per Face represents the total wattage of free molecular heating heat flux () that is absorbed per satellite face with respect to the projected area of the face experiencing the incoming radiation (). The following equation is used to calculate the Absorbed Free Molecular Heating Heat per Face and is represented below:

    (Eq. 3.2.1.3.2.16-1)
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[bookmark: _Toc110039081]Figure 27: Free Molecular Heating Heat Flux Domain Knowledge Map

	The Free Molecular Heating Heat Flux describes the heat flux incident on the satellite due to the transfer of heat from atmospheric particles to the satellite induced via drag. The equation used to calculate the Free Molecular Heating Heat Flux is shown below:

     (Eq. 3.2.1.3.2.17-1)
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[bookmark: _Toc110039082]Figure 28: Free Molecular Heating Projected Spacecraft Area Domain Knowledge Map




	The Free Molecular Heating Projected Spacecraft Area describes the effective area of a given face that is subjected to incoming free molecular heating heat flux as the satellite penetrates the upper levels of the Earth’s atmosphere. Free Molecular Heating Projected Spacecraft Area is a function of the face’s dimensions () and the Free Molecular Heating Angle of Incidence (), which is the angle between the unit vector normal to the face’s surface and the unit vector of the satellite’s velocity.

The equation used to determine the Free Molecular Heating Angle of Incidence is given below:

     (Eq. 3.2.1.3.2.18-1)

The equation used to determine the Free Molecular Heating Projected Spacecraft Area is given below:

     (Eq. 3.2.1.3.2.18-2)
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[bookmark: _Toc110039083]Figure 29: Total Operational Heat Domain Knowledge Map

	The Total Operational Heat of the satellite describes the heat generated from within the satellite for a given Thermal Environment State (TES). The Total Operational Heat consists of the sum of the heat dissipated by the electronic power system (), the heat dissipated by each individual electrical component within the satellite (), and the heat dissipated by the battery (). 

The equation that is used to determine the Total Operational Heat is documented below:

     (Eq. 3.2.1.3.2.19-1)
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[bookmark: _Toc110039084]Figure 30: Heat Dissipated by EPS Domain Knowledge Map

	The Heat Dissipated by EPS represents the ohmic heat generation due to EPS power conversion efficiency (). The equation that is used to determine the Heat Dissipated by EPS is documented below and represents the difference in the total power supplied by the EPS and the total power consumed by the spacecraft electrical components:

     (Eq. 3.2.1.3.2.19.1-1)
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18. [bookmark: _Toc110039031]Heat Dissipated by Electrical Components
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[bookmark: _Toc110039085]Figure 31: Heat Dissipated by Electrical Components Domain Knowledge Map

	The Heat Dissipated by Electrical Components represents the ohmic heat generation due to each individual component’s power conversion efficiency (). The equation that is used to determine the Heat Dissipated by Electrical Components is documented below and represents the difference in the total power supplied to the component and the power actually used by the component:

     (Eq. 3.2.1.3.2.19.2-1)
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0.0.0.0.0.18.3 [bookmark: _Toc110039032]Heat Dissipated by Battery
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[bookmark: _Toc110039086]Figure 32: Heat Dissipated by Battery Domain Knowledge Map

	The Heat Dissipated by Battery represents the ohmic heat generation due to charging and discharging efficiencies of the battery. The equation that is used to determine the Heat Dissipated by Battery is documented below:

     (Eq. 3.2.1.3.2.19.3-1)
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[bookmark: _Toc110039087]Figure 33: Net Spacecraft Power Domain Knowledge Map




	The Net Spacecraft Power is a function of the power generated by the solar arrays () and the power supplied by the EPS (). The power supplied by the EPS is determined by analyzing the sum of the individual component powers () throughout the satellite and the EPS conversion efficiency (), as seen in the equation below which demonstrates the Power Supplied by EPS. 

     (Eq. 3.2.1.3.2.19.3.1-1)

The equation used to determine the Net Spacecraft Power is indicated below:

(Eq. 3.2.1.3.2.19.3.1-2)
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[bookmark: _Toc110039088]Figure 34: Solar Array Generated Power Domain Knowledge Map



	The Solar Array Generated Power indicates the portion of solar power converted to electricity on a face () that is able to be used as available power on the satellite, after exposure to EPS diode and line inefficiency (), power line inefficiency (, and solar cell efficiency due to the operating temperature (). The equation utilized to characterize the Solar Array Generated Power is as follows:

     (Eq. 3.2.1.3.2.19.3.2-1)
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[bookmark: _Toc110039089]Figure 35: Radiative Heat Rejection per Satellite Face Domain Knowledge Map

	The Radiative Heat Rejection per Satellite Face describes the only source of heat rejection within the satellite: heat rejection via radiative heat transfer. The Radiative Heat Rejection per Satellite Face is a function of the area of the face being analyzed (), the temperature of empty space (), the emissivity of the material emitting radiation (), and two assumptions of certain parameters, those being an isothermal spacecraft temperature () and an assumed radiator area for each face (). These parameters are evident in the following equation, which indicates the current method of calculating Radiative Heat Rejection per Satellite Face:

      (Eq. 3.2.1.3.2.20-1)

The isothermal assumption allows for a simplified Radiative Heat Rejection equation, where both the radiator and the chassis are operating at the same temperature, thus allowing two separate heat rejection equations that opportunity to be combined into a single equation, which is seen above in Fig. 3.2.23-1. The Stefan-Boltzmann constant is denoted by 
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[bookmark: _Toc110039090]Figure 36: Simulink Model Environment Properties Domain Knowledge Map

	The Simulink Model Environment Properties includes values that describe the orbital phase the Thermal Resistance Network will simulate as well as the Minimum Maximum Heat Fluxes the satellite will experience during that phase. This is essential to the Thermal Resistance Network as this allows for a transient simulation. The orbital data is sourced from the ABEX Astrodynamics Team and includes values for Face Orthogonal Unit Vectors, Earth to Satellite Vector, Sun to Satellite Vector, Satellite Velocity Vector, Eclipse Shadow Factor, Orbital Altitude, and Discrete Time. The Minimum and Maximum Heat Fluxes, which are sourced from the ABEX Thermal Control Team, are variables that represent the highest and lowest level of heat absorption the satellite experiences. These are important to ensure the heaters and radiators can properly manage the thermal condition of the satellite throughout the entire range of expected heat absorption rates.
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[bookmark: _Toc110039091]Figure 37: Isothermal Radiator Area Range Domain Knowledge Map

	The Isothermal Heater Wattage Range is an array that contains 100 equally spaced values that range from 0 to 2x the Isothermal Heater Wattage Estimate provided by the MATLAB team. This array is inserted into the Simulink Thermal Resistance Network where it is multiplied by the Isothermal Radiator Range to create a 100 x 100 matrix containing all possible combinations of heater wattage and radiator area. The Simulink Thermal Resistance Network then iterates through every combination and monitors the thermal condition of every individual component. If each component stat within their temperature bounds, the combination is considered valid.

The equation for the Isothermal Radiator Area Range is shown below:

]     (Eq. 3.2.1.3.3-1)
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[bookmark: _Toc110039092]Figure 38: Isothermal Radiator Area Domain Knowledge Map

	The Isothermal Radiator Area builds off of many of the same parameters as the Isothermal Heater Wattage calculations. The Isothermal Radiator Area is a function of the absorbed incident heat per face of the satellite (), the total, generated operational heat within the satellite (), material emissivity values (), the temperature of empty space (), and an assumption on the temperature of the satellite, assumed isothermal (. These parameters are utilized in the following equation to characterize the Isothermal Radiator Area:
(Eq. 3.2.1.3.3.1-1)
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[bookmark: _Toc110039093]Figure 39: Component Boundary Condition Heat Flux Array Domain Knowledge Map



	The Component Boundary Condition Heat Flux Array contains the cumulative maximum heat and minimum heat flux absorbed by each component from all radiation and serves as a boundary condition for each externally facing model component in the Thermal Desktop model. This is modeled by the Simulink Thermal Resistance Network which provides a non-isothermal transient quasi-three-dimensional model of the ABEX satellite. 

The term non-isothermal represents that each component’s thermal properties are taken into account when analyzing heat distribution within the satellite. The term transient represents that the model is able to simulate different phases of the orbit and monitor temperature distributions of the satellite during those phases. Finally the term quasi-three dimensional represents that it is a intermediate-fidelity model due to the number of assumptions that were made when creating the model. Inputs to the model are all sourced from the ABEX Thermal Control Team and include Component Thermal Contact Resistances, Structural Component Physical Properties, Component Thermal Resistances, Simulink Model Environment Properties, and Isothermal Heater Wattage and Radiator Area Ranges.
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[bookmark: _Toc110039094]Figure 40: Implemented Radiator Area Domain Knowledge Map
 



	The Implemented Radiator Area (Arad,imp,TES-max,SLS-EOL) is a scalar value satisfying the Radiator Area Technical Performance Measure. The Implemented Radiator Area is solved for simultaneously with the Implemented Heater Wattage. As such the DKMs are very similar with a few key changes. Inputs to the Implemented Heater Wattage are sourced from multiple ABEX teams. The Not-To-Exceed Component Temperature (TNTE,c,MxN), Structure Component Physical Properties (SCPP25x8), and Component Thermal Contact Resistances (Rcont,c,25x25) are sourced from the ABEX Systems Engineering Team. The Heater Wattages and Radiator Area Operational Envelope (OpETES-max) and Component Boundary Condition Heat Flux (Q’’abs,total,c,TES-max,25x1) are sourced from within the ABEX Thermal Control Team. The Not-To-Exceed Temperatures are compared to Spacecraft Transient Temperature Distribution (TTDTES-min,MxN) The four other previously defined inputs are used as inputs to the Simulation Thermal Properties module. The Imported Component CAD Models are sourced from the ABEX Structures and Mechanisms Team. These CAD models are used as inputs to the Component Thermal CAD Models. The Simulation Thermal Properties module is modeled by the Spacecraft Transient Temperature Distribution and Thermally Feasible Radiator Wattages (TFArad,MxN). The Implemented Radiator Areas are found by comparing the areas against the Spacecraft Transient Temperature Distribution and Thermally Feasible Radiator Areas.

As explained previously, the Implemented Radiator Area and Implemented Heater Wattage are the two TPMs for the ABEX Thermal Control team. However, as the two are so closely related in terms of common equations, Knowledge Points, and the fact that both the Simulink and Thermal Desktop models solve for the Heater Wattage and Radiator Area simultaneously, the DKMs for these two TPMs are practically identical. As such, the KPs will not be repeated, but rather should be referenced from the extensive Implemented Heater Wattage DKM breakdown in Section 3.2.
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	Acronym
	Definition

	ABEX 
	Alabama Burst Energetics Explorer 

	APRA 
	Astrophysics Research & Analysis  

	ASGC 
	Alabama Space Grant Consortium 

	CAD 
	Computer-Aided Design 

	C&DH 
	Command & Data Handling 

	CDR 
	Critical Design Review 

	CE 
	Chief Engineer 

	CLB 
	Configurable Logic Block 

	COTS 
	Commercial Off The Shelf 

	CS 
	Chief Scientist 

	CSLI 
	CubeSat Launch Initiative 

	DAC 
	Design Analysis Cycle 

	EAR 
	Export Administration Regulations 

	EPMs 
	Educational Performance Measures 

	EPS 
	Electrical Power System 

	FPGA 
	Field Programmable Gate Array 

	FSW 
	Flight Software 

	GN&C 
	Guidance, Navigation, & Control 

	GPS 
	Global Positioning System 

	GRB 
	Gamma-ray Burst 

	GRD 
	Gamma-ray Detector 

	HV 
	High Voltage 

	ICP 
	Instrument Calibration Plan 

	IMS 
	Integrated Master Schedule 

	IMU 
	Inertial Measurement Unit 

	ISM 
	Integrated Systems Model 

	ITAR 
	International Traffic in Arms Regulations 

	IV&T
	Integration, Verification, & Test

	KDP 
	Key Decision Point 

	KPPs 
	Key Performance Parameters 

	LSE 
	Lead System Engineer 

	MBSE 
	Models Based System Engineering 

	MCR 
	Mission Concept Review 

	NDA 
	Non-Disclosure Agreement 

	NIST 
	National Institute of Standards and Technology 

	PC 
	Program Coordinator  

	PDR 
	Preliminary Design Review 

	PIU 
	Payload Interface Unit 

	PM 
	Project Manager 

	POP 
	Period of Performance 

	QP
	Qualification Plan

	QR
	Qualification Report

	QPSK 
	Quadrature Phase Shift Keying 

	SE 
	Systems Engineering 

	SEMP 
	System Engineering Management Plan 

	SIS 
	Software Interface Specification 

	SME 
	Subject Matter Expert 

	SMP 
	Software Management Plan 

	SQP 
	Structural Qualification Plan 

	SQR 
	Structural Qualification Report 

	SRD 
	System Requirements Document 

	SRR 
	System Requirements Review  

	STDP 
	Subsystem Technology Development Plan 

	STP 
	Subsystem Testing Plan 

	TCP 
	Technology Control Plan 

	TID 
	Total Ionizing Dose 

	TPM 
	Technical Performance Measure 

	TQP 
	Thermal Qualification Plan 

	TQR 
	Thermal Qualification Report 

	TRL 
	Technology Readiness Level 

	TT&C 
	Telemetry, Tracking, & Command 

	V&V 
	Verification and Validation 

	WBS 
	Work Breakdown Structure 

	XRD 
	X-ray Detector 



[bookmark: _Toc110039045]Terminology
	Term
	Description

	Acceptance
	A type of verification procedure specifically for testing and analysis. Acceptance test/analysis criteria show that the manufacturing/workmanship of the unit conforms to the design that was previously verified/qualified. Acceptance activities are performed on each of the flight units as they are manufactured and readied for flight/use (NASA Systems Engineering Handbook, 2016)

	Analysis
	Verification by analysis is a predicted compliance to requirements. The use of mathematical modeling and analytical techniques to predict the suitability of a design to stakeholder expectations based on calculated data or data derived from lower system structure end product verifications. Analysis is generally used when a prototype; engineering model; or fabricated, assembled, and integrated product is not available. Analysis includes the use of modeling and simulation as analytical tools (NASA Systems Engineering Handbook, 2016).

	Assembly
	The mechanical mating of components to form a system.

	Certification
	The audit process by which the body of evidence that results from the verification activities and other activities are provided to the appropriate certifying authority to indicate the design is certified for flight/use. The Certification activity is performed once regardless of how many flight units may be generated (NASA Systems Engineering Handbook, 2016).

	Configuration Item
	The combination of two components, subsystems, or systems of lesser complexity resulting in a combined assembly, subsystem, or system with greater complexity. Configuration Items exist at Integration Points; a sequence of Configuration Items along several Integration Points comprises an Integration Chain.

	Demonstration
	Verification by demonstration is an observed compliance to requirements accomplished by showing that the use of an end product achieves the individual specified requirement. It is generally a basic confirmation of performance capability, differentiated from testing by the lack of detailed data gathering. Demonstrations can involve the use of physical models or mock-ups (NASA Systems Engineering Handbook, 2016).

	Inspection
	Verification by inspection is a documented compliance to requirements. The visual examination of a realized end product. Inspection is generally used to verify physical design features or specific manufacturer identification (NASA Systems Engineering Handbook, 2016).

	Integration
	The process of combining less complex functions, understanding those functions, and controlling those functions to achieve a system satisfying its requirements.

	Integration Chain
	A series of Integration Points. Integration Chains can be represented as tree or fishbone diagrams where many components, subsystems, or systems of lesser complexity are combined as Configuration Items at Integration Points to create a system of higher complexity. Integration Chains are generally defined to realize a Technical Performance Measure.  

	Integration Point
	The location on a schedule where two or more components, subsystems, or systems of lesser complexity are combined as a Configuration Item with greater complexity. A series of Integration Points comprises an Integration Chain.

	Interface
	An interface represents a constraint based on the logical and physical boundary conditions between two or more entities within a level of abstraction, between System of Interest elements, between other mission systems, between enabling systems, or between the System of Interest and its Operational Environment. Interfaces can be for physical connection, energy transfer (power or heat), matter, or data (Wasson, 2016).

	Key Performance Parameter
	Those capabilities or characteristics (typically engineering-based or related to health and safety or operational performance) considered most essential for successful mission accomplishment. They characterize the major drivers of operational performance, supportability, and interoperability (NASA Systems Engineering Handbook, 2016).

	Mode
	An abstract configuration, condition, or process that occurs with or without a corresponding physical state in a component, subsystem, or system at a given time. A non-tangible, non-physical concept.

	Model
	A mathematical representation of reality (NASA Systems Engineering Handbook, 2016).

	Operational Environment
	The surrounding systems, materials, or occurrences defining a system’s ability to externally interact. The Operational Environment is comprised of a Human Systems Environment, a Natural Environment, and an Induced Environment (Wasson, 2016).

	Primary TPM
	A regular Technical Performance Measure, either a Key Performance Parameter, Technical Performance Parameter, or Technical Environmental Parameter; this distinction exists only as an organizational hierarchy.

	Qualification
	A subset of the verification program that is performed at the extremes of the environmental envelope and will ensure the design will operate properly with the expected margins. Qualification is performed once regardless of how many flight units may be generated as long as the design doesn’t change.

	Secondary TPM
	A subdivision of a Primary TPM for the purpose of representing portions of Primary TPM concepts within a Domain Knowledge Map. Secondary TPMs are not tracked or reported and do not required a target threshold. Secondary TPMs exist only as an organizational hierarchy for conceptual organization. Secondary TPMs can break down further into more Secondary TPMs.

	Simulation
	The manipulation of a model (NASA Systems Engineering Handbook, 2016).

	State
	A physical mechanical configuration, environmental condition, operational condition, or other physical condition that either happens to or is initiated by a component, subsystem, or system at a given time.

	Technical Performance Measure
	A set of performance measures that are monitored by comparing the current actual achievement of the parameters with that anticipated at the current time and on future dates (NASA Systems Engineering Handbook, 2016)

	Technical Performance Parameter
	Those capabilities or characteristics (typically engineering-based or related to health and safety or operational performance) considered relevant to operational performance, supportability, and interoperability at any level.

	Technical Environmental Parameter
	Those capabilities or characteristics relevant to the definition of system interactions with the Operational Environment.

	Test
	Verification by test is a measured compliance to requirements. : The use of an end product to obtain detailed data needed to verify performance or provide sufficient information to verify performance through further analysis. Testing can be conducted on final end products, breadboards, brassboards, or prototypes. Testing produces data at discrete points for each specified requirement under controlled conditions and is the most resource-intensive verification technique. As the saying goes, “Test as you fly, and fly as you test” (NASA Systems Engineering Handbook, 2016).

	Validation
	Validation of a product shows that the product accomplishes the intended purpose in the intended environment—that it meets the expectations of the customer and other stakeholders as shown through performance of a test, analysis, inspection, or demonstration (NASA Systems Engineering Handbook, 2016).

	Verification
	Verification is a formal process, using the method of test, analysis, inspection or demonstration, to confirm that a system and its associated hardware and software components satisfy all specified requirements. The Verification program is performed once regardless of how many flight units may be generated as long as the design doesn’t change (NASA Systems Engineering Handbook, 2016).
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The Fresnel Relations is a set of equations that is able to quantify the reflectivity of a surface dependent on the angle of incidence of an incoming wave. The formula that describes a complex refractive index, m, for a given material is given below in Eq. B.1.1-1:(Eq. B.1.1-1)


…where n denotes the refractive index and k denotes the mass-attenuation parameter. The characterization shown is developed from a modification to the Fresnel equations that assumes the surface is smooth compared to the incoming wavelengths; equations B.1.1-2 and B.1.1-3 below account for the reflectivity due to the base layer of the material (denoted by m) and reflectivity due to a surface finish (denoted by mS). The thickness of the coating layer is denoted by h, while the angle of incidence is denoted by . (Eq. B.1.1-3)
(Eq. B.1.1-2)



…where:			
			
The results of these two equations can be used to calculate the reflectivity, , of the material in Eq. B.1.1-4. Assuming transmission in the material is 0, the absorptivity of the material can be derived in Eq. B.1.1-5 for the material with incident wavelengths at a certain angle of incidence.(Eq. B.1.1-5)
(Eq. B.1.1-4)



Table 5 below helps provided some definition to the several parameters within these equations. 
[bookmark: _Toc110039054]Table 5: Parameter Description of Modified Fresnel Relation Equation [Halvorson, et. al]
	Parameter
	Description

	m
	Base layer notation. If ms is not defined, this is the outer layer

	ms
	Outer coating layer notation. This could specify a paint or covering

	n
	Material refractive index

	h
	Thickness of surface coating layer, ms

	k
	Material mass-attenuation parameter

	
	Angle of Incidence relative to normal

	
	Directional complex reflectance of parallel angle

	
	Directional complex reflectance of perpendicular angle

	
	Directional reflectivity for a surface with a layer (ms) backed by a substrate (m)



Pertaining to the ABEX program specifically, these Fresnel relations are utilized to determine angle-dependent absorptivity for varying spacecraft material to more accurate define the Absorbed Heat Parameter within the isothermal MATLAB model. 
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