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ABSTRACT

High–temperature heat rejection systems, as part of nuclear power conversion devices, have been under detailed consideration over the last few years. The National Aeronautics and Space Administration’s Project Prometheus has been the primary supporter of several trade-off studies with the ultimate goal of selecting the most applicable and promising power conversion approach.  

One of the considered options for power conversion is anticipated to operate at high (600 to 1200K) temperatures. Operation at such high temperatures dictates special requirements for the cooling system concept and its performance.  
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This paper presents the basis for proposing that among the studied options, the heat pipe-based system be considered for further development.  The paper provides direct comparison of the candidates considered with detailed explanation of the decisions made.   

INTRODUCTION

Recently, there has been significant interest within the aerospace community to develop space–based nuclear power conversion technologies especially for exploring the outer planets of our solar system where the solar energy density is very low.   To investigate these technologies The National Aeronautics and Space Administration (NASA) has awarded several contracts under Project Prometheus, the Nuclear Systems Program.  The effort described in this report was performed under Phase I of one of those contracts evaluating a potassium Rankine power conversion cycle.
Nuclear power conversion systems operate at efficiencies less than 100%, resulting in the need to reject waste heat to space.  Various heat rejection system (HRSs) designs have been identified for rejecting nuclear electric power (NEP) waste heat, and several of them for a potassium Rankine–cycle–based power conversion system are described herein. The results of the initial analyses are presented. The flow diagram of Rankine power conversion unit (PCU) together with the heat rejection system is presented in Figure 1.  The analyses presented were performed as part of an initial trade study to recommend a promising HRS to advance the Technical Readiness Level (TRL) of  the potassium Rankine power conversion system for aerospace application.  
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Figure 1. Rankine Cycle PCU, Schematic

Several HRS concepts were considered; all of them are based on the utilization of the traditional approaches suitable for such an application.  Two types of devices are considered.  The first is based on utilization of heat pipes (HPs) to transport and spread waste heat over the radiator for rejection to space. This concept includes as a suboption a mechanically pumped loop as a heat-transporting device.    In addition, designs based on loop heat pipe (LHP) technology were evaluated.  Several different LHP architectures were evaluated, ranging from traditional configurations using a single evaporator to more advanced LHP configurations using multiple evaporators for heat acquisition.

The HRSs considered for this analysis need to be capable of rejecting the significantly higher heat loads of a NEP system at higher operating temperatures as compared to the heat loads and temperatures typical of today’s standard payloads.  Feasible HRS designs were identified, analyzed, and compared especially in terms of thermal performance characteristics, mass, life, envelope, and integration.  The current TRL level of the HRS and its potential for advancement were also key considerations in selecting and evaluating the different HRS designs. 
Requirements and assumptions

Before the trade study began, the list of basic requirements was generated (Table 1). 

Three basic materials for PCU construction were analyzed and evaluated. The applicable temperature range of these materials has determined three groups of initial input data (temperature, power, and overall cycle efficiency).  All of the preliminary calculations and modeling of all considered concepts were performed for each of these three groups of input data. 

These are very top-level requirements, meaning that the system concept and preliminary design were generated in a very flexible environment. The thermal power required to be rejected by the system was assumed to be a fixed number throughout the operational temperature range in each material group, which may be somewhat conservative because the Rankine cycle efficiency increases with temperature.  The effective sink temperature for the radiator was not determined precisely considering all the variations during flight; however, it is assumed that if the sink temperature is kept the same from concept to concept, then the design cases are still comparable.  For all of the modeling performed during the course of the trade-off program, the sink temperature was assumed to be 90K.  The potassium Rankine power conversion unit (PCU) heat exchanger operation was enveloped by the maximum vapor inlet temperature (turbine exhaust temperature).  The thrust created by the engine during active flight is assumed to be negligible and will not affect the HRS performance.  
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Table 1. Top-Level HRS Requirements

TRADE OFF SPACE.  To simplify the trade space and to reduce the number of cases to be compared, some basic assumptions were made. (Table 2).  The length of the heat acquisition device (evaporator of HP or LHP) was fixed, even if it does not create an optimum area for heat exchange with the power conversion loop. When this length is fixed, systems can be compared on a one-to-one basis with future optimization of the heat acquisition surface in mind.

It was determined that one of the main parameters for the trade study would be built in redundancy in both PCU and HRS levels. Therefore, it was agreed that the study would concentrate on four PCU redundancy approaches: one operational PCU and one spare (1+1), two operational PCUs and one spare (2+1), three operational PCUs and one spare (3+1), and four operational PCUs with one spare (4+1).  Several HRS redundancy concepts were evaluated.  The two basic HRS redundancy approaches are, 1) that all PCUs are connected to the joint radiator via an interface manifold, and, 2)  each PCU has an independent HRS system.  It was decided not to overcomplicate the trade space by introducing any new variable parameters; therefore, it was assumed that each PCU is equipped with an independent radiator system. In addition, it was demonstrated that the joint radiator approach has very little advantage (if any) over the other options due to the additional temperature drops through the joint manifold.

It was necessary to have a logical approach to represent the potassium Rankine cycle vapor-to-HRS condenser heat exchanger (Condenser Hx).   This condenser Hx works as a classic two-phase condenser.  For the purpose of this trade-off study, it was assumed that condensation of the Rankine vapor occurs on the outer surface of the heat pipe (or loop heat pipe) evaporator, which has a cylindrical shape. To enhance the heat transfer, this cylinder can be equipped with fins to develop a larger condensation area for the Rankine cycle vapor. Modeling of the condenser Hx assumes that at every point the condensing vapor will operate at a constant temperature, and with proper fluid management and distribution between individual condensers, it can be assumed that the entire HRS will be operating at a constant temperature.  It is acknowledged that the condensation film coefficient, as well as the evaporation film coefficient inside the HP (or LHP) evaporator is dependent on the internal design and fluid properties.  Determination of these parameters precisely will require experimental investigation. Therefore for the purpose of this study, the condensation (as well as evaporation) film coefficient was chosen to be 10,000 Btu/h-ft2-oF  (5,678 × 104 W/m2-K).  

Prior to the preliminary selection of the operating temperature range, which corresponds to the selection of the material for the HRS, two basic materials properties were built into the trade–off modeling: (1) below temperatures of 700K, the HRS was constructed of inconnel, and (2) above 700K, TZM was assumed to be the construction material.  A hard switch was built into the model to make the material selection. (Which made analysis results look somewhat unstable at and around the transition temperature.)
	Assumption
	Value 

	Length of the heat acquisition section 
	0.45 m

	Number of redundant PCU sections
	1+1…4+1

	Redundancy approach on HPs
	10% extra HPs

	Redundancy approach on radiator
	Each PCU is equipped with a radiator

	Temperature of inconnel to TZM change
	700K

	Sink temperature
	90K

	Subcooling
	No


Table 2. Main Assumptions

The literature and background information search have shown that the most appropriate working fluids for this application are potassium for the higher temperatures and mercury for the lower temperatures of the temperature range considered, because of their saturation pressure and surface tension parameters.  All systems considered were modeled with these two working fluids.

SELECTION CRITERIA. The main selection criterion was system mass; however, this criterion cannot be considered alone without two other very important parameters: radiator area required to reject the necessary amount of heat, and overall system reliability.  In addition, the final HRS system selection cannot be performed based only on these selection criteria, because the HRS cannot be completely analyzed and compared as a stand-alone system.  The HRS is an integral part of the overall potassium Rankine NEP concept.  Cycle optimization has its own “peaks and valleys”; therefore, it was very important to make the output data generated at the HRS modeling level suitable for integration into an overall NEP system model.  All analytical results were presented in tabulated format, which was later built into an algorithm for the overall model.  The initial output data were generated for the entire temperature range and for the entire trade-off space as well (and utilized HRS redundancy).  After the preliminary directions and trends were established at the NEP level, more detailed analysis (with a different level of optimization) was performed.     

Heat Rejection Systems considered

Before the modeling and optimization phases started, the preliminary selection of candidates for high–performance HRSs were considered, and the most feasible technical solutions were highlighted.  Basically all of the candidate systems are based on utilization of one of the two modern heat transport technologies (or a combination of them).  The first technology is a conventional high-temperature HP, and the second technology is an LHP.  The following two subsections of this report describe physical principles and operation of these devices and highlight their pros and cons.

Based on the results of the preliminary concept selection, it is feasible to apply one of the four HRS concepts.  The first concept is based on utilization of conventional HPs transporting heat from the condenser Hx located in main potassium loop of the power conversion unit to the radiator (System 1).  The second approach assumes an intermediate mechanically pumped single-phase fluid loop transporting heat from the PCU’s condenser to HP–based radiators (System 2).  The third approach utilizes LHPs to transport heat from the PCU’s condenser manifold to the radiator.  There are two versions of this system: one is a direct condensation version, where a LHP condenser is attached directly to the radiator face sheet and condensation of the working fluid occurs right on the surface that rejects heat (System 3). The second version of the third approach is a non direct condensation LHP, which assumes an intermediate Hx from the LHP condenser to the conventional HP(s) serving to spread and reject heat to the radiator (System 4).  The fourth approach uses a multiple evaporator LHP with nondirect condensation and a mechanical pump built into the liquid return line (System 5).  This pump assists liquid return into the evaporator and creates additional pressure at the liquid side of the loop to eliminate the need for liquid subcooling and ease the fluid management and distribution among the parallel evaporators, which are connected to the condenser manifold of the main loop.  The use of this schematic significantly reduces the system’s need for subcooling and makes the overall system lighter.  It is necessary to mention that each LHP requires some degree of subcooling for its operation, and accordingly this need for subcooling requires a larger radiator area.  In some cases (at low temperatures), the increase of the radiator area to meet subcooling requirements can be rather substantial; therefore, the utilization of the miniature pump assisting the liquid flow can be very attractive.

The HRS design (diameter, wick structure, lengths) for each of the systems considered was assumed to be temperature independent (this assumption is only valid for the preliminary design selection) to compare systems in an identical environment.  After the selection was made, the design optimization was taken to the next level, and the final geometry and performance of the selected system was refined. It was also assumed that the structure of the facesheet and the design of the HPs would remain identical to the previously modeled system designs.

As it was described previously, each system was initially analyzed with two different working fluids: potassium and mercury. These working fluids have advantages in different temperature ranges, and as the final operating temperature was to be determined as a result of the overall nuclear reactor/potassium Rankine PCS optimization process, analysis for both working fluids was carried through all of the system designs.  

Each HRS was also modeled for three different PCS turbine inlet temperature levels corresponding to three different structural material possibilities.  The major difference between the three PCS designs that affected the HRS was the net cycle efficiency, which led to a different heat load (for a fixed electrical power).  These three designs can result in different optimum HRS operating temperatures.  For ease of modeling; each HRS design was analyzed for a common temperature range that covered the expected PCS optimum heat rejection temperature levels.
HRS Based on a HPs (System 1)

Architecturally, system 1 is based on the direct heat removal from the potassium Rankine cycle loop condenser manifold into a set of conventional HPs, which form a fixed radiator.  The condenser manifold consists of a number of individual condensers connected either in parallel or in series (depending on the Rankine cycle loop pressure drop requirements).  Each condenser will form an outer shell around the HP evaporator section, with potassium condensing on the outside diameter of HP evaporator (OD). The energy will be transported from the HP evaporator the radiator.  The length of the HP condenser attached to the radiator will be determined by a trade off between the HP’s transport capacity and the ability of the radiator to reject heat (this ability depends on the operating temperature).  The schematic of this system is presented in Figure 1.  

[image: image2.wmf]
Figure 1. HRS based on Conventional HPs.  System 1.

As a result of the analyses performed for this system, a number of curves were produced.  The Rankine cycle condenser operating temperature (the turbine exhaust temperature) was chosen as a main variable; curves for total system mass and radiator area were generated. Some curves representing the performance of System 1 with potassium as a working fluid are presented in Figures 2 and 3.  These curves are presented here only for illustration purposes to give an example of the format for optimization of the output data.  Very similar curves were generated for the mercury as well, and the effort was repeated for every HRS concept presented here.
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Figure 2. System 1 with Potassium. Total System Mass
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Figure 3. System 1 with Potassium. Total System Area

HRS Based on a Single–Phase Loop (System 2)

The utilization of a mechanically pumped loop is the traditional (from late 1970s) way to design a HRS for space-based nuclear reactors. In the Rankine cycle application, the mechanically pumped loop would be applied in the following manner:  The mechanical pump supports circulation of the coolant, which passes through the condenser Hx.  This pumped loop absorbs heat from the condenser manifold, using sensible heat of the working fluid.  The working fluid is transported into the HRS where heat exchange to the conventional HP evaporators occurs.  This Hx is using sensible heat of the working fluid to vaporize working fluid of a heat pipe.  Heat pipes spread the heat over the area of the radiator where it is finally rejected to space, as presented in Figure 4.
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Figure 4.  HRS based on Mechanically Pumped Loop (System 2)

This system is very similar to system 1 however it includes on intermediate heat transfer media and has all the negative consequences related to it.  The consequences of using the mechanically pumped loop (additional temperature drops at the interfaces, moving parts and their associated decrease in reliability decrease, additional power consumption for operation, etc.) made this concept one of the least attractive for future consideration and comparison.

HRS Based on a Loop Heat Pipe with Direct Condensation (System 3)

This system design is based on the following concept: The potassium vapor leaving the potassium Rankine cycle PCU enters a number of parallel condenser Hxs (the same as in all other system concepts), condensing the Rankine cycle potassium vapor.  Heat is transferred through the inner wall of the Hx into the LHP evaporator.  The LHP transports heat through its small diameter thin–wall transport lines into the freeze–tolerant condenser.  The LHP condenser is attached to the radiator, which radiates heat into space. Schematically, this HRS is shown in Figure 5. 

Several working fluids were considered for the LHP operation: cesium, potassium and mercury. It was determined that mercury is the most beneficial fluid from the thermal point of view, based on pumping capabilities and heat transfer performance.  Both of the alternative working fluids, cesium and potassium, demonstrated several times poorer performance.  As a result, the thermal control system was designed and sized for mercury.

[image: image6.wmf]
Figure 5.  HRS based on LHP with Direct Condensation (System 3)

Because of the extremely large temperature difference between the radiator and the heat sink (order of 1000°), the total area required for heat rejection is not large for the Rankine cycle system (several square meters).  The lower the system operating temperature, the more subcooling is required for proper operation of LHPs.  Therefore, the final radiator area will be somewhat larger than predicted using simple radiation equations.  

HRS Based on a Loop Heat Pipe with Indirect Condensation (System 4)

This system is very similar to system 3, except for the utilization of an indirect condenser.  Indirect means that condensation of the LHP’s working fluid occurs in the LHP condenser, which is not directly coupled to the radiator surface.  It occurs in the special condenser-heat exchanger, combined with the evaporator of a conventional heat pipe that is used to spread the heat over the radiator surface.  The concept schematic of this condenser-radiator approach is presented in Figure 6.  In some cases the tolerance of such a system to micrometeoroid damage can significantly improve the reliability of the overall HRS; therefore, this system concept was worth considering.
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Figure 6.  HRS Radiator based on LHP with Indirect Condensation (System 4)

HRS Based on a Multiple Evaporator LHP with Mechanical Pump (System 5)

System 5 is basically the implementation of a multiple– evaporator, multiple–condenser LHP concept into the System 4 concept.  All individual single–evaporator single–condenser LHPs are placed into several groups with 10–15 LHPs in each of them.  All LHPs in one group will have joint internal space and just two transport lines. This group can be considered as a single LHP with multiple heat acquisition and heat rejection devices.  Schematically, the LHP with multiple evaporators and condensers is shown in Figure 7. Operation at the lower end of the temperature range may require the LHP to generate some degree of subcooling. The amount of subcooling required by the LHP depends on the primary wick properties and also on the pressure drop through the LHP. The greater the pressure drop, the larger the corresponding temperature difference through the evaporator.  As a result, the heat leak through the wick is large, which requires a significant amount of subcooling for compensation.  In a classic LHP concept, some portion of the condenser is dedicated for subcooling.  If the demand for subcooling in the LHP is large enough, the condenser/radiator area can be significant, resulting in significant mass and envelope penalties.  The idea of using an additional mechanical pump, built into the liquid line can be very beneficial. This pump, which can be very small, generates some additional pressure to compensate viscous pressure losses in the loop. As a result, the temperature difference across the evaporator is reduced (or even disappears), which affects the required subcooling. The utilization of the small mechanical pump can also resolve the flow management issues related to power sharing and proper feeding of multiple evaporators in a multiple evaporator loop. This concept looks very attractive for the complicated high–power HRS systems such as potassium Rankine cycle, and the lower the temperature the more advantageous it looks.  Unfortunately the TRL of this system is about 2; therefore, it can be a potential future improvement, but it was dropped from consideration for the NEP Rankine application because of the required development.

ADVANTAGES AND DISADVANTAGES
The table in Appendix A contains a summary of pros and cons of the systems considered.  This information was useful during the selection process.  There is one concern, which shall be addressed for each of the listed systems:  potassium and mercury are very hazardous materials, therefore they have to be handled with extreme care, and a special technique and facility must be used for processing of these materials. 

Systems Rejected from Consideration

Based on the detailed consideration of pros and cons listed in Appendix A, it was decided that just two systems can compete for use in the final NEP HRS concept design.  System 5 with multiple–evaporator, multiple– condenser, mechanically pump assisted LHP was dropped from further consideration due to its complexity and low TRL level.
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Figure 7.  HRS Radiator Based on Multiple–Evaporator Multiple–Condenser LHP with Indirect Condensation (System 5)

· Overall TRL is too low (TRL2).
· Mechanical pump assist for the multiple– evaporator LHPs is developed in theory, but never was demonstrated.

· Miniature mechanical pumps are not available.
· The depth of development required does not match expectations.

The System 2 option (mechanically pumped loop) was dropped because of its large mass penalty, freeze-thaw concerns, and low reliability due to the mechanical pumps used. 

· Every joint between the loop and an HP significantly increases temperature drop (condenser area becomes unmanageable for the single–sided approach).

· Flexible inserts to implement the deployable radiator concept are not available and are expected to cause a significant reduction of HP performance.
· Rotatable flexible joints can be used as an alternative for flexible sections in HPs; however, the performance degradation will be even more significant.

· Mechanically pumped loop will require implementation of multiple pumps for redundancy, which will cause a significant mass increase.

· Operation of the single-phase loop will require the condenser temperature to vary, which will increase required area even more.

System 3 was also dropped because it does not add any attractive features compared to system 2 and has only negative impacts on overall system mass and area due to the additional interfaces implemented. This option also has higher overall reactor/PCS cost due to the additional components used.

These considerations have left only System 1 and System 2 for the overall NEP potassium Rankine cycle HRS trade-off.  The analysis results for these two systems were tabulated in a look-up table for use in the overall reactor/PCS system analyses.
Design Selection

After system level modeling, the System 1 approach was selected as a final concept, and more detailed optimization of this system was performed.

System 1 offers the best combination of mass and area for all of the HRS options evaluated with the highest simplicity and reliability rating. Freeze-thaw considerations were also very important factors, which favored the System 1 selection.

In addition it was recommended to use Nb-1%Zr as a structural material for all components, (Rankine Loop condenser manifold, HP and radiator facesheet) in order to eliminate the need to join two different materials. Potassium was recommended as a working fluid. The system performance was modeled in detail for these materials.  The system’s mass vs operating temperature is presented in Figure 8, and system area vs operating temperature curves are presented in Figure 9.  These curves demonstrate that main parameters of the selected design are dependant on heat transport length as well as the operating temperature.  Proper packaging of the HPs into the HRS radiator will minimize the HP transport zone with associated radiator sections.  The design of the HP used in this modeling exercise was identical for each operating temperature. Therefore, it appears that at low temperatures it becomes sonic limit restricted. This points toward the requirement of detailed optimization of each component at the overall system level.  Table 4 presents the comparison of two HP design approaches at 700K: Sonic limited (the same design that was used for all of the previous considerations) and transport limited (the HP was re-designed to have transport limitations prevail over sonic limitations).

The system level modeling has determined that an optimal system would operate at 865 K Rankine cycle turbine exhaust temperature (inlet temperature to the condenser Hx manifold).  The redundancy used for farther consideration is a 1+1 formula with 100% redundancy on the PCU and HRS levels. This means that each PCU will utilize its own HRS equipped with a separate radiator.  It is necessary to note that all previous analysis for the 1+1 option was performed for two PCUs sharing the same radiator facesheet. This approach was changed for the final design optimization.  
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Figure 8. System 1 with potassium and Nb-1%Zr. Total System Mass

	
	Sonic 
0.5 m limited 
	Transport
0.5 m Limited 

	Temperature (K)
	700
	700

	Number of HPs
	3808
	514

	ID of HP (in.)
	0.79
	2.54

	Power one HP (W)
	231
	1712

	Sonic limit (W)
	2.88E+02
	2.21E+03

	Length of the HP (m)
	1.592
	2.837

	HP total weight (kg)
	2.75E+03
	1.74E+03

	Radiator area (m2)
	42.961
	48.905

	Mass of the radiator (kg)
	308.441
	351.114

	Total mass (kg)
	3.05E+03
	2.09E+03

	Specific weight (kg/wt)
	7.635
	5.222


Table 4.  Sonic and Transport Limit HP Comparison.
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Figure 9. System 1 with potassium and Nb-1%Zr. Total System Area

This combination of parameters makes the System 1 option a superior solution and will create a baseline for further study and development testing of key features in the Phase II program. 

After the system selection was made, more detailed analysis was performed to investigate trends and potential gains from varying one or several design parameters of the HRS.  The whole optimization process of the selected system can be reduced to a compromise between how much power the HP can extract from the Rankine cycle condenser manifold and how much power can be rejected from the HP condenser with the associated radiator facesheet attached to it.  It is assumed that pure transport length (adiabatic) is fixed at 0.5 m.  This value shall be updated; the detailed system layout will be generated with all system restrictions on routing and connections. 

Optimization of  HP transport and condenser radiation capabilities was performed by varying two main parameters of the system: HP inside diameter (ID) and the width of the fin associated with the HP condenser. The internal structure of the HP in each optimization case was chosen to avoid conflict between the transport and sonic limitations.  It was assumed that transport limitations shall be at approximately 80% of sonic limitations (rule of thumb for the HP industry).  Based on this assumption, the ratio between the HP ID and the wick structure OD was selected (see, Table 5).  The main idea of system optimization was that the HP cannot transport more heat than its radiator can reject and vice versa. The condenser length was optimized to satisfy this assumption for each combination of the HP ID and fin width. 

Based on the review of the optimization results, the combination of 1–in. ID HP associated with 1–in. wide fin on the condenser (on each side of the condenser) looks attractive.  These results can only be considered as preliminary, and some deeper HP modeling, together with updates of system analysis may be required during Phase II of the project. However, it is not expected that results will vary by more than 10%. 

	ID HP (in.)
	Fin (in.)
	Q HP (W) (Fin 1.5)
	HP/wick ratio (Fin 1.5)
	L cond (m)

	1.5
	1.5
	7882
	1.5
	3.35

	1.25
	1.5
	5712
	1.6
	2.59

	1
	1.5
	4071
	1.55
	1.98

	0.75
	1.5
	2389
	1.65
	1.24

	1.5
	1
	7457
	1.5
	3.4

	1.25
	1
	5500
	1.6
	2.7

	1
	1
	3958
	1.55
	2.13

	0.75
	1
	2285
	1.65
	1.35

	1.5
	0.5
	6777
	1.5
	3.9

	1.25
	0.5
	4960
	1.6
	3.15

	1
	0.5
	3441
	1.55
	2.44

	0.75
	0.5
	2062
	1.65
	1.65


Table 5.  Some HP Optimization Results

Packaging
As it was determined, the NEP potassium Rankine cycle system shall consist of two independent PCUs, one of which will be a redundant unit.  Each HRS can have either a conical or a cylindrical shape, depending on the spacecraft requirements

The optimization case described in the previous section (1–in. HP ID and 1–in. Fin) was selected to demonstrate the packaging approach.
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Figure 10.  NEP HRS Suggested Packaging Approach

The example of the cylindrical packaging approach for the second PCU is shown in Figure 10.  HP condensers with face sheets attached are organized in cylindrical sections; each of these sections will contain 6 HPs.  Cylindrical packaging provides a very easy and straightforward configuration for potassium Rankine cycle condenser manifold routing. 

This packaging approach looks very attractive for future system testing.  It is known that in order to obtain proper performance measurements during HP testing, the HP must be tested in a horizontal (or close to horizontal) position. The proposed packaging approach will allow testing of the entire system with all HPs horizontal. 

Conclusion

In the course of the potassium Rankine cycle PCS study, a significant number of combinations of HRS architectures were considered, analyzed and evaluated ― from the most traditional to the most advanced and challenging.  To compare the merits and deficiencies of the different heat rejection systems, many factors were considered and evaluated.

Based on comparing the systems considered, System I, a conventional HP system, is the most attractive concept for the Rankine PCU HRS and is recommended for the further development in support of a 2015 launch date, with a 15-year life.  

The System I technical challenges follow:
· long life and material compatibility in the presence of the space radiation,
· compatibility of the capillary structure design with the design of the rest of the pipe,
· performance of the capillary structure for long HPs,
· manufacturing techniques and approaches for fabrication of a long  (up to 4–m) HP,
· thermal cycling tolerance,
· freeze-thaw tolerance, and
· micrometeoroid tolerance and sparing policy. 
Even at the high temperature a expected during HP operation, potassium still has a relatively low saturation pressure, which directly impacts the pressure containment design of the HP evaporator body. Instead of positive pressure, the HP envelope needs to be designed keeping in mind that most of mechanical loads due to handling, testing, and launch will be applied under atmospheric pressure conditions. 

APPENDIX A
	
	Table A.1 Summary of 

	
	Pros
	Cons

	HPs

	•Simplicity achieved by using just one type of device

•HP technology in general is well established

•Fixed radiator section has minimum possible area for heat rejection

•HP design used in the system mass and area estimation is the most conservative and can be significantly improved

•Highest degree of freeze-tolerance, practically no power consumption for thawing

•Not a subject for the freeze–thaw concerns

•Some degree of flexibility can be implemented into the design (15° to 20°), which may allow increasing operational area and utilize some additional area inside the cone (if necessary) 

	•Wick structure has to be proven for operation at liquid– metal temperatures, however it is well established for lower temperature applications  



	Intermediate Mechanical Loop

	•Significant heritage 

•High degree of survivability due to HPs used

•Transport length is not an issue, determined by the pump


	•Single-phase heat exchangers on both ends of the loop assume significant temperature drop, and lower (and variable) radiator temperatures as a result

•Reliability of the pump is an issue 

•Liquid–metal pump has to be qualified

•100% redundancy on the transport loop (for each PCU) will be required


	Parallel LHP with Direct Condensation


	•One of the lightest versions, with one of the highest radiator operating temperatures
•One of the simplest versions

•Extensive heritage for lower temperature applications and lower powers

•Ease of performance verification at the component level

•High degree of freeze-tolerance, low power consumption for thawing

	•Noticeable amount of the “waste” radiator area required, generating necessary subcooling (at lower temperatures)

•Entire length of the subcooler needs to be heated for system restart from frozen conditions

•Noticeable weight increase due to increase of internal volumes and amounts of charged fluid

•Heavier implementation of redundancy requirements (single penetration causes the whole LHP to stop operating)

•Wick material needs to be developed and qualified 

•Mercury is toxic


	Parallel LHP with Indirect Condensation

(System 4)


	•This concept has smaller volume, therefore less fluid and related weight

•Ease of performance verification; each component can be tested separately prior to integration

•High degree of freeze tolerance, very low power consumption for thawing (reliable well–established freeze–tolerant features)

•One of the most developed versions (for lower powers and temperature range) 


	•Noticeable amount of “waste” radiator area required generating needed subcooling (at lower temperatures)

•The presence of an additional interface LHP-HP adds extra temperature drop, which makes radiator colder and larger/ heavier

•This system will be more expensive due to added HPs  •Does not add any micrometeoroid protection improvements, due to the single HP used as a sink for the LHP condenser (LHP cannot transport enough power to support radiation from the radiator, where several HPs can be routed)

	Multiple Evaporator LHP with Mechanical Pump

	•Increases survivability with micrometeoroids
•
This concept has smaller volume than the equivalent amount of LHP/HP combinations per System 4
•
There are just two transport lines per LHP, which means less routing problems and problems with thawing these lines  •
High degree of freeze tolerance, very low power consumption for thawing 
•
No need to generate subcooling by  “waste” radiator area

	•Mechanical pump makes this system less reliable
•
Need to provide redundancy on the mechanical pumps •
The presence of an additional interface LHP-HP adds extra temperature drop
•
This system will be more expensive
•
The LHP/HP becomes very complicated branched system; this system was never demonstrated in full. •
Reliable mechanical pump needs to be located and qualified
•
Fluid management concept needs to be verified



Focus of HRS Trade-off
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system area

		1200		1200		1200		1200		1200		1200		1200		1200		1200		1200		1200		1200

		1100		1100		1100		1100		1100		1100		1100		1100		1100		1100		1100		1100

		1000		1000		1000		1000		1000		1000		1000		1000		1000		1000		1000		1000

		900		900		900		900		900		900		900		900		900		900		900		900

		800		800		800		800		800		800		800		800		800		800		800		800

		700		700		700		700		700		700		700		700		700		700		700		700



One Section Qtot=566700

Three Sections Qtot=566700

Four Sections Qtot=566700

Five Sections Qtot=566700

One Section Qtot=400000

Three Sections Qtot=400000

Four Sections Qtot=400000

Five Sections Qtot=400000

One Section Qtot=348400

Three Sections Qtot=348400

Four Sections Qtot=348400

Five Sections Qtot=348400

Turbine Exhaust Temperature (K)

Total System Radiator Area (m2)

Single Sided Radiator per Total Area Including Redundancy

11.391

17.087

15.188

14.239

8.04

12.06

10.72

10.05

7.003

10.505

8.754

8.754

14.951

22.427

19.935

18.689

10.553

15.83

14.071

13.191

9.192

13.788

11.49

11.49

20.304

30.457

26.768

25.38

14.332

21.498

19.109

17.915

12.483

18.724

15.604

15.604

28.515

42.773

38.02

35.644

20.127

30.191

26.836

25.159

17.531

26.296

21.914

21.914

40.971

61.457

54.628

51.214

28.919

43.379

38.559

36.149

25.189

37.783

31.486

31.486

60.865

91.298

81.154

76.082

42.961

64.442

57.282

53.702

37.419

56.129

46.774

46.774



system mass

		1200		1200		1200		763.033		800.072		644.262		575.517		539.547		696.358		562.165		501.122		471.133

		1100		1100		1100		779.081		800.386		658.747		585.553		548.956		696.97		573.43		509.715		480.628

		1000		1000		1000		872.187		875.777		740.206		656.426		613.96		762.703		643.141		573.216		538.83

		900		900		900		861.391		832.711		729.151		648.134		609.918		724.855		636.138		565.456		527.823

		800		800		800		1234		1194		1046		929.896		871.777		1042		910.712		810.749		761.228

		700		700		700		2387		2400		2024		1798		1684		2091		1763		1566		1467



One Section Qtot=566700

Three Sections Qtot=566700

Four Sections Qtot=566700

Five Sections Qtot=566700

One Section Qtot=400000

Three Sections Qtot=400000

Four Sections Qtot=400000

Five Sections Qtot=400000

One Section Qtot=348400

Three Sections Qtot=348400

Four Sections Qtot=348400

Five Sections Qtot=348400

Turbine Exhaust Temperature (K)

Total System Mass (kg)

1134

915.64

813.902

1133

934.897

829.542

1241

1047

928.797

1181

1034

920.039

1692

1483

1317

3400

2867

2547



Single Sided Radiator

				Single Sided Radiator

				Number of HRS Sections		One Section Qtot=566700						1								One Section Qtot=400000														One Section Qtot=348400

						SS 1200K 1 Section		SS 1100K 1 Section		SS 1000K 1 Section		SS 900K 1 Section		SS 800K 1 Section		SS 700K 1 Section				Nb1-Zr 1200K 1 Section		Nb1-Zr 1100K 1 Section		Nb1-Zr 1000K 1 Section		Nb1-Zr 900K 1 Section		Nb1-Zr 800K 1 Section		Nb1-Zr 700K 1 Section				ASTAR 1200K 1 Section		ASTAR 1100K 1 Section		ASTAR 1000K 1 Section		ASTAR 900K 1 Section		ASTAR 800K 1 Section		ASTAR 700K 1 Section

						1200		1100		1000		900		800		700				1200		1100		1000		900		800		700				1200		1100		1000		900		800		700

		Hptot		Number of HPs		984		920		944		1072		1530		3428				694		650		666		756		1080		2420				604		566		580		658		942		2108

		Odhp		Diameter of HP (in)		0.79		0.79		0.79		0.79		0.79		0.79				0.79		0.79		0.79		0.79		0.79		0.79				0.79		0.79		0.79		0.79		0.79		0.79

		Qave		Power Transported by one HP (W)		1.27E+03		1.36E+03		1.32E+03		1.16E+03		814.54		231.113				1.27E+03		1.36E+03		1.32E+03		1.16E+03		814.54		231.113				1.27E+03		1.36E+03		1.32E+03		1.16E+03		814.54		231.113

		Qsonic		Sonic Limit (W)		6.91E+04		3.28E+04		1.36E+00		4.75E+03		1.36E+03		2.89E+02				6.91E+04		3.28E+04		1.36E+04		4.75E+03		1.36E+03		288.892				6.91E+04		3.28E+04		1.36E+04		4.75E+03		1.36E+03		2.89E+02

		DThx		DT on the Evaporatro Interface (K)		26		26		26		24		16		4				26		26		26		24		16		4				26		26		26		24		16		4

		Wallhp		HP wall thickness (in)		0.02		0.02		0.02		0.02		0.02		0.02				0.02		0.02		0.02		0.02		0.02		0.02				0.02		0.02		0.02		0.02		0.02		0.02

		Lengthhp		length of the HP (m)		2.186		2.287		2.389		2.491		2.491		2.313				2.186		2.287		2.389		2.491		2.491		2.313				2.186		2.287		2.389		2.491		2.491		2.313

		Hpsystem		HP total weight (kg)		1.05E+03		1.02E+03		1.09E+03		982.981		1.41E+03		2.98E+03				738.999		720.226		766.915		693.222		993.999		2.10E+03				643.164		627.151		667.884		603.36		8.67E+02		1.83E+03

		Whp		Weight of HP Structure (kg)		0.767		0.803		0.838		0.65		0.65		0.604				0.767		0.803		0.838		0.65		0.65		0.604				0.767		0.803		0.02		0.65		0.65		0.604

		fluid		Weight of fluid (kg)		0.086		0.094		0.102		0.11		0.113		0.108				0.086		0.094		0.102		0.11		0.113		0.108				0.086		0.094		0.102		0.11		0.113		0.108

		Whx		Weight of the Evaporator saddle (kg)		0.211		0.211		0.211		0.157		0.157		0.157				0.211		0.211		0.211		0.157		0.157		0.157				0.211		0.211		0.211		0.157		0.157		0.157

				HP Material		TZM		TZM		TZM		TZM		Inconel		Inconel				TZM		TZM		TZM		TZM		Inconel		Inconel				TZM		TZM		TZM		TZM		Inconel		Inconel

		HP		Weight of one HP		1.065		1.108		1.152		0.917		0.92		0.869				1.065		1.108		1.152		0.917		0.92		0.869				1.065		1.108		1.152		0.917		0.92		0.869

		ARADtot		Radiator Area (m^2)		11.391		14.951		20.304		28.515		40.971		60.865				8.04		10.553		14.332		20.127		28.919		42.961				7.003		9.192		12.483		17.531		25.189		37.419

		FACEt		Facesheet thickness (in)		0.01		0.01		0.01		0.01		0.01		0.01				0.01		0.01		0.01		0.01		0.01		0.01				0.01		0.01		0.01		0.01		0.01		0.01

		structure		Mass of the support structure per m^2 (kg/m^2)		5		5		5		5		5		5				5		5		5		5		5		5				5		5		5		5		5		5

		MRADsec		Mass of the Radiator (kg)		86.525		113.566		154.23		197.622		283.948		421.822				61.073		80.16		108.862		139.49		200.422		297.739				53.195		69.819		94.819		121.495		174.568		259.331

		Wstruct		Mass of the support  (kg)		56.955		74.755		101.522		142.576		204.857		304.327				40.201		52.765		71.658		100.636		144.596		214.806				35.015		45.959		62.414		87.654		125.943		187.096

		Wface		Facesheet weight (kg)		29.57		38.811		52.708		55.046		79.091		117.495				20.872		27.394		37.203		38.854		55.826		82.932				18.179		23.861		32.404		33.841		48.624		72.234

		Msect		Mass of one section		1.13E+03		1.13E+03		1.24E+03		1.18E+03		1.69E+03		3.40E+03				8.00E+02		8.00E+02		8.76E+02		8.33E+02		1.19E+03		2.40E+03				6.96E+02		6.97E+02		7.63E+02		7.25E+02		1.04E+03		2.09E+03

		Msyst		Total Mass (kg)		1.13E+03		1.13E+03		1.24E+03		1.18E+03		1.69E+03		3.40E+03				8.00E+02		8.00E+02		8.76E+02		8.33E+02		1.19E+03		2.40E+03				6.96E+02		6.97E+02		7.63E+02		7.25E+02		1.04E+03		2.09E+03

		Spweight		Specific Weight (kg/Wt)		2.002		1.999		2.19		2.083		2.986		6				2		2.001		2.189		2.082		2.986		6.001				1.999		2		2.189		2.081		2.99		6.002

				Single Sided Radiator

				Number of HRS Sections		Three Sections Qtot=566700						3								Three Sections Qtot=400000														Three Sections Qtot=348400

						SS 1200K 3 Sections		SS 1100K 3 Sections		SS 1000K 3 Section		SS 900K 3 Section		SS 800K 3 Section		SS 700K 3 Section				Nb1-Zr 1200K 3 Sections		Nb1-Zr 1100K 3 Sections		Nb1-Zr 1000K 3 Section		Nb1-Zr 900K 3 Section		Nb1-Zr 800K 3 Section		Nb1-Zr 700K 3 Section				ASTAR 1200K 3 Sections		ASTAR  1100K 3 Sections		ASTAR  1000K 3 Section		ASTAR  900K 3 Section		ASTAR  800K 3 Section		ASTAR  700K 3 Section

						1200		1100		1000		900		800		700				1200		1100		1000		900		800		700				1200		1100		1000		900		800		700

		Hptot		Number of HPs		738		690		708		804		1150		2571				519		486		501		567		810		1815				453		423		435		495		705		1581

		Odhp		Diameter of HP (in)		0.79		0.79		0.79		0.79		0.79		0.79				0.79		0.79		0.79		0.79		0.79		0.79				0.79		0.79		0.79		0.79		0.79		0.79

		Qave		Power Transported by one HP (W)		1.27E+03		1.36E+03		1.32E+03		1.16E+03		814.54		231.113				1.27E+03		1.36E+03		1.32E+03		1.16E+03		814.54		231.113				1.27E+03		1.36E+03		1.32E+03		1.16E+03		814.54		231.113

		Qsonic		Sonic Limit (W)		6.91E+04		3.28E+04		1.36E+04		4.75E+03		1.36E+03		288.892				6.91E+04		3.28E+04		1.36E+04		4.75E+03		1.36E+03		288.892				6.91E+04		3.28E+04		1.36E+04		4.75E+03		1.36E+03		288.892

		DThx		DT on the Evaporatro Interface (K)		26		26		26		24		16		4				26		26		26		24		16		4				26		26		26		24		16		4

		Wallhp		HP wall thickness (in)		0.02		0.02		0.02		0.02		0.02		0.02				0.02		0.02		0.02		0.02		0.02		0.02				0.02		0.02		0.02		0.02		0.02		0.02

		Lengthhp		length of the HP (m)		2.186		2.287		2.389		2.491		2.491		2.313				2.186		2.287		2.389		2.491		2.491		2.313				2.186		2.287		2.389		2.491		2.491		2.313

		Hpsystem		HP total weight (kg)		785.852		764.548		815.28		737.236		1.06E+03		2.23E+03				552.652		538.508		576.914		519.916		745.5		1.58E+03				482.373		468.701		500.913		4.54E+02		6.49E+02		1.37E+03

		Whp		Weight of HP Structure (kg)		0.767		0.803		0.838		0.65		0.65		0.604				0.767		0.803		0.838		0.65		0.65		0.604				0.767		0.803		0.838		0.65		0.65		0.604

		fluid		Weight of fluid (kg)		0.086		0.094		0.102		0.11		0.113		0.108				0.086		0.094		0.102		0.11		0.113		0.108				0.086		0.094		0.102		0.11		0.113		0.108

		Whx		Weight of the Evaporator saddle (kg)		0.211		0.211		0.211		0.157		0.157		0.157				0.211		0.211		0.211		0.157		0.157		0.157				0.211		0.211		0.211		0.157		0.157		0.157

				HP Material		TZM		TZM		TZM		TZM		Inconel		Inconel				TZM		TZM		TZM		TZM		Inconel		Inconel				TZM		TZM		TZM		TZM		Inconel		Inconel

		HP		Weight of one HP		1.065		1.108		1.152		0.917		0.92		0.869				1.065		1.108		1.152		0.917		0.92		0.869				1.065		1.108		1.152		0.917		0.92		0.869

		ARADtot		Radiator Area (m^2)		17.087		22.427		30.457		42.773		61.457		91.298				12.06		15.83		21.498		30.191		43.379		64.442				10.505		13.788		18.724		26.296		37.783		56.129

		FACEt		Facesheet thickness (in)		0.01		0.01		0.01		0.01		0.01		0.01				0.01		0.01		0.01		0.01		0.01		0.01				0.01		0.01		0.01		0.01		0.01		0.01

		structure		Mass of the support structure per m^2 (kg/m^2)		5		5		5		5		5		5				5		5		5		5		5		5				5		5		5		5		5		5

		MRADsec		Mass of the Radiator (kg)		43.263		56.783		77.115		98.811		141.974		210.911				30.537		40.08		54.431		69.745		100.211		148.869				26.597		34.91		47.409		60.748		87.284		129.665

		Wstruct		Mass of the support  (kg)		28.478		37.378		50.761		71.288		102.428		152.164				20.101		26.383		35.829		50.318		72.298		107.403				17.508		22.979		31.207		43.827		62.972		93.548

		Wface		Facesheet weight (kg)		14.785		19.406		26.354		27.523		39.546		58.747				10.436		13.697		18.602		19.427		27.913		41.466				9.09		11.93		16.202		16.921		24.312		36.117

		Msect		Mass of one section		305.213		311.632		348.875		344.556		4.94E+02		9.56E+02				214.754		219.582		246.735		243.05		348.711		6.75E+02				187.388		191.143		214.38		212.046		303.571		5.88E+02

		Msyst		Total Mass (kg)		9.16E+02		9.35E+02		1.05E+03		1.03E+03		1.48E+03		2.87E+03				6.44E+02		6.59E+02		7.40E+02		7.29E+02		1.05E+03		2.02E+03				5.62E+02		5.73E+02		6.43E+02		6.36E+02		9.11E+02		1.76E+03

		Spweight		Specific Weight (kg/Wt)		1.616		1.65		1.847		1.824		2.618		5.058				1.611		1.647		1.851		1.823		2.615		5.059				1.614		1.646		1.846		1.826		2.614		5.059

				Single Sided Radiator

				Number of HRS Sections		Four Sections Qtot=566700						4								Four Sections Qtot=400000														Four Sections Qtot=348400

						SS 1200K 4 Sections		SS 1100K 4 Sections		SS 1000K 4 Section		SS 900K 4 Section		SS 800K 4 Section		SS 700K 4 Section				Nb1-Zr 1200K 4 Sections		Nb1-Zr 1100K 4 Sections		Nb1-Zr 1000K 4 Section		Nb1-Zr 900K 4 Section		Nb1-Zr 800K 4 Section		Nb1-Zr 700K 4 Section				ASTAR 1200K 4 Sections		ASTAR 1100K 4 Sections		ASTAR 1000K 4 Section		ASTAR 900K 4 Section		ASTAR 800K 4 Section		700K 4 Section

						1200		1100		1000		900		800		700				1200		1100		1000		900		800		700				1200		1100		1000		900		800		700

		Hptot		Number of HPs		656		612		628		716		1020		2284				464		432		444		504		720		1612				404		376		388		440		628		1404

		Odhp		Diameter of HP (in)		0.79		0.79		0.79		0.79		0.79		0.79				0.79		0.79		0.79		0.79		0.79		0.79				0.79		0.79		0.79		0.79		0.79		0.79

		Qave		Power Transported by one HP (W)		1.27E+03		1.36E+03		1.32E+03		1.16E+03		814.54		231.113				1.27E+03		1.36E+03		1.32E+03		1.16E+03		814.54		231.113				1.27E+03		1.36E+03		1.32E+03		1.16E+03		814.54		231.113

		Qsonic		Sonic Limit (W)		6.91E+04		3.28E+00		1.36E+04		4.75E+03		1.36E+03		2.89E+02				6.91E+04		3.28E+04		1.36E+00		4.75E+03		1.36E+03		288.892				6.91E+04		3.28E+04		1.36E+04		4.75E+03		1.36E+03		288.892

		DThx		DT on the Evaporatro Interface (K)		26		26		26		24		16		4				26		26		26		24		16		4				26		26		26		24		16		4

		Wallhp		HP wall thickness (in)		0.02		0.02		0.02		0.02		0.02		0.02				0.02		0.02		0.02		0.02		0.02		0.02				0.02		0.02		0.02		0.02		0.02		0.02

		Lengthhp		length of the HP (m)		2.186		2.287		2.389		2.491		2.491		2.313				2.186		2.287		2.389		2.491		2.491		2.313				2.186		2.287		2.389		2.491		2.491		2.313

		Hpsystem		HP total weight (kg)		698.535		678.121		723.158		656.543		938.777		1.99E+03				494.086		478.673		511.277		462.148		662.666		1.40E+03				4.30E+02		4.17E+02		4.47E+02		403.462		5.78E+02		1.22E+03

		Whp		Weight of HP Structure (kg)		0.767		0.803		0.838		0.65		0.65		0.604				0.767		0.803		0.838		0.65		0.65		0.604				0.767		0.803		0.838		0.65		0.65		0.604

		fluid		Weight of fluid (kg)		0.086		0.094		0.102		0.11		0.113		0.108				0.086		0.094		0.102		0.11		0.113		0.108				0.086		0.094		0.102		0.11		0.113		0.108

		Whx		Weight of the Evaporator saddle (kg)		0.211		0.211		0.211		0.157		0.157		0.157				0.211		0.211		0.211		0.157		0.157		0.157				0.211		0.211		0.211		0.157		0.157		0.157

				HP Material		TZM		TZM		TZM		TZM		Inconel		Inconel				TZM		TZM		TZM		TZM		Inconel		Inconel				TZM		TZM		TZM		TZM		Inconel		Inconel

		HP		Weight of one HP		1.065		1.108		1.152		0.917		0.92		0.869				1.065		1.108		1.152		0.917		0.92		0.869				1.065		1.108		1.152		0.917		0.92		0.869

		ARADtot		Radiator Area (m^2)		15.188		19.935		26.768		38.02		54.628		81.154				10.72		14.071		19.109		26.836		38.559		57.282				9.337		12.256		16.644		23.374		33.585		49.892

		FACEt		Facesheet thickness (in)		0.01		0.01		0.01		0.01		0.01		0.01				0.01		0.01		0.01		0.01		0.01		0.01				0.01		0.01		0.01		0.01		0.01		0.01

		structure		Mass of the support structure per m^2 (kg/m^2)		5		5		5		5		5		5				5		5		5		5		5		5				5		5		5		5		5		5

		MRADsec		Mass of the Radiator (kg)		28.842		37.855		51.41		65.874		94.649		140.607				20.358		26.72		36.287		46.497		66.807		99.246				17.732		23.273		31.606		40.498		58.189		86.444

		Wstruct		Mass of the support  (kg)		18.985		24.918		33.841		47.525		68.286		101.442				13.4		17.588		23.886		33.545		48.199		71.602				11.672		15.32		20.805		29.218		41.981		62.365

		Wface		Facesheet weight (kg)		9.857		12.937		17.569		18.349		26.364		39.165				6.957		9.131		12.401		12.951		18.609		27.644				6.06		7.954		10.801		11.28		16.208		24.078

		Msect		Mass of one section		203.476		207.386		232.199		230.01		329.344		6.37E+02				143.879		146.388		164.106		162.033		232.474		4.49E+02				125.28		127.429		143.304		141.364		202.687		3.91E+02

		Msyst		Total Mass (kg)		8.14E+02		8.30E+02		9.29E+02		9.20E+02		1.32E+03		2.55E+03				5.76E+02		5.86E+02		6.56E+02		6.48E+02		9.30E+02		1.80E+03				5.01E+02		5.10E+02		5.73E+02		5.65E+02		8.11E+02		1.57E+03

		Spweight		Specific Weight (kg/Wt)		1.436		1.464		1.639		1.624		2.325		4.494				1.439		1.464		1.641		1.62		2.325		4.494				1.438		1.463		1.645		1.623		2.327		4.494

				Single Sided Radiator

				Number of HRS Sections		Five Sections Qtot=566700						5								Five Sections Qtot=400000														Five Sections Qtot=348400

						SS 1200K 5 Sections		SS 1100K 5 Sections		SS 1000K 5 Section		SS 900K 5 Section		SS 800K 5 Section		SS 700K 5 Section				Nb1-Zr 1200K 5 Sections		Nb1-Zr 1100K 5 Sections		Nb1-Zr 1000K 5 Section		Nb1-Zr 900K 5 Section		Nb1-Zr 800K 5 Section		Nb1-Zr 700K 5 Section				ASTAR 1200K 5 Sections		ASTAR 1100K 5 Sections		ASTAR 1000K 5 Section		ASTAR 900K 5 Section		ASTAR 800K 5 Section		ASTAR 700K 5 Section

						1200		1100		1000		900		800		700				1200		1100		1000		900		800		700				1200		1100		1000		900		800		700

		Hptot		Number of HPs		615		575		590		670		955		2139				435		405		415		475		675		1510				380		355		365		410		590		1315

		Odhp		Diameter of HP (in)		0.79		0.79		0.79		0.79		0.79		0.79				0.79		0.79		0.79		0.79		0.79		0.79				0.79		0.79		0.79		0.79		0.79		0.79

		Qave		Power Transported by one HP (W)		1.27E+03		1.36E+03		1.32E+03		1.16E+03		814.54		231.113				1.27E+03		1.36E+03		1.32E+03		1.16E+03		814.54		231.113				1.27E+03		1.36E+03		1.32E+03		1.16E+03		814.54		231.113

		Qsonic		Sonic Limit (W)		6.91E+04		3.28E+04		1.36E+04		4.75E+03		1.36E+03		288.892				6.22E+04		3.28E+04		1.36E+04		4.75E+03		1.36E+03		288.892				6.91E+04		3.28E+04		1.36E+04		4.75E+03		1.36E+03		288.892

		DThx		DT on the Evaporatro Interface (K)		26		26		26		24		16		4				26		26		26		24		16		4				26		26		26		24		16		4

		Wallhp		HP wall thickness (in)		0.02		0.02		0.02		0.02		0.02		0.02				0.02		0.02		0.02		0.02		0.02		0.02				0.02		0.02		0.02		0.02		0.02		0.02

		Lengthhp		length of the HP (m)		2.186		2.287		2.389		2.491		2.491		2.313				2.186		2.287		2.389		2.491		2.491		2.313				2.186		2.287		2.389		2.491		2.491		2.313

		Hpsystem		HP total weight (kg)		654.877		637.123		679.4		614.363		878.953		1.86E+03				4.63E+02		4.49E+02		4.78E+02		4.36E+02		6.21E+02		1.31E+03				404.639		3.93E+02		4.20E+02		3.76E+02		5.43E+02		1.14E+03

		Whp		Weight of HP Structure (kg)		0.767		0.803		0.838		0.65		0.65		0.604				0.767		0.803		0.838		0.65		0.65		0.604				0.767		0.803		0.838		0.65		0.65		0.604

		fluid		Weight of fluid (kg)		0.086		0.094		0.102		0.11		0.113		0.108				0.086		0.094		0.102		0.11		0.113		0.108				0.086		0.094		0.102		0.11		0.113		0.108

		Whx		Weight of the Evaporator saddle (kg)		0.211		0.211		0.211		0.157		0.157		0.157				0.211		0.211		0.211		0.157		0.157		0.157				0.211		0.211		0.211		0.157		0.157		0.157

				HP Material		TZM		TZM		TZM		TZM		Inconel		Inconel				TZM		TZM		TZM		TZM		Inconel		Inconel				TZM		TZM		TZM		TZM		Inconel		Inconel

		HP		Weight of one HP		1.065		1.108		1.152		0.917		0.92		0.869				1.065		1.108		1.152		0.917		0.92		0.869				1.065		1.108		1.152		0.917		0.92		0.869

		ARADtot		Radiator Area (m^2)		14.239		18.689		25.38		35.644		51.214		76.082				10.05		13.191		17.915		25.159		36.149		53.702				8.754		11.49		15.604		21.914		31.486		46.774

		FACEt		Facesheet thickness (in)		0.01		0.01		0.01		0.01		0.01		0.01				0.01		0.01		0.01		0.01		0.01		0.01				0.01		0.01		0.01		0.01		0.01		0.01

		structure		Mass of the support structure per m^2 (kg/m^2)		5		5		5		5		5		5				5		5		5		5		5		5				5		5		5		5		5		5

		MRADsec		Mass of the Radiator (kg)		21.631		28.392		38.557		49.405		70.987		105.455				15.268		20.04		27.215		34.872		50.106		74.435				13.299		17.455		23.705		30.374		43.642		64.833

		Wstruct		Mass of the support  (kg)		14.239		18.689		25.38		35.644		51.214		76.082				10.05		13.191		17.915		25.159		36.149		53.702				8.754		11.49		15.604		21.914		31.486		46.774

		Wface		Facesheet weight (kg)		7.392		9.703		13.177		13.761		19.773		29.374				5.218		6.849		9.301		9.713		13.956		20.733				4.545		5.965		8.101		8.46		12.156		18.059

		Msect		Mass of one section		152.607		155.816		174.437		172.278		246.778		4.77E+02				107.909		109.791		122.792		121.984		174.355		3.37E+02				94.227		96.126		107.766		105.565		152.246		293.348

		Msyst		Total Mass (kg)		7.63E+02		7.79E+02		8.72E+02		8.61E+02		1.23E+03		2.39E+03				5.40E+02		5.49E+02		6.14E+02		6.10E+02		8.72E+02		1.68E+03				4.71E+02		4.81E+02		5.39E+02		5.28E+02		7.61E+02		1.47E+03

		Spweight		Specific Weight (kg/Wt)		1.346		1.375		1.539		1.52		2.177		4.212				1.349		1.372		1.535		1.525		2.179		4.21				1.352		1.38		1.547		1.515		2.185		4.21
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system area

		1200		1200		1200		1200		1200		1200		1200		1200		1200		1200		1200		1200

		1100		1100		1100		1100		1100		1100		1100		1100		1100		1100		1100		1100

		1000		1000		1000		1000		1000		1000		1000		1000		1000		1000		1000		1000

		900		900		900		900		900		900		900		900		900		900		900		900

		800		800		800		800		800		800		800		800		800		800		800		800

		700		700		700		700		700		700		700		700		700		700		700		700



One Section Qtot=566700

Three Sections Qtot=566700

Four Sections Qtot=566700

Five Sections Qtot=566700

One Section Qtot=400000

Three Sections Qtot=400000

Four Sections Qtot=400000

Five Sections Qtot=400000

One Section Qtot=348400

Three Sections Qtot=348400

Four Sections Qtot=348400

Five Sections Qtot=348400

Turbine Exhaust Temperature (K)

Total System Radiator Area (m2)

11.391

17.087
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10.05
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18.689

10.553

15.83
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11.49
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19.109

17.915
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18.724

15.604

15.604

28.515

42.773

38.02

35.644

20.127

30.191

26.836

25.159

17.531

26.296

21.914

21.914

40.971

61.457

54.628

51.214

28.919

43.379

38.559

36.149

25.189

37.783

31.486

31.486

60.865

91.298

81.154

76.082

42.961

64.442

57.282

53.702

37.419

56.129

46.774

46.774



system mass

		1200		1200		1200		763.033		800.072		644.262		575.517		539.547		696.358		562.165		501.122		471.133

		1100		1100		1100		779.081		800.386		658.747		585.553		548.956		696.97		573.43		509.715		480.628

		1000		1000		1000		872.187		875.777		740.206		656.426		613.96		762.703		643.141		573.216		538.83

		900		900		900		861.391		832.711		729.151		648.134		609.918		724.855		636.138		565.456		527.823

		800		800		800		1234		1194		1046		929.896		871.777		1042		910.712		810.749		761.228

		700		700		700		2387		2400		2024		1798		1684		2091		1763		1566		1467



One Section Qtot=566700

Three Sections Qtot=566700

Four Sections Qtot=566700

Five Sections Qtot=566700

One Section Qtot=400000

Three Sections Qtot=400000

Four Sections Qtot=400000

Five Sections Qtot=400000

One Section Qtot=348400

Three Sections Qtot=348400

Four Sections Qtot=348400

Five Sections Qtot=348400

Turbine Exhaust Temperature (K)

Total System Mass (kg)

Total System Mass
System 1 (Heat Pipes) Potassium

1134

915.64

813.902

1133

934.897

829.542

1241

1047

928.797

1181

1034

920.039

1692

1483

1317

3400

2867

2547



Single Sided Radiator

				Single Sided Radiator

				Number of HRS Sections		One Section Qtot=566700						1								One Section Qtot=400000														One Section Qtot=348400

						SS 1200K 1 Section		SS 1100K 1 Section		SS 1000K 1 Section		SS 900K 1 Section		SS 800K 1 Section		SS 700K 1 Section				Nb1-Zr 1200K 1 Section		Nb1-Zr 1100K 1 Section		Nb1-Zr 1000K 1 Section		Nb1-Zr 900K 1 Section		Nb1-Zr 800K 1 Section		Nb1-Zr 700K 1 Section				ASTAR 1200K 1 Section		ASTAR 1100K 1 Section		ASTAR 1000K 1 Section		ASTAR 900K 1 Section		ASTAR 800K 1 Section		ASTAR 700K 1 Section

						1200		1100		1000		900		800		700				1200		1100		1000		900		800		700				1200		1100		1000		900		800		700

		Hptot		Number of HPs		984		920		944		1072		1530		3428				694		650		666		756		1080		2420				604		566		580		658		942		2108

		Odhp		Diameter of HP (in)		0.79		0.79		0.79		0.79		0.79		0.79				0.79		0.79		0.79		0.79		0.79		0.79				0.79		0.79		0.79		0.79		0.79		0.79

		Qave		Power Transported by one HP (W)		1.27E+03		1.36E+03		1.32E+03		1.16E+03		814.54		231.113				1.27E+03		1.36E+03		1.32E+03		1.16E+03		814.54		231.113				1.27E+03		1.36E+03		1.32E+03		1.16E+03		814.54		231.113

		Qsonic		Sonic Limit (W)		6.91E+04		3.28E+04		1.36E+00		4.75E+03		1.36E+03		2.89E+02				6.91E+04		3.28E+04		1.36E+04		4.75E+03		1.36E+03		288.892				6.91E+04		3.28E+04		1.36E+04		4.75E+03		1.36E+03		2.89E+02

		DThx		DT on the Evaporatro Interface (K)		26		26		26		24		16		4				26		26		26		24		16		4				26		26		26		24		16		4

		Wallhp		HP wall thickness (in)		0.02		0.02		0.02		0.02		0.02		0.02				0.02		0.02		0.02		0.02		0.02		0.02				0.02		0.02		0.02		0.02		0.02		0.02

		Lengthhp		length of the HP (m)		2.186		2.287		2.389		2.491		2.491		2.313				2.186		2.287		2.389		2.491		2.491		2.313				2.186		2.287		2.389		2.491		2.491		2.313

		Hpsystem		HP total weight (kg)		1.05E+03		1.02E+03		1.09E+03		982.981		1.41E+03		2.98E+03				738.999		720.226		766.915		693.222		993.999		2.10E+03				643.164		627.151		667.884		603.36		8.67E+02		1.83E+03

		Whp		Weight of HP Structure (kg)		0.767		0.803		0.838		0.65		0.65		0.604				0.767		0.803		0.838		0.65		0.65		0.604				0.767		0.803		0.02		0.65		0.65		0.604

		fluid		Weight of fluid (kg)		0.086		0.094		0.102		0.11		0.113		0.108				0.086		0.094		0.102		0.11		0.113		0.108				0.086		0.094		0.102		0.11		0.113		0.108

		Whx		Weight of the Evaporator saddle (kg)		0.211		0.211		0.211		0.157		0.157		0.157				0.211		0.211		0.211		0.157		0.157		0.157				0.211		0.211		0.211		0.157		0.157		0.157

				HP Material		TZM		TZM		TZM		TZM		Inconel		Inconel				TZM		TZM		TZM		TZM		Inconel		Inconel				TZM		TZM		TZM		TZM		Inconel		Inconel

		HP		Weight of one HP		1.065		1.108		1.152		0.917		0.92		0.869				1.065		1.108		1.152		0.917		0.92		0.869				1.065		1.108		1.152		0.917		0.92		0.869

		ARADtot		Radiator Area (m^2)		11.391		14.951		20.304		28.515		40.971		60.865				8.04		10.553		14.332		20.127		28.919		42.961				7.003		9.192		12.483		17.531		25.189		37.419

		FACEt		Facesheet thickness (in)		0.01		0.01		0.01		0.01		0.01		0.01				0.01		0.01		0.01		0.01		0.01		0.01				0.01		0.01		0.01		0.01		0.01		0.01

		structure		Mass of the support structure per m^2 (kg/m^2)		5		5		5		5		5		5				5		5		5		5		5		5				5		5		5		5		5		5

		MRADsec		Mass of the Radiator (kg)		86.525		113.566		154.23		197.622		283.948		421.822				61.073		80.16		108.862		139.49		200.422		297.739				53.195		69.819		94.819		121.495		174.568		259.331

		Wstruct		Mass of the support  (kg)		56.955		74.755		101.522		142.576		204.857		304.327				40.201		52.765		71.658		100.636		144.596		214.806				35.015		45.959		62.414		87.654		125.943		187.096

		Wface		Facesheet weight (kg)		29.57		38.811		52.708		55.046		79.091		117.495				20.872		27.394		37.203		38.854		55.826		82.932				18.179		23.861		32.404		33.841		48.624		72.234

		Msect		Mass of one section		1.13E+03		1.13E+03		1.24E+03		1.18E+03		1.69E+03		3.40E+03				8.00E+02		8.00E+02		8.76E+02		8.33E+02		1.19E+03		2.40E+03				6.96E+02		6.97E+02		7.63E+02		7.25E+02		1.04E+03		2.09E+03

		Msyst		Total Mass (kg)		1.13E+03		1.13E+03		1.24E+03		1.18E+03		1.69E+03		3.40E+03				8.00E+02		8.00E+02		8.76E+02		8.33E+02		1.19E+03		2.40E+03				6.96E+02		6.97E+02		7.63E+02		7.25E+02		1.04E+03		2.09E+03

		Spweight		Specific Weight (kg/Wt)		2.002		1.999		2.19		2.083		2.986		6				2		2.001		2.189		2.082		2.986		6.001				1.999		2		2.189		2.081		2.99		6.002

				Single Sided Radiator

				Number of HRS Sections		Three Sections Qtot=566700						3								Three Sections Qtot=400000														Three Sections Qtot=348400

						SS 1200K 3 Sections		SS 1100K 3 Sections		SS 1000K 3 Section		SS 900K 3 Section		SS 800K 3 Section		SS 700K 3 Section				Nb1-Zr 1200K 3 Sections		Nb1-Zr 1100K 3 Sections		Nb1-Zr 1000K 3 Section		Nb1-Zr 900K 3 Section		Nb1-Zr 800K 3 Section		Nb1-Zr 700K 3 Section				ASTAR 1200K 3 Sections		ASTAR  1100K 3 Sections		ASTAR  1000K 3 Section		ASTAR  900K 3 Section		ASTAR  800K 3 Section		ASTAR  700K 3 Section

						1200		1100		1000		900		800		700				1200		1100		1000		900		800		700				1200		1100		1000		900		800		700

		Hptot		Number of HPs		738		690		708		804		1150		2571				519		486		501		567		810		1815				453		423		435		495		705		1581

		Odhp		Diameter of HP (in)		0.79		0.79		0.79		0.79		0.79		0.79				0.79		0.79		0.79		0.79		0.79		0.79				0.79		0.79		0.79		0.79		0.79		0.79

		Qave		Power Transported by one HP (W)		1.27E+03		1.36E+03		1.32E+03		1.16E+03		814.54		231.113				1.27E+03		1.36E+03		1.32E+03		1.16E+03		814.54		231.113				1.27E+03		1.36E+03		1.32E+03		1.16E+03		814.54		231.113

		Qsonic		Sonic Limit (W)		6.91E+04		3.28E+04		1.36E+04		4.75E+03		1.36E+03		288.892				6.91E+04		3.28E+04		1.36E+04		4.75E+03		1.36E+03		288.892				6.91E+04		3.28E+04		1.36E+04		4.75E+03		1.36E+03		288.892

		DThx		DT on the Evaporatro Interface (K)		26		26		26		24		16		4				26		26		26		24		16		4				26		26		26		24		16		4

		Wallhp		HP wall thickness (in)		0.02		0.02		0.02		0.02		0.02		0.02				0.02		0.02		0.02		0.02		0.02		0.02				0.02		0.02		0.02		0.02		0.02		0.02

		Lengthhp		length of the HP (m)		2.186		2.287		2.389		2.491		2.491		2.313				2.186		2.287		2.389		2.491		2.491		2.313				2.186		2.287		2.389		2.491		2.491		2.313

		Hpsystem		HP total weight (kg)		785.852		764.548		815.28		737.236		1.06E+03		2.23E+03				552.652		538.508		576.914		519.916		745.5		1.58E+03				482.373		468.701		500.913		4.54E+02		6.49E+02		1.37E+03

		Whp		Weight of HP Structure (kg)		0.767		0.803		0.838		0.65		0.65		0.604				0.767		0.803		0.838		0.65		0.65		0.604				0.767		0.803		0.838		0.65		0.65		0.604

		fluid		Weight of fluid (kg)		0.086		0.094		0.102		0.11		0.113		0.108				0.086		0.094		0.102		0.11		0.113		0.108				0.086		0.094		0.102		0.11		0.113		0.108

		Whx		Weight of the Evaporator saddle (kg)		0.211		0.211		0.211		0.157		0.157		0.157				0.211		0.211		0.211		0.157		0.157		0.157				0.211		0.211		0.211		0.157		0.157		0.157

				HP Material		TZM		TZM		TZM		TZM		Inconel		Inconel				TZM		TZM		TZM		TZM		Inconel		Inconel				TZM		TZM		TZM		TZM		Inconel		Inconel

		HP		Weight of one HP		1.065		1.108		1.152		0.917		0.92		0.869				1.065		1.108		1.152		0.917		0.92		0.869				1.065		1.108		1.152		0.917		0.92		0.869

		ARADtot		Radiator Area (m^2)		17.087		22.427		30.457		42.773		61.457		91.298				12.06		15.83		21.498		30.191		43.379		64.442				10.505		13.788		18.724		26.296		37.783		56.129

		FACEt		Facesheet thickness (in)		0.01		0.01		0.01		0.01		0.01		0.01				0.01		0.01		0.01		0.01		0.01		0.01				0.01		0.01		0.01		0.01		0.01		0.01

		structure		Mass of the support structure per m^2 (kg/m^2)		5		5		5		5		5		5				5		5		5		5		5		5				5		5		5		5		5		5

		MRADsec		Mass of the Radiator (kg)		43.263		56.783		77.115		98.811		141.974		210.911				30.537		40.08		54.431		69.745		100.211		148.869				26.597		34.91		47.409		60.748		87.284		129.665

		Wstruct		Mass of the support  (kg)		28.478		37.378		50.761		71.288		102.428		152.164				20.101		26.383		35.829		50.318		72.298		107.403				17.508		22.979		31.207		43.827		62.972		93.548

		Wface		Facesheet weight (kg)		14.785		19.406		26.354		27.523		39.546		58.747				10.436		13.697		18.602		19.427		27.913		41.466				9.09		11.93		16.202		16.921		24.312		36.117

		Msect		Mass of one section		305.213		311.632		348.875		344.556		4.94E+02		9.56E+02				214.754		219.582		246.735		243.05		348.711		6.75E+02				187.388		191.143		214.38		212.046		303.571		5.88E+02

		Msyst		Total Mass (kg)		9.16E+02		9.35E+02		1.05E+03		1.03E+03		1.48E+03		2.87E+03				6.44E+02		6.59E+02		7.40E+02		7.29E+02		1.05E+03		2.02E+03				5.62E+02		5.73E+02		6.43E+02		6.36E+02		9.11E+02		1.76E+03

		Spweight		Specific Weight (kg/Wt)		1.616		1.65		1.847		1.824		2.618		5.058				1.611		1.647		1.851		1.823		2.615		5.059				1.614		1.646		1.846		1.826		2.614		5.059

				Single Sided Radiator

				Number of HRS Sections		Four Sections Qtot=566700						4								Four Sections Qtot=400000														Four Sections Qtot=348400

						SS 1200K 4 Sections		SS 1100K 4 Sections		SS 1000K 4 Section		SS 900K 4 Section		SS 800K 4 Section		SS 700K 4 Section				Nb1-Zr 1200K 4 Sections		Nb1-Zr 1100K 4 Sections		Nb1-Zr 1000K 4 Section		Nb1-Zr 900K 4 Section		Nb1-Zr 800K 4 Section		Nb1-Zr 700K 4 Section				ASTAR 1200K 4 Sections		ASTAR 1100K 4 Sections		ASTAR 1000K 4 Section		ASTAR 900K 4 Section		ASTAR 800K 4 Section		700K 4 Section

						1200		1100		1000		900		800		700				1200		1100		1000		900		800		700				1200		1100		1000		900		800		700

		Hptot		Number of HPs		656		612		628		716		1020		2284				464		432		444		504		720		1612				404		376		388		440		628		1404

		Odhp		Diameter of HP (in)		0.79		0.79		0.79		0.79		0.79		0.79				0.79		0.79		0.79		0.79		0.79		0.79				0.79		0.79		0.79		0.79		0.79		0.79

		Qave		Power Transported by one HP (W)		1.27E+03		1.36E+03		1.32E+03		1.16E+03		814.54		231.113				1.27E+03		1.36E+03		1.32E+03		1.16E+03		814.54		231.113				1.27E+03		1.36E+03		1.32E+03		1.16E+03		814.54		231.113

		Qsonic		Sonic Limit (W)		6.91E+04		3.28E+00		1.36E+04		4.75E+03		1.36E+03		2.89E+02				6.91E+04		3.28E+04		1.36E+00		4.75E+03		1.36E+03		288.892				6.91E+04		3.28E+04		1.36E+04		4.75E+03		1.36E+03		288.892

		DThx		DT on the Evaporatro Interface (K)		26		26		26		24		16		4				26		26		26		24		16		4				26		26		26		24		16		4

		Wallhp		HP wall thickness (in)		0.02		0.02		0.02		0.02		0.02		0.02				0.02		0.02		0.02		0.02		0.02		0.02				0.02		0.02		0.02		0.02		0.02		0.02

		Lengthhp		length of the HP (m)		2.186		2.287		2.389		2.491		2.491		2.313				2.186		2.287		2.389		2.491		2.491		2.313				2.186		2.287		2.389		2.491		2.491		2.313

		Hpsystem		HP total weight (kg)		698.535		678.121		723.158		656.543		938.777		1.99E+03				494.086		478.673		511.277		462.148		662.666		1.40E+03				4.30E+02		4.17E+02		4.47E+02		403.462		5.78E+02		1.22E+03

		Whp		Weight of HP Structure (kg)		0.767		0.803		0.838		0.65		0.65		0.604				0.767		0.803		0.838		0.65		0.65		0.604				0.767		0.803		0.838		0.65		0.65		0.604

		fluid		Weight of fluid (kg)		0.086		0.094		0.102		0.11		0.113		0.108				0.086		0.094		0.102		0.11		0.113		0.108				0.086		0.094		0.102		0.11		0.113		0.108

		Whx		Weight of the Evaporator saddle (kg)		0.211		0.211		0.211		0.157		0.157		0.157				0.211		0.211		0.211		0.157		0.157		0.157				0.211		0.211		0.211		0.157		0.157		0.157

				HP Material		TZM		TZM		TZM		TZM		Inconel		Inconel				TZM		TZM		TZM		TZM		Inconel		Inconel				TZM		TZM		TZM		TZM		Inconel		Inconel

		HP		Weight of one HP		1.065		1.108		1.152		0.917		0.92		0.869				1.065		1.108		1.152		0.917		0.92		0.869				1.065		1.108		1.152		0.917		0.92		0.869

		ARADtot		Radiator Area (m^2)		15.188		19.935		26.768		38.02		54.628		81.154				10.72		14.071		19.109		26.836		38.559		57.282				9.337		12.256		16.644		23.374		33.585		49.892

		FACEt		Facesheet thickness (in)		0.01		0.01		0.01		0.01		0.01		0.01				0.01		0.01		0.01		0.01		0.01		0.01				0.01		0.01		0.01		0.01		0.01		0.01

		structure		Mass of the support structure per m^2 (kg/m^2)		5		5		5		5		5		5				5		5		5		5		5		5				5		5		5		5		5		5

		MRADsec		Mass of the Radiator (kg)		28.842		37.855		51.41		65.874		94.649		140.607				20.358		26.72		36.287		46.497		66.807		99.246				17.732		23.273		31.606		40.498		58.189		86.444

		Wstruct		Mass of the support  (kg)		18.985		24.918		33.841		47.525		68.286		101.442				13.4		17.588		23.886		33.545		48.199		71.602				11.672		15.32		20.805		29.218		41.981		62.365

		Wface		Facesheet weight (kg)		9.857		12.937		17.569		18.349		26.364		39.165				6.957		9.131		12.401		12.951		18.609		27.644				6.06		7.954		10.801		11.28		16.208		24.078

		Msect		Mass of one section		203.476		207.386		232.199		230.01		329.344		6.37E+02				143.879		146.388		164.106		162.033		232.474		4.49E+02				125.28		127.429		143.304		141.364		202.687		3.91E+02

		Msyst		Total Mass (kg)		8.14E+02		8.30E+02		9.29E+02		9.20E+02		1.32E+03		2.55E+03				5.76E+02		5.86E+02		6.56E+02		6.48E+02		9.30E+02		1.80E+03				5.01E+02		5.10E+02		5.73E+02		5.65E+02		8.11E+02		1.57E+03

		Spweight		Specific Weight (kg/Wt)		1.436		1.464		1.639		1.624		2.325		4.494				1.439		1.464		1.641		1.62		2.325		4.494				1.438		1.463		1.645		1.623		2.327		4.494

				Single Sided Radiator

				Number of HRS Sections		Five Sections Qtot=566700						5								Five Sections Qtot=400000														Five Sections Qtot=348400

						SS 1200K 5 Sections		SS 1100K 5 Sections		SS 1000K 5 Section		SS 900K 5 Section		SS 800K 5 Section		SS 700K 5 Section				Nb1-Zr 1200K 5 Sections		Nb1-Zr 1100K 5 Sections		Nb1-Zr 1000K 5 Section		Nb1-Zr 900K 5 Section		Nb1-Zr 800K 5 Section		Nb1-Zr 700K 5 Section				ASTAR 1200K 5 Sections		ASTAR 1100K 5 Sections		ASTAR 1000K 5 Section		ASTAR 900K 5 Section		ASTAR 800K 5 Section		ASTAR 700K 5 Section

						1200		1100		1000		900		800		700				1200		1100		1000		900		800		700				1200		1100		1000		900		800		700

		Hptot		Number of HPs		615		575		590		670		955		2139				435		405		415		475		675		1510				380		355		365		410		590		1315

		Odhp		Diameter of HP (in)		0.79		0.79		0.79		0.79		0.79		0.79				0.79		0.79		0.79		0.79		0.79		0.79				0.79		0.79		0.79		0.79		0.79		0.79

		Qave		Power Transported by one HP (W)		1.27E+03		1.36E+03		1.32E+03		1.16E+03		814.54		231.113				1.27E+03		1.36E+03		1.32E+03		1.16E+03		814.54		231.113				1.27E+03		1.36E+03		1.32E+03		1.16E+03		814.54		231.113

		Qsonic		Sonic Limit (W)		6.91E+04		3.28E+04		1.36E+04		4.75E+03		1.36E+03		288.892				6.22E+04		3.28E+04		1.36E+04		4.75E+03		1.36E+03		288.892				6.91E+04		3.28E+04		1.36E+04		4.75E+03		1.36E+03		288.892

		DThx		DT on the Evaporatro Interface (K)		26		26		26		24		16		4				26		26		26		24		16		4				26		26		26		24		16		4

		Wallhp		HP wall thickness (in)		0.02		0.02		0.02		0.02		0.02		0.02				0.02		0.02		0.02		0.02		0.02		0.02				0.02		0.02		0.02		0.02		0.02		0.02

		Lengthhp		length of the HP (m)		2.186		2.287		2.389		2.491		2.491		2.313				2.186		2.287		2.389		2.491		2.491		2.313				2.186		2.287		2.389		2.491		2.491		2.313

		Hpsystem		HP total weight (kg)		654.877		637.123		679.4		614.363		878.953		1.86E+03				4.63E+02		4.49E+02		4.78E+02		4.36E+02		6.21E+02		1.31E+03				404.639		3.93E+02		4.20E+02		3.76E+02		5.43E+02		1.14E+03

		Whp		Weight of HP Structure (kg)		0.767		0.803		0.838		0.65		0.65		0.604				0.767		0.803		0.838		0.65		0.65		0.604				0.767		0.803		0.838		0.65		0.65		0.604

		fluid		Weight of fluid (kg)		0.086		0.094		0.102		0.11		0.113		0.108				0.086		0.094		0.102		0.11		0.113		0.108				0.086		0.094		0.102		0.11		0.113		0.108

		Whx		Weight of the Evaporator saddle (kg)		0.211		0.211		0.211		0.157		0.157		0.157				0.211		0.211		0.211		0.157		0.157		0.157				0.211		0.211		0.211		0.157		0.157		0.157

				HP Material		TZM		TZM		TZM		TZM		Inconel		Inconel				TZM		TZM		TZM		TZM		Inconel		Inconel				TZM		TZM		TZM		TZM		Inconel		Inconel

		HP		Weight of one HP		1.065		1.108		1.152		0.917		0.92		0.869				1.065		1.108		1.152		0.917		0.92		0.869				1.065		1.108		1.152		0.917		0.92		0.869

		ARADtot		Radiator Area (m^2)		14.239		18.689		25.38		35.644		51.214		76.082				10.05		13.191		17.915		25.159		36.149		53.702				8.754		11.49		15.604		21.914		31.486		46.774

		FACEt		Facesheet thickness (in)		0.01		0.01		0.01		0.01		0.01		0.01				0.01		0.01		0.01		0.01		0.01		0.01				0.01		0.01		0.01		0.01		0.01		0.01

		structure		Mass of the support structure per m^2 (kg/m^2)		5		5		5		5		5		5				5		5		5		5		5		5				5		5		5		5		5		5

		MRADsec		Mass of the Radiator (kg)		21.631		28.392		38.557		49.405		70.987		105.455				15.268		20.04		27.215		34.872		50.106		74.435				13.299		17.455		23.705		30.374		43.642		64.833

		Wstruct		Mass of the support  (kg)		14.239		18.689		25.38		35.644		51.214		76.082				10.05		13.191		17.915		25.159		36.149		53.702				8.754		11.49		15.604		21.914		31.486		46.774

		Wface		Facesheet weight (kg)		7.392		9.703		13.177		13.761		19.773		29.374				5.218		6.849		9.301		9.713		13.956		20.733				4.545		5.965		8.101		8.46		12.156		18.059

		Msect		Mass of one section		152.607		155.816		174.437		172.278		246.778		4.77E+02				107.909		109.791		122.792		121.984		174.355		3.37E+02				94.227		96.126		107.766		105.565		152.246		293.348

		Msyst		Total Mass (kg)		7.63E+02		7.79E+02		8.72E+02		8.61E+02		1.23E+03		2.39E+03				5.40E+02		5.49E+02		6.14E+02		6.10E+02		8.72E+02		1.68E+03				4.71E+02		4.81E+02		5.39E+02		5.28E+02		7.61E+02		1.47E+03

		Spweight		Specific Weight (kg/Wt)		1.346		1.375		1.539		1.52		2.177		4.212				1.349		1.372		1.535		1.525		2.179		4.21				1.352		1.38		1.547		1.515		2.185		4.21
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		700		700		700		700		700		700		700		700



One Section 0.5 m transport

Three Sections 0.5 m transport

Four Sections 0.5 m transport

Five Sections 0.5 m transport

One Section 1.5 m transport

Three Sections 1.5 m transport

Four Sections 1.5 m transport

Five Sections 1.5 m transport

Turbine Exhaust Temperature (K)

Total System Radiator Area (m2)
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HRS based on HPs with Potassium (at 400 kWt and variable transport length)

8.558

12.838

11.411

10.698

8.04

12.06

10.72

10.05

11.32

16.979

15.093

14.149

10.553

15.83

14.071

13.191

15.307

22.961

20.41

19.134

14.332

21.498

19.109

17.915

21.206

31.809

28.274

26.507

19.979

30.191

26.836

25.346

29.411

44.117

39.215

36.764

28.919

43.379

38.559

36.149

42.961

64.442

57.282

53.702

42.961

64.442

57.282

53.702



system mass

		1200		1200		1200		221.821		687.818		557.796		498.239		467.099

		1100		1100		1100		261.92		690.273		573.111		509.432		477.593

		1000		1000		1000		325.136		757.681		646.906		573.717		536.63

		900		900		900		425.741		911.263		795.727		707.313		665.659

		800		800		800		694.876		1314		1141		1014		951.087

		700		700		700		2102		3991		3225		2868		2687



One Section 0.5 m transport

Three Sections 0.5 m transport

Four Sections 0.5 m transport

Five Sections 0.5 m transport

One Section 1.5 m transport

Three Sections 1.5 m transport

Four Sections 1.5 m transport

Five Sections 1.5 m transport

Turbine Exhaust Temperature (K)

Total System Mass (kg)

294.786

268.162

237.488

336.377

314.304

279.381

408.784

387.864

345.79

528.938

510.889

453.041

902.255

833.851

742.275

3054

2522

2243



Single Sided Radiator

				Single Sided Radiator

				Number of HRS Sections		One Section 0.5 m transport						1								One Section 1.5 m transport

						Nb1-Zr 1200K 1 Section		Nb1-Zr 1100K 1 Section		Nb1-Zr 1000K 1 Section		Nb1-Zr 900K 1 Section		Nb1-Zr 800K 1 Section		Nb1-Zr 700K 1 Section				Nb1-Zr 1200K 1 Section		Nb1-Zr 1100K 1 Section		Nb1-Zr 1000K 1 Section		Nb1-Zr 900K 1 Section		Nb1-Zr 800K 1 Section		Nb1-Zr 700K 1 Section

						1200		1100		1000		900		800		700				1200		1100		1000		900		800		700

		Nptot		Number of HPs		354		358		390		464		858		3808				694		650		666		752		1080		3808

		Odhp		Diameter of HP (in)		0.79		0.79		0.79		0.79		0.79		0.79				0.79		0.79		0.79		0.79		0.79		0.79

		Qonehp		Power Transported by one HP (W)		2485		2453		2263		1895		1026		231.113				1268		1356		1321		1170		814.54		231.113

		Qsonic		Sonic Limit (W)		5.84E+04		2.69E+04		1.12E+04		4.00E+03		1.28E+03		2.89E+02				6.91E+04		3.28E+04		1.36E+04		4.86E+03		1.36E+03		288.892

		DThx		DT on the Evaporatro Interface (K)		50		50		46		28		20		4				26		26		26		22		16		4

		Wallhp		HP wall thickness (in)		0.02		0.02		0.02		0.02		0.02		0.02				0.02		0.02		0.02		0.02		0.02		0.02

		Lengthhp		length of the HP (m)		1.44		1.592		1.745		1.872		1.846		1.592				2.186		2.287		2.389		2.491		2.491		2.313

		Lcon		L condenser (m)		0.483		0.635		0.787		0.914		0.889		0.635				0.229		0.33		0.432		0.533		0.533		0.356

		QL		Specific performanc of HP		2160		2281		2271		2008		1423		619.761				2120		2261		2289		2080		1459		619.761

		Hpsystem		HP total weight (kg)		2.33E+02		2.55E+02		2.99E+02		376.691		6.91E+02		2.75E+03				630.093		614.507		654.786		767.822		1106		3.68E+03

		Whp		Weight of HP Structure (kg)		0.424		0.469		0.514		0.551		0.544		0.469				0.644		0.674		0.704		0.734		0.734		0.681

		fluid		Weight of fluid (kg)		0.057		0.066		0.075		0.083		0.084		0.074				0.086		0.094		0.102		0.11		0.113		0.108

		Whx		Weight of the Evaporator saddle (kg)		0.177		0.177		0.177		0.177		0.177		0.177				0.177		0.177		0.177		0.177		0.177		0.177

				HP Material		Nb1-Zr		Nb1-Zr		Nb1-Zr		Nb1-Zr		Nb1-Zr		Nb1-Zr				Nb1-Zr		Nb1-Zr		Nb1-Zr		Nb1-Zr		Nb1-Zr		Nb1-Zr

		HP		Weight of one HP		0.659		0.713		0.766		0.812		0.805		0.721				0.908		0.945		0.983		1.021		1.025		0.967

		ARADtot		Radiator Area (m^2)		8.558		11.32		15.307		21.206		29.411		42.961				8.04		10.553		14.332		19.979		28.919		42.961

		FACEt		Facesheet thickness (in)		0.01		0.01		0.01		0.01		0.01		0.01				0.01		0.01		0.01		0.01		0.01		0.01

		structure		Mass of the support structure per m^2 (kg/m^2)		5		5		5		5		5		5				5		5		5		5		5		5

		MRADtot		Mass of the Radiator (kg)		61.445		81.269		109.9		152.247		211.158		308.441				57.725		75.766		102.894		143.442		207.626		308.441

		Wstruct		Mass of the support  (kg)		42.792		56.598		76.537		106.029		147.056		214.806				40.201		52.765		71.658		99.896		144.596		214.806

		Wface		Facesheet weight (kg)		18.653		24.671		33.363		46.218		64.102		93.635				17.524		23.001		31.236		43.545		63.03		93.635

		Msect		Mass of one section		2.95E+02		3.36E+02		4.09E+02		5.29E+02		9.02E+02		3.05E+03				6.88E+02		6.90E+02		7.58E+02		9.11E+02		1.31E+03		3.99E+03

		Msyst		Total Mass (kg)		2.95E+02		3.36E+02		4.09E+02		5.29E+02		9.02E+02		3.05E+03				6.88E+02		6.90E+02		7.58E+02		9.11E+02		1.31E+03		3.99E+03

		Spweight		Specific Weight (kg/Wt)		0.737		0.841		1.022		1.322		2.256		7.635				1.72		1.726		1.894		2.278		3.285		9.997

				Single Sided Radiator

				Number of HRS Sections		Three Sections 0.5 m transport														Three Sections 1.5 m transport

						Nb1-Zr 1200K 3 Section		Nb1-Zr 1100K 3 Section		Nb1-Zr 1000K 3 Section		Nb1-Zr 900K 3 Section		Nb1-Zr 800K 3 Section		Nb1-Zr 700K 3 Section				Nb1-Zr 1200K 3 Sections		Nb1-Zr 1100K 3 Sections		Nb1-Zr 1000K 3 Section		Nb1-Zr 900K 3 Section		Nb1-Zr 800K 3 Section		Nb1-Zr 700K 3 Section

						1200		1100		1000		900		800		700				1200		1100		1000		900		800		700

		Hptot		Number of HPs		267		270		291		348		642		2856				519		486		501		567		810		2856

		Odhp		Diameter of HP (in)		0.79		0.79		0.79		0.79		0.79		0.79				0.79		0.79		0.79		0.79		0.79		0.79

		Qonehp		Power Transported by one HP (W)		2485		2453		2263		1895		1026		231.113				1268		1356		1321		1164		814.54		231.113

		Qsonic		Sonic Limit (W)		5.84E+04		2.69E+04		1.12E+04		4.00E+03		1.28E+03		2.89E+02				6.91E+04		3.28E+04		1.36E+04		4.75E+03		1.36E+03		288.892

		DThx		DT on the Evaporatro Interface (K)		50		50		46		28		20		4				26		26		26		24		16		4

		Wallhp		HP wall thickness (in)		0.02		0.02		0.02		0.02		0.02		0.02				0.02		0.02		0.02		0.02		0.02		0.02

		Lengthhp		length of the HP (m)		1.44		1.592		1.745		1.872		1.846		1.592				2.186		2.287		2.389		2.491		2.491		2.313

		Lcon		L condenser (m)		0.483		0.635		0.787		0.914		0.889		0.635				0.229		0.33		0.432		0.533		0.533		0.356

		QL		Specific performanc of HP		2160		2281		2271		2008		1423		619.761				2120		2261		2289		2072		1459		619.761

		Hpsystem		HP total weight (kg)		175.994		192.4		223.014		282.518		5.17E+02		2059				471.208		459.462		492.564		578.972		829.865		2.76E+03

		Whp		Weight of HP Structure (kg)		0.424		0.469		0.514		0.551		0.544		0.469				0.644		0.674		0.704		0.734		0.734		0.681

		fluid		Weight of fluid (kg)		0.057		0.066		0.075		0.083		0.084		0.074				0.086		0.094		0.102		0.11		0.113		0.108

		Whx		Weight of the Evaporator saddle (kg)		0.177		0.713		0.177		0.177		0.177		0.177				0.177		0.177		0.177		0.177		0.177		0.177

				HP Material		Nb1-Zr		Nb1-Zr		Nb1-Zr		Nb1-Zr		Nb1-Zr		Nb1-Zr				Nb1-Zr		Nb1-Zr		Nb1-Zr		Nb1-Zr		Nb1-Zr		Nb1-Zr

		HP		Weight of one HP		0.659		0.713		0.766		0.812		0.805		0.721				0.908		0.945		0.983		1.021		1.025		0.967

		ARADtot		Radiator Area (m^2)		12.838		16.979		22.961		31.809		44.117		64.442				12.06		15.83		21.498		30.191		43.379		64.442

		FACEt		Facesheet thickness (in)		0.01		0.01		0.01		0.01		0.01		0.01				0.01		0.01		0.01		0.01		0.01		0.01

		structure		Mass of the support structure per m^2 (kg/m^2)		5		5		5		5		5		5				5		5		5		5		5		5

		MRADtot		Mass of the Radiator (kg)		92.168		121.904		164.85		228.371		316.737		462.662				28.863		113.649		154.342		216.755		311.44		462.662

		Wstruct		Mass of the support  (kg)		21.396		28.299		38.269		53.014		73.528		107.403				20.101		26.383		35.829		50.318		72.298		107.403

		Wface		Facesheet weight (kg)		9.327		12.336		16.681		23.109		32.051		46.817				8.762		11.5		15.618		21.934		31.515		46.817

		Msect		Mass of one section		89.387		104.768		129.288		170.296		2.78E+02		8.41E+02				185.932		191.037		215.635		265.242		380.435		1.08E+03

		Msyst		Total Mass (kg)		2.68E+02		3.14E+02		3.88E+02		5.11E+02		8.34E+02		2.52E+03				5.58E+02		5.73E+02		6.47E+02		7.96E+02		1.14E+03		3.23E+03

		Spweight		Specific Weight (kg/Wt)		0.67		0.786		0.97		1.277		2.085		6.305				1.394		1.433		1.617		1.989		2.853		8.061

				Single Sided Radiator

				Number of HRS Sections		Four Sections 0.5 m transport														Four Sections 1.5 m transport

						Nb1-Zr 1200K 4 Section		Nb1-Zr 1100K 4 Section		Nb1-Zr 1000K 4 Section		Nb1-Zr 900K 4 Section		Nb1-Zr 800K 4 Section		Nb1-Zr 700K 4 Section				Nb1-Zr 1200K 4 Sections		Nb1-Zr 1100K 4 Sections		Nb1-Zr 1000K 4 Section		Nb1-Zr 900K 4 Section		Nb1-Zr 800K 4 Section		Nb1-Zr 700K 4 Section

						1200		1100		1000		900		800		700				1200		1100		1000		900		800		700

		Hptot		Number of HPs		236		240		260		308		572		2540				464		432		444		504		720		2540

		Odhp		Diameter of HP (in)		0.79		0.79		0.79		0.79		0.79		0.79				0.79		0.79		0.79		0.79		0.79		0.79

		Qonehp		Power Transported by one HP (W)		2485		2453		2263		1895		1026		231.113				1268		1356		1321		1164		814.54		231.113

		Qsonic		Sonic Limit (W)		5.84E+04		2.69E+04		1.12E+04		4.00E+03		1.28E+03		2.89E+02				6.91E+04		3.28E+04		1.36E+04		4.75E+03		1.36E+03		288.892

		DThx		DT on the Evaporatro Interface (K)		50		50		46		28		20		4				26		26		26		24		16		4

		Wallhp		HP wall thickness (in)		0.02		0.02		0.02		0.02		0.02		0.02				0.02		0.02		0.02		0.02		0.02		0.02

		Lengthhp		length of the HP (m)		1.44		1.592		1.745		1.872		1.846		2.313				2.186		2.287		2.389		2.491		2.491		2.313

		Lcon		L condenser (m)		0.483		0.635		0.787		0.914		0.889		0.356				0.229		0.33		0.432		0.533		0.533		0.356

		QL		Specific performanc of HP		2160		2281		2271		2008		1423		619.761				2120		2261		2289		2072		1459		619.761

		Hpsystem		HP total weight (kg)		155.561		171.022		199.256		250.045		460.732		1.83E+03				421.272		408.411		436.524		514.642		737.658		2456

		Whp		Weight of HP Structure (kg)		0.424		0.469		0.514		0.551		0.544		0.469				0.644		0.674		0.704		0.734		0.734		0.681

		fluid		Weight of fluid (kg)		0.057		0.066		0.075		0.083		0.084		0.074				0.086		0.094		0.102		0.11		0.113		0.108

		Whx		Weight of the Evaporator saddle (kg)		0.177		0.177		0.177		0.177		0.177		0.177				0.177		0.177		0.177		0.177		0.177		0.177

				HP Material		Nb1-Zr		Nb1-Zr		Nb1-Zr		Nb1-Zr		Nb1-Zr		Nb1-Zr				Nb1-Zr		Nb1-Zr		Nb1-Zr		Nb1-Zr		Nb1-Zr		Nb1-Zr

		HP		Weight of one HP		0.659		0.713		0.766		0.812		0.805		0.721				0.908		0.945		0.983		1.021		1.025		0.967

		ARADtot		Radiator Area (m^2)		11.411		15.093		20.41		28.274		39.215		57.282				10.72		14.071		19.109		26.836		38.559		57.282

		FACEt		Facesheet thickness (in)		0.01		0.01		0.01		0.01		0.01		0.01				0.01		0.01		0.01		0.01		0.01		0.01

		structure		Mass of the support structure per m^2 (kg/m^2)		5		5		5		5		5		5				5		5		5		5		5		5

		MRADtot		Mass of the Radiator (kg)		81.927		108.359		146.533		202.996		281.544		411.255				76.967		101.021		137.193		192.672		276.835		411.255

		Wstruct		Mass of the support  (kg)		14.264		18.866		25.512		35.343		49.019		71.602				13.4		17.588		23.886		33.545		48.199		71.602

		Wface		Facesheet weight (kg)		6.218		8.224		11.121		15.406		21.367		31.212				5.841		7.667		10.412		14.623		21.01		31.212

		Msect		Mass of one section		59.372		69.845		86.447		113.26		185.569		5.61E+02				124.56		127.358		143.429		176.828		253.623		7.16E+02

		Msyst		Total Mass (kg)		2.37E+02		2.79E+02		3.46E+02		4.53E+02		7.42E+02		2.24E+03				4.98E+02		5.09E+02		5.74E+02		7.07E+02		1.01E+03		2.87E+03

		Spweight		Specific Weight (kg/Wt)		0.594		0.698		0.864		1.133		1.856		5.607				1.246		1.274		1.434		1.768		2.536		7.169

				Single Sided Radiator

				Number of HRS Sections		Five Sections 0.5 m transport														Five Sections 1.5 m transport

						Nb1-Zr 1200K 5 Section		Nb1-Zr 1100K 5 Section		Nb1-Zr 1000K 5 Section		Nb1-Zr 900K 5 Section		Nb1-Zr 800K 5 Section		Nb1-Zr 700K 5 Section				Nb1-Zr 1200K 5 Sections		Nb1-Zr 1100K 5 Sections		Nb1-Zr 1000K 5 Section		Nb1-Zr 900K 5 Section		Nb1-Zr 800K 5 Section		Nb1-Zr 700K 5 Section

						1200		1100		1000		900		800		700				1200		1100		1000		900		800		700

		Hptot		Number of HPs		220		225		245		290		535		2380				435		405		415		475		675		2380

		Odhp		Diameter of HP (in)		0.79		0.79		0.79		0.79		0.79		0.79				0.79		0.79		0.79		0.79		0.79		0.79

		Qonehp		Power Transported by one HP (W)		2485		2453		2263		1895		1026		231.113				1268		1356		1321		1164		814.54		231.113

		Qsonic		Sonic Limit (W)		5.82E+04		2.69E+04		1.12E+04		4.00E+03		1.28E+03		2.89E+02				6.91E+04		3.28E+04		1.36E+04		4.75E+03		1.36E+03		288.892

		DThx		DT on the Evaporatro Interface (K)		50		50		46		28		20		4				26		26		26		24		16		4

		Wallhp		HP wall thickness (in)		0.02		0.02		0.02		0.02		0.02		0.02				0.02		0.02		0.02		0.02		0.02		0.02

		Lengthhp		length of the HP (m)		1.44		1.592		1.745		1.872		1.846		2.313				2.186		2.287		2.389		2.491		2.491		2.313

		Lcon		L condenser (m)		0.483		0.635		0.787		0.914		0.889		0.356				0.229		0.33		0.432		0.533		0.533		0.356

		QL		Specific performanc of HP		2160		2281		2271		2008		1423		619.761				2120		2261		2289		2072		1459		619.761

		Hpsystem		HP total weight (kg)		1.45E+02		1.60E+02		1.88E+02		2.35E+02		4.31E+02		1.72E+03				394.943		382.885		408.012		485.065		691.554		2302

		Whp		Weight of HP Structure (kg)		0.424		0.469		0.514		0.551		0.544		0.469				0.644		0.674		0.704		0.734		0.734		0.681

		fluid		Weight of fluid (kg)		0.057		0.066		0.075		0.083		0.084		0.074				0.086		0.094		0.102		0.11		0.113		0.108

		Whx		Weight of the Evaporator saddle (kg)		0.177		0.177		0.177		0.177		0.177		0.177				0.177		0.177		0.177		0.177		0.177		0.177

				HP Material		Nb1-Zr		Nb1-Zr		Nb1-Zr		Nb1-Zr		Nb1-Zr		Nb1-Zr				Nb1-Zr		Nb1-Zr		Nb1-Zr		Nb1-Zr		Nb1-Zr		Nb1-Zr

		HP		Weight of one HP		0.659		0.713		0.766		0.812		0.805		0.721				0.908		0.945		0.983		1.021		1.025		0.967

		ARADtot		Radiator Area (m^2)		10.698		14.149		19.134		26.507		36.764		53.702				10.05		13.191		17.915		25.346		36.149		53.702

		FACEt		Facesheet thickness (in)		0.01		0.01		0.01		0.01		0.01		0.01				0.01		0.01		0.01		0.01		0.01		0.01

		structure		Mass of the support structure per m^2 (kg/m^2)		5		5		5		5		5		5				5		5		5		5		5		5

		MRADtot		Mass of the Radiator (kg)		76.807		101.586		137.375		190.309		263.947		385.552				72.157		94.707		128.618		180.63		259.533		385.552

		Wstruct		Mass of the support  (kg)		10.698		14.149		19.134		26.507		36.764		53.702				10.05		13.191		17.915		25.159		36.149		53.702

		Wface		Facesheet weight (kg)		4.663		6.168		8.341		11.555		16.026		23.409				4.381		5.75		7.809		10.967		15.758		23.409

		Msect		Mass of one section		44.364		52.384		65.027		85.148		138.975		4.20E+02				93.42		95.519		107.326		133.132		190.217		5.37E+02

		Msyst		Total Mass (kg)		2.22E+02		2.62E+02		3.25E+02		4.26E+02		6.95E+02		2.10E+03				4.67E+02		4.78E+02		5.37E+02		6.66E+02		9.51E+02		2.69E+03

		Spweight		Specific Weight (kg/Wt)		0.555		0.655		0.813		1.064		1.737		5.254				1.168		1.194		1.342		1.664		2.378		6.781
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		1200		1200		1200		1200		1200		1200		1200		1200

		1100		1100		1100		1100		1100		1100		1100		1100

		1000		1000		1000		1000		1000		1000		1000		1000

		900		900		900		900		900		900		900		900

		800		800		800		800		800		800		800		800

		700		700		700		700		700		700		700		700



One Section 0.5 m transport

Three Sections 0.5 m transport

Four Sections 0.5 m transport

Five Sections 0.5 m transport

One Section 1.5 m transport

Three Sections 1.5 m transport

Four Sections 1.5 m transport

Five Sections 1.5 m transport
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system mass

		1200		1200		1200		221.821		687.818		557.796		498.239		467.099

		1100		1100		1100		261.92		690.273		573.111		509.432		477.593

		1000		1000		1000		325.136		757.681		646.906		573.717		536.63

		900		900		900		425.741		911.263		795.727		707.313		665.659

		800		800		800		694.876		1314		1141		1014		951.087

		700		700		700		2102		3991		3225		2868		2687



One Section 0.5 m transport

Three Sections 0.5 m transport

Four Sections 0.5 m transport

Five Sections 0.5 m transport

One Section 1.5 m transport

Three Sections 1.5 m transport

Four Sections 1.5 m transport

Five Sections 1.5 m transport

Turbine Exhaust Temperature (K)

Total System Mass (kg)

Total System Mass Including Redundancy
HRS based on HPs with Potassium (at 400 kWt and variable transport length)

294.786

268.162

237.488

336.377

314.304

279.381

408.784

387.864

345.79

528.938

510.889

453.041

902.255

833.851

742.275

3054

2522

2243



Single Sided Radiator

				Single Sided Radiator

				Number of HRS Sections		One Section 0.5 m transport						1								One Section 1.5 m transport

						Nb1-Zr 1200K 1 Section		Nb1-Zr 1100K 1 Section		Nb1-Zr 1000K 1 Section		Nb1-Zr 900K 1 Section		Nb1-Zr 800K 1 Section		Nb1-Zr 700K 1 Section				Nb1-Zr 1200K 1 Section		Nb1-Zr 1100K 1 Section		Nb1-Zr 1000K 1 Section		Nb1-Zr 900K 1 Section		Nb1-Zr 800K 1 Section		Nb1-Zr 700K 1 Section

						1200		1100		1000		900		800		700				1200		1100		1000		900		800		700

		Nptot		Number of HPs		354		358		390		464		858		3808				694		650		666		752		1080		3808

		Odhp		Diameter of HP (in)		0.79		0.79		0.79		0.79		0.79		0.79				0.79		0.79		0.79		0.79		0.79		0.79

		Qonehp		Power Transported by one HP (W)		2485		2453		2263		1895		1026		231.113				1268		1356		1321		1170		814.54		231.113

		Qsonic		Sonic Limit (W)		5.84E+04		2.69E+04		1.12E+04		4.00E+03		1.28E+03		2.89E+02				6.91E+04		3.28E+04		1.36E+04		4.86E+03		1.36E+03		288.892

		DThx		DT on the Evaporatro Interface (K)		50		50		46		28		20		4				26		26		26		22		16		4

		Wallhp		HP wall thickness (in)		0.02		0.02		0.02		0.02		0.02		0.02				0.02		0.02		0.02		0.02		0.02		0.02

		Lengthhp		length of the HP (m)		1.44		1.592		1.745		1.872		1.846		1.592				2.186		2.287		2.389		2.491		2.491		2.313

		Lcon		L condenser (m)		0.483		0.635		0.787		0.914		0.889		0.635				0.229		0.33		0.432		0.533		0.533		0.356

		QL		Specific performanc of HP		2160		2281		2271		2008		1423		619.761				2120		2261		2289		2080		1459		619.761

		Hpsystem		HP total weight (kg)		2.33E+02		2.55E+02		2.99E+02		376.691		6.91E+02		2.75E+03				630.093		614.507		654.786		767.822		1106		3.68E+03

		Whp		Weight of HP Structure (kg)		0.424		0.469		0.514		0.551		0.544		0.469				0.644		0.674		0.704		0.734		0.734		0.681

		fluid		Weight of fluid (kg)		0.057		0.066		0.075		0.083		0.084		0.074				0.086		0.094		0.102		0.11		0.113		0.108

		Whx		Weight of the Evaporator saddle (kg)		0.177		0.177		0.177		0.177		0.177		0.177				0.177		0.177		0.177		0.177		0.177		0.177

				HP Material		Nb1-Zr		Nb1-Zr		Nb1-Zr		Nb1-Zr		Nb1-Zr		Nb1-Zr				Nb1-Zr		Nb1-Zr		Nb1-Zr		Nb1-Zr		Nb1-Zr		Nb1-Zr

		HP		Weight of one HP		0.659		0.713		0.766		0.812		0.805		0.721				0.908		0.945		0.983		1.021		1.025		0.967

		ARADtot		Radiator Area (m^2)		8.558		11.32		15.307		21.206		29.411		42.961				8.04		10.553		14.332		19.979		28.919		42.961

		FACEt		Facesheet thickness (in)		0.01		0.01		0.01		0.01		0.01		0.01				0.01		0.01		0.01		0.01		0.01		0.01

		structure		Mass of the support structure per m^2 (kg/m^2)		5		5		5		5		5		5				5		5		5		5		5		5

		MRADtot		Mass of the Radiator (kg)		61.445		81.269		109.9		152.247		211.158		308.441				57.725		75.766		102.894		143.442		207.626		308.441

		Wstruct		Mass of the support  (kg)		42.792		56.598		76.537		106.029		147.056		214.806				40.201		52.765		71.658		99.896		144.596		214.806

		Wface		Facesheet weight (kg)		18.653		24.671		33.363		46.218		64.102		93.635				17.524		23.001		31.236		43.545		63.03		93.635

		Msect		Mass of one section		2.95E+02		3.36E+02		4.09E+02		5.29E+02		9.02E+02		3.05E+03				6.88E+02		6.90E+02		7.58E+02		9.11E+02		1.31E+03		3.99E+03

		Msyst		Total Mass (kg)		2.95E+02		3.36E+02		4.09E+02		5.29E+02		9.02E+02		3.05E+03				6.88E+02		6.90E+02		7.58E+02		9.11E+02		1.31E+03		3.99E+03

		Spweight		Specific Weight (kg/Wt)		0.737		0.841		1.022		1.322		2.256		7.635				1.72		1.726		1.894		2.278		3.285		9.997

				Single Sided Radiator

				Number of HRS Sections		Three Sections 0.5 m transport														Three Sections 1.5 m transport

						Nb1-Zr 1200K 3 Section		Nb1-Zr 1100K 3 Section		Nb1-Zr 1000K 3 Section		Nb1-Zr 900K 3 Section		Nb1-Zr 800K 3 Section		Nb1-Zr 700K 3 Section				Nb1-Zr 1200K 3 Sections		Nb1-Zr 1100K 3 Sections		Nb1-Zr 1000K 3 Section		Nb1-Zr 900K 3 Section		Nb1-Zr 800K 3 Section		Nb1-Zr 700K 3 Section

						1200		1100		1000		900		800		700				1200		1100		1000		900		800		700

		Hptot		Number of HPs		267		270		291		348		642		2856				519		486		501		567		810		2856

		Odhp		Diameter of HP (in)		0.79		0.79		0.79		0.79		0.79		0.79				0.79		0.79		0.79		0.79		0.79		0.79

		Qonehp		Power Transported by one HP (W)		2485		2453		2263		1895		1026		231.113				1268		1356		1321		1164		814.54		231.113

		Qsonic		Sonic Limit (W)		5.84E+04		2.69E+04		1.12E+04		4.00E+03		1.28E+03		2.89E+02				6.91E+04		3.28E+04		1.36E+04		4.75E+03		1.36E+03		288.892

		DThx		DT on the Evaporatro Interface (K)		50		50		46		28		20		4				26		26		26		24		16		4

		Wallhp		HP wall thickness (in)		0.02		0.02		0.02		0.02		0.02		0.02				0.02		0.02		0.02		0.02		0.02		0.02

		Lengthhp		length of the HP (m)		1.44		1.592		1.745		1.872		1.846		1.592				2.186		2.287		2.389		2.491		2.491		2.313

		Lcon		L condenser (m)		0.483		0.635		0.787		0.914		0.889		0.635				0.229		0.33		0.432		0.533		0.533		0.356

		QL		Specific performanc of HP		2160		2281		2271		2008		1423		619.761				2120		2261		2289		2072		1459		619.761

		Hpsystem		HP total weight (kg)		175.994		192.4		223.014		282.518		5.17E+02		2059				471.208		459.462		492.564		578.972		829.865		2.76E+03

		Whp		Weight of HP Structure (kg)		0.424		0.469		0.514		0.551		0.544		0.469				0.644		0.674		0.704		0.734		0.734		0.681

		fluid		Weight of fluid (kg)		0.057		0.066		0.075		0.083		0.084		0.074				0.086		0.094		0.102		0.11		0.113		0.108

		Whx		Weight of the Evaporator saddle (kg)		0.177		0.713		0.177		0.177		0.177		0.177				0.177		0.177		0.177		0.177		0.177		0.177

				HP Material		Nb1-Zr		Nb1-Zr		Nb1-Zr		Nb1-Zr		Nb1-Zr		Nb1-Zr				Nb1-Zr		Nb1-Zr		Nb1-Zr		Nb1-Zr		Nb1-Zr		Nb1-Zr

		HP		Weight of one HP		0.659		0.713		0.766		0.812		0.805		0.721				0.908		0.945		0.983		1.021		1.025		0.967

		ARADtot		Radiator Area (m^2)		12.838		16.979		22.961		31.809		44.117		64.442				12.06		15.83		21.498		30.191		43.379		64.442

		FACEt		Facesheet thickness (in)		0.01		0.01		0.01		0.01		0.01		0.01				0.01		0.01		0.01		0.01		0.01		0.01

		structure		Mass of the support structure per m^2 (kg/m^2)		5		5		5		5		5		5				5		5		5		5		5		5

		MRADtot		Mass of the Radiator (kg)		92.168		121.904		164.85		228.371		316.737		462.662				28.863		113.649		154.342		216.755		311.44		462.662

		Wstruct		Mass of the support  (kg)		21.396		28.299		38.269		53.014		73.528		107.403				20.101		26.383		35.829		50.318		72.298		107.403

		Wface		Facesheet weight (kg)		9.327		12.336		16.681		23.109		32.051		46.817				8.762		11.5		15.618		21.934		31.515		46.817

		Msect		Mass of one section		89.387		104.768		129.288		170.296		2.78E+02		8.41E+02				185.932		191.037		215.635		265.242		380.435		1.08E+03

		Msyst		Total Mass (kg)		2.68E+02		3.14E+02		3.88E+02		5.11E+02		8.34E+02		2.52E+03				5.58E+02		5.73E+02		6.47E+02		7.96E+02		1.14E+03		3.23E+03

		Spweight		Specific Weight (kg/Wt)		0.67		0.786		0.97		1.277		2.085		6.305				1.394		1.433		1.617		1.989		2.853		8.061

				Single Sided Radiator

				Number of HRS Sections		Four Sections 0.5 m transport														Four Sections 1.5 m transport

						Nb1-Zr 1200K 4 Section		Nb1-Zr 1100K 4 Section		Nb1-Zr 1000K 4 Section		Nb1-Zr 900K 4 Section		Nb1-Zr 800K 4 Section		Nb1-Zr 700K 4 Section				Nb1-Zr 1200K 4 Sections		Nb1-Zr 1100K 4 Sections		Nb1-Zr 1000K 4 Section		Nb1-Zr 900K 4 Section		Nb1-Zr 800K 4 Section		Nb1-Zr 700K 4 Section

						1200		1100		1000		900		800		700				1200		1100		1000		900		800		700

		Hptot		Number of HPs		236		240		260		308		572		2540				464		432		444		504		720		2540

		Odhp		Diameter of HP (in)		0.79		0.79		0.79		0.79		0.79		0.79				0.79		0.79		0.79		0.79		0.79		0.79

		Qonehp		Power Transported by one HP (W)		2485		2453		2263		1895		1026		231.113				1268		1356		1321		1164		814.54		231.113

		Qsonic		Sonic Limit (W)		5.84E+04		2.69E+04		1.12E+04		4.00E+03		1.28E+03		2.89E+02				6.91E+04		3.28E+04		1.36E+04		4.75E+03		1.36E+03		288.892

		DThx		DT on the Evaporatro Interface (K)		50		50		46		28		20		4				26		26		26		24		16		4

		Wallhp		HP wall thickness (in)		0.02		0.02		0.02		0.02		0.02		0.02				0.02		0.02		0.02		0.02		0.02		0.02

		Lengthhp		length of the HP (m)		1.44		1.592		1.745		1.872		1.846		2.313				2.186		2.287		2.389		2.491		2.491		2.313

		Lcon		L condenser (m)		0.483		0.635		0.787		0.914		0.889		0.356				0.229		0.33		0.432		0.533		0.533		0.356

		QL		Specific performanc of HP		2160		2281		2271		2008		1423		619.761				2120		2261		2289		2072		1459		619.761

		Hpsystem		HP total weight (kg)		155.561		171.022		199.256		250.045		460.732		1.83E+03				421.272		408.411		436.524		514.642		737.658		2456

		Whp		Weight of HP Structure (kg)		0.424		0.469		0.514		0.551		0.544		0.469				0.644		0.674		0.704		0.734		0.734		0.681

		fluid		Weight of fluid (kg)		0.057		0.066		0.075		0.083		0.084		0.074				0.086		0.094		0.102		0.11		0.113		0.108

		Whx		Weight of the Evaporator saddle (kg)		0.177		0.177		0.177		0.177		0.177		0.177				0.177		0.177		0.177		0.177		0.177		0.177

				HP Material		Nb1-Zr		Nb1-Zr		Nb1-Zr		Nb1-Zr		Nb1-Zr		Nb1-Zr				Nb1-Zr		Nb1-Zr		Nb1-Zr		Nb1-Zr		Nb1-Zr		Nb1-Zr

		HP		Weight of one HP		0.659		0.713		0.766		0.812		0.805		0.721				0.908		0.945		0.983		1.021		1.025		0.967

		ARADtot		Radiator Area (m^2)		11.411		15.093		20.41		28.274		39.215		57.282				10.72		14.071		19.109		26.836		38.559		57.282

		FACEt		Facesheet thickness (in)		0.01		0.01		0.01		0.01		0.01		0.01				0.01		0.01		0.01		0.01		0.01		0.01

		structure		Mass of the support structure per m^2 (kg/m^2)		5		5		5		5		5		5				5		5		5		5		5		5

		MRADtot		Mass of the Radiator (kg)		81.927		108.359		146.533		202.996		281.544		411.255				76.967		101.021		137.193		192.672		276.835		411.255

		Wstruct		Mass of the support  (kg)		14.264		18.866		25.512		35.343		49.019		71.602				13.4		17.588		23.886		33.545		48.199		71.602

		Wface		Facesheet weight (kg)		6.218		8.224		11.121		15.406		21.367		31.212				5.841		7.667		10.412		14.623		21.01		31.212

		Msect		Mass of one section		59.372		69.845		86.447		113.26		185.569		5.61E+02				124.56		127.358		143.429		176.828		253.623		7.16E+02

		Msyst		Total Mass (kg)		2.37E+02		2.79E+02		3.46E+02		4.53E+02		7.42E+02		2.24E+03				4.98E+02		5.09E+02		5.74E+02		7.07E+02		1.01E+03		2.87E+03

		Spweight		Specific Weight (kg/Wt)		0.594		0.698		0.864		1.133		1.856		5.607				1.246		1.274		1.434		1.768		2.536		7.169

				Single Sided Radiator

				Number of HRS Sections		Five Sections 0.5 m transport														Five Sections 1.5 m transport

						Nb1-Zr 1200K 5 Section		Nb1-Zr 1100K 5 Section		Nb1-Zr 1000K 5 Section		Nb1-Zr 900K 5 Section		Nb1-Zr 800K 5 Section		Nb1-Zr 700K 5 Section				Nb1-Zr 1200K 5 Sections		Nb1-Zr 1100K 5 Sections		Nb1-Zr 1000K 5 Section		Nb1-Zr 900K 5 Section		Nb1-Zr 800K 5 Section		Nb1-Zr 700K 5 Section

						1200		1100		1000		900		800		700				1200		1100		1000		900		800		700

		Hptot		Number of HPs		220		225		245		290		535		2380				435		405		415		475		675		2380

		Odhp		Diameter of HP (in)		0.79		0.79		0.79		0.79		0.79		0.79				0.79		0.79		0.79		0.79		0.79		0.79

		Qonehp		Power Transported by one HP (W)		2485		2453		2263		1895		1026		231.113				1268		1356		1321		1164		814.54		231.113

		Qsonic		Sonic Limit (W)		5.82E+04		2.69E+04		1.12E+04		4.00E+03		1.28E+03		2.89E+02				6.91E+04		3.28E+04		1.36E+04		4.75E+03		1.36E+03		288.892

		DThx		DT on the Evaporatro Interface (K)		50		50		46		28		20		4				26		26		26		24		16		4

		Wallhp		HP wall thickness (in)		0.02		0.02		0.02		0.02		0.02		0.02				0.02		0.02		0.02		0.02		0.02		0.02

		Lengthhp		length of the HP (m)		1.44		1.592		1.745		1.872		1.846		2.313				2.186		2.287		2.389		2.491		2.491		2.313

		Lcon		L condenser (m)		0.483		0.635		0.787		0.914		0.889		0.356				0.229		0.33		0.432		0.533		0.533		0.356

		QL		Specific performanc of HP		2160		2281		2271		2008		1423		619.761				2120		2261		2289		2072		1459		619.761

		Hpsystem		HP total weight (kg)		1.45E+02		1.60E+02		1.88E+02		2.35E+02		4.31E+02		1.72E+03				394.943		382.885		408.012		485.065		691.554		2302

		Whp		Weight of HP Structure (kg)		0.424		0.469		0.514		0.551		0.544		0.469				0.644		0.674		0.704		0.734		0.734		0.681

		fluid		Weight of fluid (kg)		0.057		0.066		0.075		0.083		0.084		0.074				0.086		0.094		0.102		0.11		0.113		0.108

		Whx		Weight of the Evaporator saddle (kg)		0.177		0.177		0.177		0.177		0.177		0.177				0.177		0.177		0.177		0.177		0.177		0.177

				HP Material		Nb1-Zr		Nb1-Zr		Nb1-Zr		Nb1-Zr		Nb1-Zr		Nb1-Zr				Nb1-Zr		Nb1-Zr		Nb1-Zr		Nb1-Zr		Nb1-Zr		Nb1-Zr

		HP		Weight of one HP		0.659		0.713		0.766		0.812		0.805		0.721				0.908		0.945		0.983		1.021		1.025		0.967

		ARADtot		Radiator Area (m^2)		10.698		14.149		19.134		26.507		36.764		53.702				10.05		13.191		17.915		25.346		36.149		53.702

		FACEt		Facesheet thickness (in)		0.01		0.01		0.01		0.01		0.01		0.01				0.01		0.01		0.01		0.01		0.01		0.01

		structure		Mass of the support structure per m^2 (kg/m^2)		5		5		5		5		5		5				5		5		5		5		5		5

		MRADtot		Mass of the Radiator (kg)		76.807		101.586		137.375		190.309		263.947		385.552				72.157		94.707		128.618		180.63		259.533		385.552

		Wstruct		Mass of the support  (kg)		10.698		14.149		19.134		26.507		36.764		53.702				10.05		13.191		17.915		25.159		36.149		53.702

		Wface		Facesheet weight (kg)		4.663		6.168		8.341		11.555		16.026		23.409				4.381		5.75		7.809		10.967		15.758		23.409

		Msect		Mass of one section		44.364		52.384		65.027		85.148		138.975		4.20E+02				93.42		95.519		107.326		133.132		190.217		5.37E+02

		Msyst		Total Mass (kg)		2.22E+02		2.62E+02		3.25E+02		4.26E+02		6.95E+02		2.10E+03				4.67E+02		4.78E+02		5.37E+02		6.66E+02		9.51E+02		2.69E+03

		Spweight		Specific Weight (kg/Wt)		0.555		0.655		0.813		1.064		1.737		5.254				1.168		1.194		1.342		1.664		2.378		6.781
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