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ABSTRACT 

Calculations were performed to determine the mass of a 
space-based platform as a function of the maximum-allowed 
operating temperature of the electrical equipment within the 
platform payload. Two computer programs were used in conjunction 
to perform these calculations. The first program was used to 
determine the mass of the platform reactor, shield, and power 
conversion system. The second program was used to determine the 
mass of the main and secondary radiators of the platform. The 
main radiator removes the waste heat associated with the power 
conversion system and the secondary radiator removes the waste 
heat associated with the platform payload. These calculations 
were performed for both Brayton and Rankine cycle platforms with 
two different types of payload cooling systems: a pumped-loop 
system (a heat exchanger with a liquid coolant) and a 
refrigerator system. The results indicate that increases in the 
maximum-allowed payload temperature offer significant platform 
mass savings for both the Brayton and Rankine cycle platforms 
with either the pumped-loop or refrigerator payload cooling 
systems. Therefore, with respect to platform mass, the 
development of high temperature electrical equipment would be 
advantageous. 





CONTENTS 

page 

ABSTRACT ............................................... i 

1.0 INTRODUCTION ........................................... 1 

2.0 APPROACH AND ASSUMPTIONS ............................... 3 

3.0 BRAYTON CYCLE PLATFORM RESULTS ......................... 10 

3.1 Pumped-Loop Payload Cooling System ................. 10 
3.2 Payload Refrigerator ............................... 17 

4.0 RANKINE CYCLE PLATFORM RESULTS ......................... 20 

4.1 Pumped-Loop Payload Cooling System ................. 20 
4.2 Payload Refrigerator ............................... 27 

5.0 SUMMARY AND CONCLUSIONS ................................ 30 

6.0 REFERENCES ............................................. 32 





1.0 INTRODUCTION 

Proposed space-based platforms will require tens of 
megawatts of thermal power to perform their desired function. 
The cost associated with the launching of these multimegawatt 
(MMW) platforms is directly related to the platform mass. 
Therefore, estimating the mass of these conceptual platforms is 
of considerable interest. A primary part of such a platform is 
the payload, which consists of electrical equipment such as 
radios, radars, computers, and guidance systems. The consumption 
of electrical power by this equipment will result in the 
generation of large amounts of waste heat which must be removed 
to keep the operating temperature of the equipment below some 
acceptable limit. The value of this temperature limit strongly 
affects the mass of the platform because it influences the size 
of the llsecondaryll radiator required for waste heat rejection to 
space. This radiator can account for a significant fraction of 
the platform mass and is in addition to the main radiator 
associated with removal of the waste heat of the platform 
thermal-to-electric power conversion system. 

Two separate computer programs were used in conjunction to 
estimate the mass of a MMW platform as a function of the 
maximum-allowable payload operating temperature. The first 
computer program [l] determines the mass of a platform required 
to produce a specified quantity of electric power for a 
specified time. The program includes mass estimates for the 
thermal power source (a nuclear reactor), the reactor shield, 
the power conversion system (either a Brayton or Rankine 
thermodynamic cycle), and the main radiator. The mass of the 
secondary radiator is not included in this platform mass 
estimate. In addition to the platform mass, the first program 
determines the required amount of thermal power and the main 
radiator operating temperature. This output serves as input to 
the second program [2], which is used to determine the secondary 
radiator size as a function of payload operating temperature. In 
determining the secondary radiator size, the second program 
accounts for the radiative influence of the main radiator, the 
power conditioning unit (PCU), and the payload. These relatively 
hot platform structures contribute to the thermal background 
associated with the ultimate heat sink for waste heat (i.e., 
space). 

Cooling of the payload can be accomplished using either a 
pumped-loop cooling system or a refrigerator. The pumped-loop 
cooling system uses a liquid working fluid flowing through the 
payload without phase change. The working fluid is cooled as it 
flows through the secondary radiator which consists of heat 
pipes. With this type of payload cooling, the radiator 
temperature cannot exceed the temperature of the payload. Thus, 
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higher allowable payload temperatures allow waste heat rejection 
at higher temperatures. Because of the fourth power dependence 
of temperature on radiator area, an increase in radiator 
temperature can significantly reduce the size of the secondary 
radiator. 

If a refrigerator is used to cool the payload, phase change 
of the working fluid occurs as it passes through the payload. 
The resulting vapor working fluid is then increased in both 
temperature and pressure by a compressor before passing through 
the heat pipe secondary radiator. Thus, refrigerator cooling of 
the payload al’lows rejection of the waste heat at a temperature 
above that of the payload. However, the working fluid must be at 
a temperature below that of the payload as it cools the payload. 
Increasing the payload allowable temperature therefore can 
result in a higher coefficient of performance for the 
refrigerator. This in turn decreases the additional power 
demands of the refrigerator and results in lower platform mass. 

An additional (though less significant) benefit associated 
with higher allowable payload operating temperatures exists. Any 
waste heat generated by the payload that is not removed actively 
by either of the aforementioned cooling systems must be removed 
radiatively. If the allowable payload temperature is decreased, 
more waste heat must be removed actively, resulting in a larger 
secondary radiator. Contrariwise, higher allowable payload 
temperatures reduce the amount of waste heat to be removed 
actively. 

Calculations were performed to estimate total platform mass 
for platforms using both Brayton and Rankine cycle power 
conversion systems. Platform mass estimates were also made for 
each system for both types of payload cooling systems (i.e., 
pumped loop and refrigerator). These mass estimates were 
determined as a function of the maximum-allowable payload 
operating temperature to demonstrate the benefit that can be 
realized by the development of high temperature electrical 
equipment. This report documents the results of these 
calculations. 
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2.0 APPROACH AND ASSUMPTIONS 

As mentioned in the introduction, two separate computer 
programs were used in conjunction to determine the total 
platform mass. Detailed descriptions of these two programs can 
be found in References 1 and 2. Brief descriptions of the two 
programs are included here for convenience. These descriptions 
are followed by a description of the assumptions made to use 
these two programs for calculating platform mass, 

The first program, referred to in this report as the MMW 
systems program, provides an estimate of the total mass of MMW 
space-based platforms with the exception of the secondary 
radiator mass, The secondary radiator is necessary for the 
removal the waste heat associated with active cooling of the 
electrical equipment within the payload of the platform. The MMW 
systems program can be used for a platform using either a 
Brayton cycle (without a regenerator) or Rankine cycle (direct 
or indirect) power conversion system. The Brayton cycle platform 
consists of a helium-cooled reactor with shield, a power 
conversion system, and a main radiator, The power conversion 
system is comprised of a turbine, a compressor, a generator, and 
a power conditioning unit. Within the program, the temperature 
and pressure ratios of the Brayton thermodynamic cycle are 
optimized to produce the minimum platform mass, The Rankine 
cycle platform consists of a liquid-metal cooled reactor with 
shield, a power conversion system, and a main radiator. The 
power conversion system is comprised of a vapor separator, a 
condenser, a turbine, a generator, and a power conditioning 
unit. The program optimizes the condenser temperature to produce 
the minimum platform mass. 

of 

The second program, referred to in this report as the MMW 
platform heat transfer program, provides an estimate of the main 
radiator and secondary radiator geometric areas along with the 
temperatures of the PCU and payload, The sizes of the two 
radiators depend on their proximity to each other and to the 
other platform structures. Also, the size of the secondary 
radiator depends on the temperature of the payload, which is 
initially unknown, Thus, an iterative solution scheme is 
employed, 

Figure 2.1 shows a schematic of the platform structures 
modeled for the radiative heat transfer calculations. The PCU 
and payload shells provide meteoroid protection and are coupled 
radiatively and conductively to the PCU and payload, 
respectively. The user can specify conduction parameters between 
the PCU and payload and their shells or the desired temperature 
difference between them, (Heat pipes can provide essentially 
isothermal heat transfer to the shells if sufficient space 
exists to accommodate the heat transfer requirements,) 
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The two opposing flat disks representing the main and 
secondary radiators probably do not represent the optimal 
radiator configuration; this configuration was chosen for 
modeling simplicity and to demonstrate that the position of the 
platform components relative to each other strongly affects the 
radiant heat transfer calculations. (The optimal configuration 
will depend on factors other than just the heat transfer 
considerations such as platform stability, maneuverability, 
survivability, and structural considerations.) The separation 
distance between the platform structures can be selected by the 
program user; all view factors for the radiant heat transfer 
calculations are determined automatically by the program. 

Figure 2.2 shows the relationship between the secondary 
radiator temperature and the payload pumped-loop cooling system 
working fluid temperature. Higher payload operating temperatures 
allow higher secondary radiator heat rejection temperatures. If 
a refrigerator is used, the rejection temperature can be higher 
than the payload temperature but the working fluid temperature 
must still be below the temperature of the payload. Modeling all 
the electrical equipment as a single payload is based on the 
simplification that the different electronic components within 
the payload operate at the same temperature. In reality, each 
component will have different temperature limitations and may 
even require its own radiator, 

The procedure for determining the total platform mass is 
summarized as follows. First, the MMW systems program is used to 
determine the platform mass, which does not include an estimate 
of the secondary radiator mass. The mass of the main radiator is 
subtracted from this platform mass estimate because the systems 
program does not account for the radiant interaction between the 
main radiator and the other platform structures when determining 
the main radiator size, The resulting mass is referred to as the 
balance-of-platform (BOP) mass. 

The systems program also determines the operating 
temperature of the main radiator (inlet and outlet radiator 
temperature for the Brayton cycle platform) and the amount of 
thermal power required to produce the specified electrical power 
demands, This output is then used as input to the MMW platform 
heat transfer program. This program calculates the required area 
of the main and secondary radiators and the payload temperature. 
Different payload temperatures are achieved by varying the 
amount of waste heat removed actively by the payload cooling 
system (pumped loop or refrigerator). The main and secondary 
radiator geometric areas are then multiplied by a specified mass 
per unit area value to arrive at their respective masses, These 
radiator masses are added to the BOP mass to arrive at the total 
platform mass as a function of the calculated payload 
temperature. 
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If a refrigerator is used to cool the payload, an additional 
mass is added to account for the mass of the vapor working fluid 
compressor . This mass is determined by multiplying the 
refrigerator electrical power demand (calculated by the platform 
heat transfer program) by a specified mass per electric power 
value. After the additional electric power required to run the 
refrigerator is determined, it is added to the original platform 
electric power and the systems program is rerun. This results in 
a larger reactor thermal power and may change the optimum 
operating temperature of the main radiator. Thus, iteration 
between the two programs is required to determine the platform 
mass if a refrigerator is used to cool the payload. 

To use each of the two programs, the values of many input 
parameters must be assumed. A few of these values are treated 
parametrically, however, most of them are assigned some "base 
case'l value that is used for all calculations. Both Brayton 
cycle and Rankine cycle platform base cases are defined for the 
platform mass analyses. The input parameters for these base 
cases for the MMW systems program are listed in Tables 2.1 and 
2.2. (Further description of the reactor parameters is provided 
in [ 3 ] ;  this reference documents the RSMASS computer code that 
is used as a subroutine within the MMW systems program to 
calculate the mass of the reactor and shield.) Information 
required to use the platform heat transfer program is summarized 
in Table 2.3  followed by a brief description of some of the more 
important parameters. 

Table 2.1 

Systems Program Base Case Input - Brayton Cycle 
Platform Electric Power 
Operating Time 
Turbine Inlet Temperature 
Turbine Inlet Pressure 
Helium Compressor Efficiency 
Generator Efficiency 
Power Conditioning Efficiency 
Fractional Fuel Enrichment 
Critical Compact Mass 
Critical Mass Correction Factor 
Fuel plus Moderator Volume Fraction 
Fuel Power Density 
Fractional Core Pressure Drop 
Fuel Burnup Fraction Limit 
Moderator-To-Fuel Ratio 
Moderator Molecular Weight 
Moderator Density 
Structure-To-Fuel and Moderator Ratio 
Structure Density 
Core Removal Cross Section 

10 Mw 
1 year 
1500 K 
2.7 MPa 
0.85 
0.95 
0.95 
0.93 
2.0 kg 
3.1 
0.292 
0.39 Mw/kg 
0.01 
0.25 
20.0 
93 
5 6 10 kg/m3 
1.966 
6071 kg/m3 
0.1465 cm" 
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Core Gamma Attenuation Cross 
Allowed Payload Neutron Dose 
Payload-to-Shield Separation 
Protection Cone Half Angle 
Neutron Shield Material 
Allowed Payload Gamma Dose 
Number of Turbines 
Turbine Material 
Maximum Blade Temperature 
Maximum Turbine Speed 
Work Coefficient 
Radiator Emissivity 

Section 0.379 cm-1 
5.OE16 nvt 

Distance 25 m 
15 degrees 
LiH 
1.OE7 R 
4 
Superalloy 
1000 K 
50,000 rpm 
1.2 
0.88 

Table 2.2 

Systems Program Base Case Input - Direct Rankine Cycle 
Platform Electric Power 
Operating Time 
Reactor Outlet Temperature 
Turbine Efficiency 
Generator Efficiency 
Power Conditioning Efficiency 
Fractional Fuel Enrichment 
Critical Compact Mass 
Fuel Density 
Critical Mass Correction Factor 
Fuel plus Moderator Volume Fraction 
Fuel Power Density 
Fuel Burnup Fraction Limit 
Moderator-To-Fuel Ratio 
Structure-To-Fuel and Moderator Ratio 
Structure Density 
Core Removal Cross Section 
Core Gamma Attenuation Cross Section 
Allowed Payload Neutron Dose 
Payload-to-Shield Separation Distance 
Protection Cone Half Angle 
Neutron Shield Material 
Allowed Payload Gamma Dose 
Radiator Emissivity 

10 Mw 
1 year 
1200 K 
0.85 
0.95 
0.95 
0.7 
28.0 kg 
13600 kg/m3 
1.0 
0.6 
5.0 MW/kg 
0.065 
0.0 
0.6 
7 3 0 0 kg/y3 
0.14 cm- 
1.0 cm-' 
5.OE16 nvt 
25 m 
15 degrees 
LiH 
1.OE7 R 
0.88 

Table 2.3 

Platform Heat Transfer Program Base Case Input 

Main Radiator Emissivity 
Secondary Radiator Emissivity 
PCU Shell Emissivity 
Payload Shell Emissivity 
PCU Emissivity 

0.88 
0.88 
0.9 
0.9 
0.8 
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Payload Emissivity 
PCU-to-Shell Temperature Difference 
Payload-to-Shell Temperature Difference 
PCU-to-Main Radiator Separation Distance 
Payload-to-Sec Radiator Separation Distance 
Main-to-Sec Radiator Separation Distance 
PCU Shell Area/Platform Electric Power 
Payload Shell Area/Platform Electric Power 
PCU Length-to-Diameter Ratio 
Payload Length-to-Diameter Ratio 
PCU Efficiency 
Payload Efficiency 
Temperature of Space 
Fraction of Carnot COP (for refrigerator) 
Minimum Approach Temperature (&Tmin) 
Secondary Radiator Temperature Drop 
Refrigerator Specific Mass 
Main Radiator Mass per Area (Brayton) 
Main Radiator Mass per Area (Rankine) 
Secondary Radiator Mass per Area (T<650 K) 
Secondary Radiator Mass per Area (T>650 K) 

0.8 
2 K  
2 K  
l m  
l m  
250 3 
16 m /MWe 
30 m2/MWe 
1.5 
1.5 
0.95 
0.01 
250 K 
0.75 
20 K 
50 K 
1.0 kg4kWe 
6 kg/m2 
8 kg/m2 
5 w/m2 
8 kg/m 

The payload efficiency of 0.01 means that 99% of the 
electric power used by the payload is converted to waste heat. 
(Calculations with a payload efficiency of 0.5 were also 
performed,) The temperature of space represents an average 
temperature for a spacecraft in a low equatorial earth orbit. 
For higher orbits and for polar orbits, the spacecraft would 
have a greater exposure to the sun, resulting in a higher 
effective space temperature. This would lead to larger main and 
secondary radiator areas, especially for the secondary radiator 
which operates at relatively low temperatures. Thus, use of the 
space temperature representative of low earth orbit is 
optimistic with respect to radiator mass (i.e., higher space 
temperatures result in larger radiators). 

A Carnot refrigerator is one that has the maximum 
thermodynamically possible COP. This COP is determined based on 
the temperatures where heat is added and removed from the 
working fluid. To determine the COP of a real refrigerator with 
mechanical irreversible losses, the Carnot COP is multiplied by 
0.75. This is about the best one can expect for a refrigerator; 
lower values of this multiplier result in the need for more 
power and thus heavier platforms. 

The minimum approach temperature and the secondary radiator 
temperature drop were arbitrarily selected as 20 K and 50 K, 
respectively. The minimum approach temperature, as indicated on 
Figure 2.2, is the minimum temperature difference between the 
payload and the working fluid. Figure 2.2 also shows that the 
temperature drop across the secondary radiator is equal to the 
temperature drop across the payload heat exchanger. The mean 
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temperature differential between the payload and the working 
fluid is 4 5  K. This temperature differential is used for both 
the pumped-loop and the refrigerator payload cooling systems. 

compressor is expected to weigh more than a pump that uses 
an incompressible working fluid as in the pumped-loop payload 
cooling system, Therefore, the refrigerator specific mass is 
included to account for the mass of the refrigerator compressor. 
Larger values for the refrigerator specific mass result in 
heavier platforms. 

A 

The radiator mass p:r area value for the Rankine cycle 
platform main radiator is larger than the Brayton cycle main 
radiator because it operates at a higher temperature and thus 
requires inherently heavier high-temperature materials. The 
secondary radiator operates at very low temperatures and thus 
does not require heavy materials unless a refrigerator is used 
to reject heat at a high temperature. The radiator mass per area 
values selected for use in these analyses are at the lower limit 
of what is reasonably achievable; larger, more realistic values 
will result in heavier radiators, 

The maximum-allowable payload operating temperature has the 
largest effect on the size of the secondary radiator and on the 
amount of power (both thermal and electric) needed to run a 
refrigerator. Increasing the payload operating temperature 
significantly reduces the secondary radiator size. Also, if a 
refrigerator is used, less power is needed if higher payload 
operating temperatures are allowed because of the increase in 
the refrigerator COP. An effort was made to select values for 
the heat transfer program (for all input parameters) that result 
in the minimum secondary radiator size and the minimum power 
demands if a refrigerator is used. This diminishes the relative 
mass savings that can be achieved by using high temperature 
electrical components in the payload, Conversely, choosing less 
optimistic values would emphasize the benefit of high payload 
temperatures. As will be demonstrated, even when optimistic 
input values are used, the benefits of high temperature 
electrical equipment can be substantial. 

A s  indicated by the long list of input variables, many 
assumptions had to be made concerning the conceptual space 
platforms before mass calculations could be made. Because of the 
many uncertainties associated with an analysis of this kind, 
some variables were treated parametrically to demonstrate their 
relative effect on the platform mass results. However, 
parametric treatment of all of the variables would, of course, 
be prohibitive. The results presented in this report are 
intended to indicate the general trends and dependences; more 
precise mass calculations cannot be performed until detailed 
design information becomes available. 
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3.0 BRAYTON CYCLE PLATFORM RESULTS 

3.1 Pumped-Loop Payload Cooling System 

Platform mass calculations were performed first for the 
Brayton cycle platforms that used the pumped-loop payload 
cooling system as opposed to a refrigerator. First, the MMW 
systems program was used to find the BOP mass: the results of 
this program for the base case platform are summarized in Table 
3.1.1. (The miscellaneous mass for the platform is calculated by 
the systems program as 10% of the reactor, shield, main 
radiator, and power conversion system masses.) 

Table 3.1.1 

Brayton Cycle Systems Program Results (Base Case) 

Thermal Power 
Main Radiator Inlet Temperature 
Main Radiator Outlet Temperature 

Reactor Mass 
Shield Mass 
Power Conversion System Mass 
Miscellaneous Mass 

46 MW 
810 K 
369 K 

5591 kg 
4564 kg 
5960 kg 
5890 kg 

Total BOP Mass 22005 kg 

Next, the platform heat transfer program was used to 
determine the main and secondary radiator masses. Figure 3.1.1 
shows the masses of the different components of the platform 
along with the total platform mass as a function of 
maximum-allowable payload operating temperature. (The 
abbreviations used for the figure legend are: M R  - main 
radiator, SR - secondary radiator, BOP - balance of platform, 
and TOT - total platform mass.) This figure shows that the mass 
of the secondary radiator decreases significantly as the payload 
temperature increases and that the secondary radiator mass is a 
large fraction of the total platform mass. Increasing the 
payload operating temperature from 400 K to 600 K results in a 
platform mass savings of about 39,000 kg, which is a decrease of 
40%. A 30% decrease can be achieved by increasing the 
maximum-allowed payload temperature from 400 K to 500 K. Thus, 
even small improvements in the high-temperature capability of 
the payload electrical equipment afford significant platform 
mass savings. 

In the base case, the separation distance between the main 
and secondary radiators was assumed to be 250 m. Varying this 
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separation distance provides an indication of the effect on the 
platform mass of radiant interaction between the two radiators. 
Figure 3.1.2 shows the platform mass as a function of separation 
distance for a payload operating at 440 K. More interaction 
between the radiators results in significantly greater secondary 
radiator and platform masses. The separation distance of 250 m 
was selected as an optimistic value for the base case because 
the radiator interaction is small at this distance. Smaller 
separation distances result in a secondary radiator mass that is 
a larger fraction of the total platform mass. Therefore, even 
larger mass savings would be achieved from the development of 
high-temperature electrical equipment. 

For the base case, a 10 MWe platform was assumed. Platform 
mass calculations were also performed for 1 MWe and 0.1 MWe 
platforms to demonstrate that even lower power platforms will 
benefit from high temperature equipment, although to a lesser 
extent. Table 3.1.2 shows the results of the systems program for 
the 1 MWe and 0.1 MWe platforms. 

Table 3.1.2 

Brayton Cycle Systems Program Results (1 W e  & 0.1 MWe) 

1 MWe 0.1 MWe 

Thermal Power 6.8 MW 0.586 MW 
Main Radiator Inlet Temperature 816 K 669 K 

277 K Main Radiator Outlet Temperature 329 K 

Reactor Mass 2591 kg 2494 kg 
Shield Mass 1611 kg 0 kg 
Power Conversion System Mass 658 kg 74 kg 
Miscellaneous Mass 1346 kg 422 kg 

Total BOP Mass 6205 kg 2990 kg 

Figures 3.1.3 and 3.1.4 show the platform mass as a function 
of payload temperature for the 1 MWe and 0.1 MWe cases, 
respectively. Compared to the 10 MWe base case, the secondary 
radiator mass for the 1 MWe case is a smaller fraction of the 
total platform mass. However, it is still a large enough 
fraction that reductions in the secondary radiator mass have a 
significant effect on the total platform mass. For the 1 We 
case, increasing the payload temperature from 400 K to 600 K 
results in a 3,000 kg mass savings, or approximately a 17% 
reduction. For the 0.1 MWe case, the secondary radiator mass is 
a relatively small fraction of the total platform mass and so 
the benefits of increasing the payload temperature are not as 
pronounced. Increasing the payload operating temperature from 
400 K to 600 K results in a 340 kg mass savings, which is only a 
7% decrease. 
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Figure 3.1.5 shows the specific mass as a function of 
payload temperature for the 10 MWe, 1 MWe, and 0.1 MWe 
platforms. Specific mass is defined as the platform mass divided 
by the platform electric power. This figure shows that the 
platforms with smaller electric powers have higher specific 
masses and are thus less llmass efficient." However, the specific 
mass decreases as payload temperature increases regardless of 
the platform electric power. Figure 3.1.6 summarizes the 
relative mass savings achieved by increasing the payload 
temperature from 400 K to 600 K for the three different sized 
platforms. Platforms with the largest electric power demands 
offer the largest relative mass savings. 

For the base case, 99% of the electric power consumed by the 
payload was assumed to degrade to waste heat. This is a 
reasonable assumption for most electrical equipment. However, 
for a radar, an appreciable fraction of the electric power may 
be removed from the payload by electromagnetic radiation in the 
radio wavelength band. To investigate this possibility, the base 
case was repeated with the assumption that only 50% of the 
payload electric power was converted to waste heat. The specific 
power as a function of payload temperature for this case is 
compared to the base case in Figure 3.1.7. With only 50% of the 
electric power converted to waste heat, the secondary radiator 
does not have to be as large; therefore, lower specific masses 
result. However, increasing the payload temperature from 400 K 
to 600 K still offers a 20,000 kg or 26% mass reduction for a 10 
MWe platform. 

A s  a final parametric case, the base case was repeated with 
two input changes. First, the temperature of space was increased 
from 250 K to 300 K; and second, the radiator mass per unit area 
values were increased by a factor of two. The higher space 
temperature is more representative of a high polar orbit. The 
larger radiator mass per area values are more representative of 
current state-of-the-art armored heat pipe radiators, This case 
is referred to as the realistic case. Figure 3.1.8 shows the 
platform masses as a function of payload temperature for this 
case. Because the secondary radiator mass is such a large 
fraction of the total platform mass, the savings realized by 
increasing payload temperature are much larger than for the base 
case. Increasing the payload temperature from 400 K to 600 K 
provides a 143,700 kg or 57% reduction in the platform mass. 
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Figure 3-1-1 Base Case Platform Mass vs. Payload Temperature 
(Brayton Cycle Platform) 
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3.2 Payload Refrigerator 

Platform mass calculations were also performed for the case 
in which a refrigerator was used to cool the payload. The 
possible advantage of using a refrigerator is that it allows the 
heat rejection temperature of the secondary radiator to be 
greater than the payload. Higher radiator temperatures allow a 
significant decrease in the secondary radiator mass, which is a 
large fraction of the total platform mass. The possible 
disadvantage of a refrigerator is that additional reactor power 
is required; this in turn leads to larger BOP and main radiator 
masses. The increase in mass associated with the refrigerator 
power demands must be less than the decrease in secondary 
radiator mass in order for a mass benefit to be realized. Even 
if a refrigerator does not result in a mass benefit compared to 
the pumped-loop payload cooling system, the use of high 
temperature electrical equipment in the payload offers overall 
platform mass savings. These savings occur because a higher 
payload temperature allows payload heat removal to the 
refrigerator working fluid at a higher temperature. This in turn 
increases the refrigerator COP, thus reducing the required 
additional power needed to run the refrigerator. 

Figure 3.2.1 shows the platform masses as a function of the 
secondary radiator rejection temperature. These calculations 
were performed for a payload temperature of 450 K. Calculations 
were not performed for a secondary radiator temperature below 
450 because there is no need for a refrigerator in this case. 
As the figure shows, a higher rejection temperature results in a 
smaller secondary radiator mass; however, the masses of the BOP 
and main radiator increase as rejection temperature increases 
such that the overall platform mass also increases. Figure 3.2.2 
compares the platform masses for the base case with and without 
a refrigerator for a payload temperature of 450 K. Two 
refrigerator cases are shown with different secondary radiator 
rejection temperatures, 500 K and 600 K. (The abbreviation REF 
is used to refer to the refrigerator in this figure.) This 
figure demonstrates the decrease in secondary radiator mass that 
occurs along with the increase in the BOP and main radiator 
masses. The net result is that for a Brayton cycle platform with 
a payload temperature of 450 K, the use of a refrigerator does 
not offer any mass benefit. 

Figure 3.2.3 shows the total platform mass as a function of 
payload temperature for the base case with and without a 
refrigerator. A 500 K secondary radiator temperature was used 
for the with-refrigerator case. For payload temperatures below 
about 410 K, use of a refrigerator to cool the payload offers a 
small mass advantage. For payload temperatures greater than 410 
K, the pumped-loop cooling system is slightly advantageous. What 
is clear from this figure is that higher payload temperatures 
result in significantly less massive platforms with either 
payload cooling system. 

K 
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4.0 RANKINE CYCLE PLATFORM RESULTS 

4.1 Pumped-Loop Payload Cooling System 

The same platform mass calculations performed for the 
Brayton cycle platform were repeated for a Rankine cycle 
platform. The major difference between the two platforms with 
respect to mass is that the Rankine cycle main radiator is 
relatively small compared to the Brayton cycle main radiator 
because heat is rejected at a higher temperature. Also, the 
liquid-metal cooled reactor of the Rankine cycle is much lighter 
than the gas-cooled Brayton cycle reactor. Therefore, the mass 
of the secondary radiator for the Rankine cycle platform 
accounts for a larger fraction of the total platform mass. 
Reductions in the secondary radiator mass thus are more 
pronounced with respect to the percentage of the platform mass. 

Table 4.1.1 lists the systems program results for a 10 Mwe 
Rankine cycle platform. 

Table 4.1.1 

Rankine Cycle Systems Program Results (Base Case) 

Thermal Power 
Main Radiator Inlet Temperature 
Main Radiator Outlet Temperature 

Reactor Mass 
Shield Mass 
Power Conversion System Mass 
Miscellaneous Mass 

47 Mw 
820 K 
820 K 

886 kg 
1668 kg 
9083 kg 
1972 kg 

Total BOP Mass 13610 kg 

The platform heat transfer program was used next to 
determine the masses of the main and secondary radiators. Figure 
4.1.1 shows the platform mass as a function of payload 
temperature for the base case. For a payload temperature of 400 
K, the secondary radiator accounts for well over half of the 
total platform mass. Increasing the payload temperature to 600 K 
results in a 39,000 kg mass savings, which is a 61% reduction. 

The effect of changing the separation distance between the 
two radiators is shown in Figure 4.1.2. A s  with the Brayton 
cycle platform, increasing the degree of radiant interaction 
between the two radiators (by decreasing the separation 
distance) greatly increases the platform mass. An optimistic 
separation distance of 250 m was selected for the base case, 
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assuming that the platform can be designed such that there is 
essentially no radiant interaction between the two radiators. 

Mass calculations were also performed for a 1 MWe and a 0.1 
MWe Rankine cycle platform. The results of the systems program 
are summarized in Table 4.1.2 €or these two cases. 

Table 4.1.2 

Rankine Cycle Systems Program Results (1 MWe t 0.1 MWe) 

1 MWe 0.1 W e  

Thermal Power 4.74 MW 0.417 MW 
Main Radiator Inlet Temperature 820 K 770 K 
Main Radiator Outlet Temperature 820 K 770 K 

Reactor Mass 311 kg 303 kg 
Shield Mass 565 kg 214 kg 
Power Conversion System Mass 1173 kg 63 kg 
Miscellaneous Mass 286 kg 67 kg 

Total BOP Mass 2335 kg 647 kg 

The platform mass results for these two cases are shown in 
Figures 4.1.3 and 4.1.4. Although the BOP mass represents the 
predominate contributor to platform mass, the secondary radiator 
accounts for a relatively large part of the total mass. 
Therefore, decreases in the secondary radiator mass provide 
substantial platform mass savings, even for the 0.1 MWe case. 
Increasing the payload temperature from 400 K to 600 K results 
in a 52% (3,700 kg) mass reduction for the 1 MWe case and a 30% 
(330 kg) mass reduction for the 0.1 MWe case. Specific power as 
a function of payload temperature is provided in Figure 4.1.5 
for the 10 MWe, 1 MWe, and 0.1 M e  cases. Figure 4.1.6 
summarizes the relative mass savings for each of the three 
different sized platforms. As demonstrated by this figure, even 
the 0.1 MWe Rankine cycle platform realizes significant savings 
by increasing the allowable payload temperature. 

The 10 MWe base case was repeated with the assumption that 
only 50% of the payload electric power is converted to waste 
heat. The platform specific mass for this case is compared to 
the base case in Figure 4.1.7. Although the mass savings are not 
as large as they are for the base case, siqnificant mass savinss 
can still be gained 
temperature. 

As was done for 
case for the Rankine 

by increasing the maximum-allowed payload 

the Brayton cycle platform, a parametric 
cycle platform was performed with two 
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changes to the base case assumptions; namely, the temperature of 
space was increased from 250 K to 300 K and the radiator mass 
per unit area values were increased by a factor of two. The 
benefit of increasing payload temperatures is very large for 
this case as shown in Figure 4.1.8. Increasing the payload 
temperature from 400 K to 600 K allows a 134,250 kg or 78% 
decrease in platform mass. This overwhelming mass decrease 
results because the secondary radiator mass strongly dominates 
the platform mass. 
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4.2 Payload Refrigerator 

The use of a refrigerator to cool the payload was also 
investigated for a Rankine cycle platform. As with the Brayton 
cycle platform, increasing the waste heat rejection temperature 
decreases the mass of the secondary radiator but increases the 
mass of the BOP and main radiator. Figure 4.2.1 shows that a 
minimum platform mass occurs at a secondary radiator temperature 
of about 500 K. Any further increase in rejection temperature 
lowers the secondary radiator mass but increases the total 
platform mass. 

Figure 4.2.2 compares the platform mass results for the base 
case with and without a refrigerator. The with-refrigerator 
cases are shown for secondary radiator temperatures of 500 K 
(the optimum rejection temperature) and 600 K. This figure shows 
that the use of a refrigerator to cool the payload for a Rankine 
cycle can result in about a 10% decrease in the platform mass 
compared to the without-refrigerator case. These results are for 
a payload temperature of 450 K. Figure 4.2.3 shows that the mass 
savings offered by a refrigerator diminish as the payload 
temperature increases. Another way to view this is to say that a 
platform using a pumped-loop heat exchanger to cool the payload 
with a 450 K payload temperature has about the same mass as a 
platform using a refrigertor-cooled payload at 400 K. Thus, 
higher payload temperatures allow the reduction of the platform 
mass without the added complexity of a refrigerator. A final 
point to be made about this figure is that with or without a 
refrigerator, higher payload temperatures result in lower 
platform masses. 
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5 . 0  SUMMARY AND CONCLUSIONS 

Calculations were performed to determine the mass of a 
space-based platform as a function of the maximum-allowed 
payload operating temperature. Two computer programs were used 
in conjunction to perform these calculations. The first program 
was used to determine the mass of the platform reactor, shield, 
and power conversion system. The second program was used to 
determine the mass of the main and secondary radiators of the 
platform. The main radiator removes the waste heat associated 
with the power conversion system and the secondary radiator 
removes the waste heat associated with the platform payload. 
These calculations were performed for both Brayton and Rankine 
cycle platforms with two different types of payload cooling 
systems: a pumped-loop system using a heat exchanger with a 
liquid working fluid and a refrigerator system. 

The results indicate that with either type of payload 
cooling, higher payload temperatures result in overall platform 
mass savings for both kinds of platforms. For the pumped-loop 
cases, these mass savings occur because higher payload 
temperatures allow a reduction in the amount of waste heat to be 
rejected actively and because the payload waste heat can be 
rejected by the secondary radiator at higher temperatures. This 
second advantage can be very large because of the fourth power 
dependence of temperature on radiator area. For the refrigerator 
cases, the mass savings occur because of the reduction in the 
amount of waste heat to be rejected actively and because higher 
payload temperatures result in higher refrigerator COPS. More 
efficient refrigerators decrease the power demands of the 
refrigerator resulting in reduced BOP and main radiator masses. 

With the pumped-loop cooled payloads, the relative mass 
savings for the Rankine cycle platforms are greater than for the 
Brayton cycle platform because the secondary radiator accounts 
for a larger fraction of the total platform mass. Thus, 
reductions in the mass of the secondary radiator, for the 
Rankine cycle platform, represent a larger fractional reduction 
of the total platform mass. With the refrigerator-cooled 
payloads, the relative mass savings are about the same for the 
two kinds of platforms. 

The results also indicate that significant mass savings can 
be achieved even for modest increases in the high temperature 
capability of the payload. When reviewing these results, one 
should keep in mind that optimistic values of the input 
variables were selected for these analyses; more realistic 
values lead to greater mass savings and make high temperature 
electrical components even more attractive. 

The analyses presented in this document were performed 
primarily to demonstrate the dependence of platform mass on the 
maximum-allowed payload temperature. Based on these analyses, 
three additional and important comments are in order. 
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(1) The secondary radiator mass can account for a large fraction 
of total platform mass and must be included in any platform 
mass estimates. 

the 

(2) The size of both the main and secondary radiators is 
strongly dependent on their relative proximity to each other and 
to other platform structures. This dependence should be 
considered when sizing space platform radiators. 

( 3 )  Cooling the payload with a refrigerator essentially 
eliminates the mass penalty associated with the secondary 
radiator; however, when a refrigerator is used, the mass penalty 
associated with the BOP and main radiator can be very 
significant and may negate the advantage of decreasing the 
secondary radiator mass. ( A l s o ,  reliability issues associated 
with the use of very large refrigerators are not addressed in 
this report but should be considered when deciding on their 
use. ) 

Reiterating, the overall conclusion of this report is that 
increases in the high temperature capability of the payload 
electrical equipment offer significant platform mass savings. 
This is true for both Brayton and Rankine cycle platforms with 
pumped-loop or refrigerator cooled payloads. 
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