Illustrative Example of the “Efficiency Trap” using Thermionic Power Conversion

Let us assume that we have a 1 MWth reactor core using advanced heat pipe technology that delivers an isothermal stream of heat from sliver heat pipes operating at 1 atm pressure.  The heat pipe temperature will be on the order of 2300 K.  Assuming a small temperature drop between the “cold” leg of the heat pipe across an insulating later and a thermionic converter emitter, let us take the emitter temperature of the thermionic converter of interest to be 2200 K.

Barium-Cesium converters have been demonstrated to operate at ~ 10% net efficiency of heat to electricity with an emitter temperature of 2200 K and a collector temperature of 1200 K.  Closed-space Cesium converters operate at ~ 10% net efficiency of heat to electricity with an emitter temperature of 1200 K and a collector temperature of 750 K.

Let us assume that a proposed system would use several heat pipes coming from a reactor core, each heat pipe is lined with an outer shell of thermionic converters to produce direct electrical power.  The collector of the thermionic system will be cooled by a high velocity sodium or potassium flow near 1 atm of pressure.

Let us assume that the thermionic layers contribute negligible amounts of mass to the system.  We are asked to compare using either a single thermionic layer operating between 2200K / 1200K or to layer the thermionic converters to yield a coupled converter operating between 2200K / 750K.

Thermionic converters are assumed to all have the same limit on power density, roughly 5 We/cm2.  This will correspond to a heat flux limit on the thermionic converters of 50 Wth/cm2.  The silver heat pipe surface heat flux limit is 400 Wth/cm2.  

Since the core is generating 1,000,000 Wth the required surface area of heat pipes in the reactor is 2500 cm2.  Assuming that the core is roughly cylindrical with L/D ~ 1 and D ~ 35 cm, and that each heat pipe is 1 cm in diameter.  In that case the reactor core is ~ 30 v/o heat pipe and ~ 70 v/o fuel/matrix.

The heat pipes must extend from the core a length given by the heat flux limits on the thermionic converters.  Since the heat flux limit of the converters is smaller than that of the core, the inactive length of the heat pipe must be 280 cm (400/50 x 35 cm).

Let us calculate the specific mass of the reactor in the two proposed cases as closely as possible.  Let us assume that the shielding is provided by geological structures, so that no shielding mass is included in the current analysis.

Let us begin the system analysis for the single layer concept.  In the single layer configuration, the system efficiency is 10%.  At this efficiency the heat sink must be able to remove 900 kWth from the collectors of the thermionic converters and dissipate that heat via radiation.

Let as also assume that only 1 side of the radiator is effective (i.e. one side facing the sky and the other facing the ground) and that the radiator is a square panel with coolant channels running through a bulk material that is highly conductive.  Let us further assume that the emissivity of the radiator is 0.85.  Lastly, let us assume that the circulator for the coolant in the radiator uses a negligible amount of pump work as the fluid is a liquid metal.

In the single layer case, the sodium flow at 1 atm would begin to boil (the boiling point of sodium is 1160 K).  The thermionic array will be roughly isothermal, and if the sodium flow is high velocity (as is likely given the large change in density upon boiling) we can assume that the radiator will effectively radiate at a temperature slightly lower than the sodium boiling temperature.  Let us take this temperature to be roughly 1060 K (assuming a 100 K temperature drop between the bulk fluid and the radiator surface).

If we assume that the radiator is made of a high temperature material, we can approximate the mass of the radiator based on the surface area and rough estimate of the material density.  If we assume that the radiator coolant channels take up ~ 50% of the volume of the radiator and are ~ 2 cm in diameter, the mass of the radiator can be related to the area knowing the sodium inventory and the material density.  Let us for the time being assume that the density is ~ 8 g/cc for the radiator.

Solving the following equations we can calculate roughly speaking the sodium inventory and radiator masses.
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The volume occupied by sodium in the radiator is merely 50% of the radiator volume, and the volume occupied by sodium in the thermionic cooler is easily calculated as follows
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The core mass can be approximated as well.  Let us assume that the reflector volume is 3 times the core volume, secondly let us assume the reflector has an average density similar to that of SiC or BeO (~ 2.5 g/cc) and, let us assume that the fuel/matrix is predominantly UN (~ 14 g/cc).  Lastly we can approximate the heat pipe mass by assuming it is just the sliver mass and neglect the tantalum/tungsten structural material.
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The total mass is approximately 1.2 + 0.17 + 0.33 + 0.25 + 0.48 = 2.4MT.  Half of the mass of the entire system is represented by the radiator.  The specific mass is 24 g/We.

Let us now analyze the second proposed system that uses a second layer of thermionics to increase the net efficiency.  The new net efficiency will be given by the following equation.
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If we assume that the reactor power is reduced to ~ 500 kWth, we generate nearly 100 kWe.  To keep the numbers simple we will assume this to be the case.  Since the heat flux is reduced by a factor of two, we can immediately assume that the mass of the heat pipes and the sodium inventory in the thermionic cooler have both been reduced by a factor of 2 roughly.  Let us assume that the core mass and reflector mass are comparable.

The heat that must be radiated is 400 kWth.  The effective radiator temperature for doing this will be approximately 650 K (assuming the same temperature drop across the radiator from the thermionic cooler working fluid).  Thus the radiator mass increased by a factor of 6.8.  The mass of sodium in the radiator likewise increases by a factor of 6.8.  We can now estimate the mass of the second system using these factors.


[image: image5.wmf]MT

M

MT

MT

M

MT

M

MT

MT

M

MT

M

MT

M

total

rad

Na

heatpipe

reflector

core

66

.

9

16

.

8

)

2

.

1

(

8

.

6

68

.

0

24

.

0

)

2

/

1

(

48

.

0

25

.

0

33

.

0

=

=

=

=

=

=

=

=


In this case the specific mass is 96.6 g/We.  This represents roughly a factor of 4 increase in the specific mass.  This is counterintuitive because the efficiency of the cycle increases by a factor of 2.  In the above calculation, we assumed the reactor and reflector mass were unchanged by decreasing the reactor power, however, even if the reactor mass and reflector mass were set to 0, the total system mass would still be ~ 9 MT, and the specific mass is still ~ 90 g/We.

If we assume that we can radiate at 750 K (assuming no temperature drop across the radiator or thermionic cooler).  The radiator mass would only increase by a factor of ~ 4.  This is still very significant, yielding a specific mass ~ 60 g/We (an increase of a factor greater than 2).

It is critically important to view the global impact of design changes.  Since even at radiation temperatures ~ 1000 K the radiator accounts for 50% of the mass, it is essential to understand how any design change at any point will impact the size and design of the radiator.
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