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The purpose of this paper is to discuss concepts for using high temperature heat pipes to transport 
energy from a heat source to a thermophotovoltaic (TPV) converter. Within the converter, the 
condenser portion of each heat pipe acts as a photon radiator, providing a radiant flux to adjacent 
TPV cells, which in turn create electricity. Using heat pipes in this way could help to increase the 
power output and the power density of TPV systems. TPV systems with radiator temperatures in 
the range of 1500 E% are expected to produce as much as 3.6 W/cm3 of heat exchanger volume at 
an efficiency of 20% or greater. Four different arrangements of heat pipe - TPV energy converters 
are considered. Performance and sizing calculations for each of the concepts are presented. 
Finally, concerns with this concept and issues which remain to be considered are discussed. 

Thennophotovoltaic ("V) energy conversion is receiving considerable attention lately as wit- 
nessed by two recent conferences on TPV [ 1,2]. TPV energy conversion involves using the 
energy from photons radiated fiom a hot surface to make electricity. This conversion process 
occurs within TPV cells. TPV cells are similar to photovoltaic (solar) cells, but are tuned to take 
advantage of the longer wavelength, relatively low energy levels of photons emitted from a sur- 
face at a temperature between lo00 K and 2000 K. Recent improvements in the development of 
these semiconductors, as well as improvements in controlling the net radiation spectrum absorbed 
by the cells using interference and plasma filters, has allowed for speculation on practical energy 
conversion concepts. 

Many TPV energy conversion system concepts, using combustion or radionuclide power sources, 
have been studied and prototypes of combustion systems have been built and tested (Fraas et al 
[3], and Schock et al, [4]). Both combustion processes and radionuclide heating are capable of 
producing temperatures well in excess of 2000 K (Chomiak [SI). Proposed applications for these 
devices include remote power supplies, emergency power supplies, space power systems, and 
vehicle propulsion. Thus far, these systems have employed an integral concept where photon radi- 
ators and TPV cells are placed around or adjacent to the energy source. These concepts are lim- 
ited in power production by the radiation surface area sumunding the heat source. Therefore, 
these concepts cannot be scaled to higher power outputs practically because the required volume 



would be too large for the perceived applications. 

Transporting energy from the heat source to a separate device, which could be arranged in a man- 
ner similar to a compact heat exchanger, has the potential to improve the power density of a TPV 
system, allowing for high power output in a relatively small volume. Ideally, this heat transport 
system would need to have a low temperature drop between the heat source and the radiator sur- 
faces within the TFV converter. High temperature alkali metal heat pipes are well suited for this 
application. They have high allowable axial heat fluxes (up to 30 kW/cm’). They also have low 
temperature drops from the heat addition end (the evaporator) to the heat rejection end (the con- 
denser). Finally, heat pipes require no pumps and operate at low internal pressures. 

Heat pipes were first devised by Gaugler in the early 1940’s [6]. Grover et al[7] subsequently 
rediscovered the heat pipe and built and tested the first operational heat pipes. Since then, heat 
pipes have been designed and tested in many Werent configurations, with many different work- 
ing fluids, and over a wide variety of temperature ranges. Several books have been written 
recently on heat pipe design and analysis, including those by Dunn and Reay [SI, Faghri [9], and 
Silverstein [lo]. In spite of this relatively long history, widespread commercial use of heat pipes 
has occurred only recently. The major application for heat pipes today is in the cooling of elec- 
tronics with water heat pipes (Rosenfeld et al [ 111). High temperature heat pipe applications have 
primarily been limited to space power converter designs, ground based solar energy converters 
and Stirling engines. 

In order to understand the concept of a TPV converter with heat pipe radiators, it is necessary to 
first understand the basics of both TPV systems and heat pipe systems. TPV cells convert a frac- 
tion of the energy they receive from photons emitted from a high temperature radiator into elec- 
tricity. This process is depicted in Figure 1. Photons are emitted from a heated radiator, travel 
across an evacuated (or low conductivity gas filled) gap, and are absorbed by the adjacent TPV 
cells. Within the TPV cell, some of the photons excite electrons from the valance band to the con- 
duction band. These excited electrons diffuse to grid lines and bus bars and then exit the cell, cre- 
sting an electric current. The energy absorbed by the cells which is not converted to electricity 
must be removed f b m  the cells as waste heat to maintain a relatively low cell temperature. The 
evacuated or low conductivity gas filled gap limits the transfer of energy by conduction and con- 
vection. Conduction of heat creates no useful power, but increases cell temperature and cooling 
demand. 

The TPV conversion efficiency is dependent upon the cell and spectral control design. TPV cells 
are able to convert photons which have energy levels above the cell’s bandgap energy. At a given 
radiator temperature, only a fraction of photons emitted from a black or gray body radiator will be 
“above bandgap”. Silicon based solar cells have bandgaps of about 1.1 eV. Advanced TPV cells 
have bandgaps in the range of 0.55 eV to 0.73 eV, allowing for a greater frdction of the energy 
emitted to be above bandgap. However, at a temperature of 1500 K with a bandgap of 0.55 eV, 
only about 36% of the energy is above bandgap. The lower energy, “below bandgap” photons 
must be reflected back to the radiator surface and reabsorbed in order to improve system effi- 



ciency. Current fltering techniques allow for reflection and reabsorption of greater than 85% of 
the below bandgap energy for a radiator temperature of 1500 K and a cell bandgap of 0.55 eV. 

The surface power density and efficiency of the TPV cells is very dependent on the radiator tem- 
perature. The total heat flux from a hot radiator is dependent on the fourth power of the radiator 
temperature. In addition, the fraction of the power which is above the cells’ bandgap wi l l  also 
increase sharply with the radiator temperature. The result is a very strong sensitivity to radiator 
temperature in terms of the surface power density (power output per unit surface area) and the 
efficiency. Figure 2 shows the effect of radiator temperature on electrical surface power density 
and conversion efficiency for a 0.55 eV cell system with 90% above bandgap absorption and 10% 
below bandgap absorption. The curves are based on the total cell area, over a range of tempera- 
tures between loo0 K and Zoo0 K. The electrical surface power density is the product of the radi- 
ator heat flux and the cell efficiency. 

The system efficiency is also dependent on the cell temperature. The cell temperature must be 
kept low in order to minimize the internal losses within the cell. Figure 3 shows the cell efficiency 
and surface power density vs. cell temperature in a range between 300 K and 400 K. This figure 
demonstrates the need for maintaining low cell temperature. While many systems have been con- 
figured with air cooling of the cells, higher power density and cell efficiency can be achieved by 
using a liquid coolant such as water. However, using water comes with the additional complexity 
of a pumped coolant loop. 

P- 
Heat pipes transfer energy nearly isothermally by using a working fluid which evaporates at the 
heated end of the heat pipe and condenses at the cooled end of the heat pipe, as depicted in Figure 
4. The vapor in the heat pipe typically travels down the center of the heat pipe while the con- 
densed liquid returns to the heated end in a wick structure. This wick structure produces a capil- 
lary force strong enough to drive the flow from the evaporator end of the heat pipe to the 
condenser end and back. This wick structure can consist of a fine wire screen, a layer of porous 
sintered powder, or a number of small axial grooves. 

Alkali metals are particularly well suited for use in heat pipes at high temperatures. Lithium and 
sodium both have a high heat of vaporization, allowing for a large amount of energy transfer per 
unit mass flow, and a high surface tension, allowing for a large capillary pumping force. Sodium 
is appropriate at temperatures between loo0 K and 1500 K, whereas lithium is appropriate for use 
between 1400 K and 2000 K 

Lithim and sodium heat pipes typically use a refractory metal tube wall and wick. Molybde- 
num-rhenium alloys, with varying levels of high temperature tensile strength and room tempera- 
ture toughness have been used. At lower temperatures, niobium alloys are also acceptable. The 
primary concern with using refractory metals is high temperature oxidation. The alkali metal 
charge within the heat pipe must be highly pure. Oxygen getters are often used in the evaporator 
end of the heat pipes to further inhibit oxidation. Also, if run in an external oxidation environment 
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such as air or combustion products, the heat pipes need to be coated with a protective ceramic 
coating. Chemical vapor deposited silicon carbide coatings have been demonstrated successfully 
for use with refractory metal heat pipes. The silicon carbide coating would also serve to increase 
the emissivity of the heat pipe radiator. 

The maximum performance of a heat pipe is dictated by the viscous limit, the sonic limit, the cap- 
Uary limit and the boding limit. The viscous and sonic hits, in effect, determine the minimum 
temperature at which a heat pipe will function properly. The boiling limit, in effect, dictates the 
maximum temperature capability of the heat pipe. The maximum axial heat flux, within the opti- 
mal temperature range, is primarily determined by the capillary limit. The capillary limit bal- 
ances the capillary pressure produced by the wick with the flow resistance pressure drop in the 
vapor and liquid flow paths. 

I 

I 

Liquid flow in homogeneous wick structures is very resistive, creating a large pressure drop and 
thereby limiting heat flux. To overcome this, advanced “composite” wick structures have been 
developed which minimize liquid pressure drop while maintaining a high capillary head. Figure 5 
shows several homogeneous and advanced wick configurations. For the examples shown in this 
paper, an artery wick with four arteries has been assumed. These arteries are formed from the 
same porous material as the rest of the wick, 

The capillary limit is dependent on the effective length of the heat pipe. The effective length is 
given by: 

Longer heat pipes will have lower capillary limits. The capillary limited maximum heat flow for 
a heat pipe with arteries is approximately: 

The maximum heat flux is: 

As mentioned, for lithium heat pipes, the capillary limit, given in terms of the total cross-sectional 
area of the heat pipe, can be as great as 30 kW/cm2. Los Alamos National Laboratory demon- 
strated a 4 meter long heat pipe with an axial heat flux of 23 kW/cm2 using a “conservative” wick 
structure [l2]. For sodium heat pipes, this limit is lower: about 6 kW/cm2. Figures 6 and 7 show 
the axial heat flux performance limit curves for 4 meter long lithium and sodium heat pipes, 
respectively. Table 1 provides the geometrical information used to derive these plots. 



When high temperature heat pipes are cooled radiatively, as in a TFV converter, the heat pipe 
temperature is dictated by the energy transported and by the radiator surface area. The formula 
for radiant heat transport from a radiator to TPV cells is: 

For parallel plates, the formula for the effective emissivity of above or below bandgap energy 
transport is: 

1 - - ( W E , +  l/&cp- 1) (5) 

For a concentric cylinder configuration with an external radiator, the formula for the effective 
emissivity is: 

In the above equations, E, is the emissivity of the radiator and q.. is the effective emissivity of the 
TPV cell covered cold plate. This cold plate effective emissivity includes contributions from the 
cell active mea, the grids and bus bars, which are necessary for electrical connections and distri- 
bution. "he grids and bus bars are typically made with highly reflective gold (E - 0.0). The cell 
active area makes up only about 80% of the total cell surface area. Therefore, the net emissivity of 
the cells is typically 20% lower than the emissivity of the cell and filter combination. 

The sm-face heat flux from the radiator at 1500 K (with eel = .72 and ce2 = .08 to account for the 
area fraction of cell active area) is about 9 Wkm2 of surface area. There is a three order of mag- 
nitude difference in the heat carrying capacity of the heat pipes and the surface heat flux in the 
heat pipes. This requires a large radiator (condenser) surface area per unit flow area in order to 
take advantage of the high heat transport capability of the heat pipes. Therefore, the condenser 
end of the heat pipes needs to have a large surface area with a relatively small volume. This is 
advantageous because this same trend will lead to a high power density energy converter. 

V Cell C o o l h  

TPV cells are capable of about 20% efficiency. This implies that 80% of the energy transferred to 
and absorbed by the cells must be removed as waste heat in order to maintain low cell tempera- 
ture. The Simplest and most power dense means of removing heat from the cells is to mount them 



on a cooling structure with an internal or external coolant flow. Water appears to be the best cool- 
ant for this application. Air cooling is also feasible but is limited in its power density, heat 
removal capacity, and maximum heat transfer coefficient. I 

While “cold side” water filled heat pipes could be used for cooling of TPV cells, they do not 
appear to be competitive with a forced water flow system in terrns of heat removal capacity. Fig- 
ure 8 shows the performance limits for a water heat pipe with the geometry specified in Table 1. 
Note that the water heat pipe is not limited by sonic or boiling conditions in this temperature 
range. The capillary limit has a relatively strong sensitivity to temperature due to a sharp reduc- 
tion in the liquid viscosity with tempera-. Because of this effect, water heat pipes work signif- 
icantly better at elevated temperatures. Still, because of the relatively poor thermal properties of 
water its compared to lithium or sodium at high temperatures, water side heat pipes are limited to 
power levels of 1 kW/cm2 or less. This would require water side heat pipes with up to 30 times 
the cross-sectional area as the hot side heat pipes to carry the same heat load. Forced water flow 
systems can be made with comparatively small channel sizes, and are therefore advantageous for 
improving power density. 

s;’onfieuration of a Heat PiDe Radiator TPV Converter 

From the above information, it can be concluded that a heat pipe radiator TPV energy converter 
would need to be configured in a manner similar to a compact heat exchanger. That is, a large sur- 
face area must be contained in a minimum volume. Unlike most heat exchangers, however, this 
device produces electricity and requires heat transfer by radiation as opposed to convection. Still, 
maximizing heat transfer area through close packing of heat pipes and TPV cells and cooling 
structures, as well as the use of extended surfaces make the design concepts similar. 

Four configurations of radiator heat pipes and TPV cell covered cold side structures have been 
considered. These configurations are shown in Figure 9. The first configuration uses a number of 
flat heat pipes alternated with flat TPV cell covered cooling structures. The second configuration 
uses a round heat pipe with two radial fins along with flat cooling structures. The third concept 
uses a number of round heat pipes, each surrounded by a TPV cell lined concentric tube. Coolant 
flows in crossflow over the outer tubes. The final concept uses annular shaped heat pipes, each 
with an internal TPV cell covered cooling tube or water heat pipe. 

Each of these concepts transports heat from the heat source to the converter with the high temper- 
ature heat pipes, as depicted in Figure 10. The heat pipes pass through an endwall of the con- 
verter. Cooling water is supplied from and withdrawn from the opposite end of the converter. In 
three of the four cases, a vacuum, or low pressure inert gas environment is maintained in the heat 
exchanger portion of the converter between the endwalls to minimize heat conduction heat loss. 

For the purpose of comparing the concept alternatives, it was assumed that lithium heat pipes 



operating at 1500 K are used. These heat pipes carry 10 kW/cm2 (well below the capillary limit 
for lithium). For the round heat pipe cases, the heat pipe is assumed to have a diameter of 2.1 cm 
(1.9 cm ID), with an internal cross-sectional area of 2.82 cm2. For the flat heat pipe cases, the 
same 2.82 cm2 of cross-sectional area was assumed. This creates a heat pipe with a total of 
28.2 kW of heat flow. The radiator length within the converter is assumed to be 1.0 meters. 

-t 1: Parallel I&$ Platq 

The concept with the greatest potential for high power density is the parallel flat plate concept. It 
allows for the closest packing of radiator heat pipes and TPV cell covered cooling stnrctures. At 
1500 K, the net surface heat flux from the radiator is 9 W/cm2. For a heat pipe carrying 28.2 kW, 
the total radiator surface area must be: 

= Qbdq’’s = 3130 cm2 per heat pipe (7) 

Based on a 1.0 meter length, a two-sided flat heat pipe would need to have a width of 15.6 cm. fn 
order to maintain the 2.82 cm2 internal flow area, the heat pipe would need to have an internal 
thichess of: 

Assuming a conservative value of thp = 0.2 cm and a heat pipe wall thickness of 0.1 cm, the over- 
all heat pipe thickness is just 0.4 cm. 

In the TPV cell cooling channel, the channel could be divided to provide a coolant flow path 
which starts at one end of the converter, flows through one side of the channel and flows back 
through the other side of the channel. Assuming a 0.2 cm internal flow thickness, with a 7.5 cm 
width, would provide for a turbulent flow of water with an average velocity of 2 m/s and an aver- 
age temperature rise of 20 K from the inlet of the channel to the exit. The average heat transfer 
coefficient is about 13,000 W/m2K, which provides for a film temperature rise of about 7 IC. 
Assuming an inlet temperature of 290 K, the maximum cell temperature would be 317 K. The 
pressure drop from the inlet to the outlet of the water channel would be about 32 kPa. This in turn 
would require a pumping power of about 20 Watts per coolant channel. 

A combined cooling channel wall, cell and filter thickness of 0.1 cm would provide an overall 
channel thickness of 0.4 cm. With a vacuum gap between the radiators and the cells of 0.1 cm, 
the overall unit cell thickness of this concept would be: 

The overall surface area per unit volume from the two-sided radiator cooling channel system 
would be 2.0 cm2/cm3 and the total heat transport power density would be 18 W/cm3. Assuming 



an efficiency of 20%, this would give an electrical energy production rate of 3.6 W/cm3 within the 
heat exchanger volume. This suggests that a TPV energy converter with a 1.0 meter length and a 
31.2 cm x 30 cm cross section (60 total heat pipes) would provide nearly 340 kW of electrical 
power. The total electrical pumping power requirements for the forced cooling water would be 
just 1.5 kW. 

Table 2 summarizes the performance information for the lithium heat pipe case described above 
as well as for a sodium heat pipe - TPV system. This sodium heat pipe system would operate at 
1250 K with an average axial heat flux of 3 kW/cm2. Note that the heat pipes in the sodium heat 
pipe concept are nearly the same size as those in the lithium heat pipe concept. The lower operat- 
ing temperature provides a lower surface heat flux which is in tune with the lower axial heat flux 
capability of the sodium heat pipes. The power density of the sodium heat pipes is about 30% of 
that with the lithium heat pipes. However, the lower operating temperature could also Iessen the 
demand on heat pipe structural materials. 

C c e  with ' b o  

Using a round heat pipe with external fins may simplify the manufacture of the heat pipes. It will, 
however, lead to a design with significantly lower power density. The fins would need to be about 
4.6 cm long to provide the same surface area per heat pipe as the case above. Even if these fins 
could be made thick enough and conductive enough to approach a fin effectiveness of 1.0, the 
overall unit thickness for the system would be larger to accommodate the heat pipe tube. The unit 
cell thickness would be: 

ttOt = dhpt + 2tgq 3- fcP = 2.7 cm 

This increase in unit cell thickness would reduce the surface area per unit volume to about 0.75 
cm2/cm3. In addition, the electrical power density would be reduced to 1.35 W/cm3, or about 37% 
of the power density of the first case. 

If the radiator fins are not very conductive, every 10 K drop in the average radiator temperature 
will result in about a 5% reduction in electrical output per unit volume. Also, cell wiring schemes 
used to produce higher output voltages require uniform illumination of the TPV cells. A si@- 
cant temperatw gradient in the fin radiator would result in nonuniform illumination of cells, 
reducing cell efficiency, and thereby further reducing output and power density. 

While this concept will be limited in terms of its power density, (a 1.0 meter long, 2.1 cm diame- 
ter section of this tube sheds just 6.5 kW of heat as opposed to 28 kW in the flat plate or finned . 
concepts) it may allow for forced air cooling of the TPV cell cooling structures. Round alkali 
metal heat pipes radiate photons to the TPV cell lined inner surface of a concentric tube. Air 
flows in crossflow over the outside surface of this outer tube, which can have rows of circumfer- 



ential fks to improve the heat transfer coefficient to the air. With proper design, it is estimated 
that this concept could provide a heat transfer coefficient of 800 W/m2K at an average air flow 
velocity of 40 m/s.  This would provide a film temperature rise of just 10 K for an outer tube sur- 
face heat flux of 8 W/cm2 (the heat flux at the surface of the outer tube), allowing for adequate 
cooling of 'IPV cells with room temperature air. The temperature rise in the air would be on the 
order of 10 K per tube row. Based on a 290 K inlet temperature, the maximum cell temperature 
for a 5 row array would be 350 K. 

The major concern with this concept is that at the reference heat flux, the required air flow rate is 
quite large. This in turn will increase the power requirement for the air blower. Given that an 
outer tube 2.5 cm in diameter can be used to provide 1.3 kW of power over a 1.0 meter length (i.e. 
20% efficiency), about half of this power will be needed to effectively cool the tube. 

At lower radiator temperature, corresponding to the use of sodium heat pipes, the waste heat load 
would be significantly lower. This would reduce the cooling demand and cell temperatures, and 
thereby reduce the power required for forced air cooling. However, the lower radiator tempera- 
ture would also significantly reduce power output and power density. 

ConceDt 4:- in Annular Heat Pine Concea 

This concept is most conducive for use with a water heat pipe as the TPV cell cooling structure. 
The concept allows for accommodation of the difference in heat flux capabilities associated with 
high temperature lithium heat pipes and water heat pipes. Although not as power dense as the 
6rst concept, this concept eliminates the need for a forced cooling loop and the associated pump- 
ing requirements. 

The annular heat pipe with the same cross-sectional flow area as the previous cases would be pos- 
sible with about a 4.2 cm diameter annulus with an annular gap thickness of about 0.2 cm. A TPV 
cell covered cooling water heat pipe with an inside diameter of 3.5 ern could be used with this 
device. Given that the water heat pipe is capable of removing 1 kW/cm2 from the cells, a total 
heat removal rate of just 9.6 kW is possible. Over a 1 meter long heat transport section, this cor- 
responds to a surface heat flux of about 8 W/cm2. This in turn would limit the radiator tempera- 
ture to about 1400 IC, which is at the lower limit of the useful temperature range for lithium heat 
pipes. Therefore, this concept seems better suited for lower temperature sodium cooled heat pipe 
systems. 

. . u s  Associated mth the Heat Pme - TPV Svstem 

The design concepts for heat pipe - TPV systems are still in their early stages. Therefore, many 
issues associated with this system have not yet been considered. For instance, design concepts of 
this type thus far have concentrated on the energy converter and not on the heat source. Design of 
a combustor unit capable of supplying energy to heat pipes at 1500 K or greater will be a signifi- 



cant challenge. Although adiabatic flame temperatures for non-preheated combustion reactions 
are in excess of 2000 K for most hydrocarbon fuels, 1500 K gas temperatures are near the upper 
limit for current generation gas turbine combustors. The combustion unit would need a highly 
effective recuperator to increase the efficiency of the entire system to competitive levels. 

Within the energy converter, efforts thus far have concentrated on sizing and performance assess- 
ments. Design of the system from a mechanical point of view has been limited. Pressure stresses 
are not expected to be a concern because the heat pipe internal pressure is quite low. However, 
thermal stresses, particularly during start up and shutdown when the heat pipe runs non-isother- 
mally, are a great concern. 

Manufacturing concerns also need to be addressed. The primary concern appears to be in sup- 
porting and maintaining a close spacing between the hot heat pipes and the relatively cold cooling 
structures. Small periodic ceramic spacers may be needed to maintain spacing requirements. 

Reliability issues with the system will iequire further study and demonstration. Although high 
temperature heat pipe systems have demonstrated lifetimes of over 50,000 hrs [12], use of high 
temperature heat pipes in a corrosive combustion environment will need to be demonstrated. 
Also, internal corrosion of the heat pipe from reactions between the working fluid and the heat 
pipe wall and wick could degrade heat pipe performance. Relative thermal expansion between 
the refractory metal heat pipe tube and the ceramic coating could lead to cracking and degradation 
over life. These refractory metals and coating must have a very low vapor pressure, if used in a 
vacuum environment, to prevent evaporation and subsequent deposition on the TPV cell and filter 
swfaces. Finally, maintenance of the vacuum or low conductivity gas environment over the life of 
the unit must be addressed. 

The most limiting issue associated with commercial use of TPV conversion systems is the cost of 
the TPV devices. Because TPV cells are currently only manufactured in research quantities, the 
cost of the cells is prohibitively high. Mass manufacture of TPV cells will be needed to bring the 
cost of these cells to a level at or below that of solar cells, and thus make them attractive for wide- 
spread commercial use. 

A TPV system with heat pipe transport of energy from the energy source to the conversion unit 
offers the potential for significant increases in power output and power density. High temperature 
heat pipes, with either lithium or sodium are capable of transporting heat at rates of up to 
30 kW/cm2 of heat pipe cross-sectional area. The condenser end of the heat pipes can be used to 
radiate photons to TPV ceIls and thus create electricity. The example calculations shown demon- 



strate that a lithium heat pipe - TPV converter operating at 1500 K is capable of producing elec- 
txicity with a power density of about 3.6 W/cm3. Sodium heat pipe - TPV systems are capable of 
about 1 W/cm3 at 1250 K. The power output will have a very strong sensitivity to heat pipe tem- 
perature. 

Examination of different configurations of high temperature heat pipes and TPV cell covered 
cooling structures indicates that a system with flat heat pipes and with flat cooling channels 
appears to offer the greatest potential for high power density. Round heat pipes with fins suffer in 
terms of power density both due to limited packing and due to the effects of temperature drop in 
the fins. Concentric orientations of heat pipes and cooling structures have signdicantly lower 
power densities. However, at lower temperatures, 1400 K or below, these latter systems appear 
well suited to either water heat pipe cooling or forced air cooling. 
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High T-ture Heat PiDe Geoatric Informata 

Parameter Symbol Value muation 

0.019 m dhP Heat pipe inside diameter 

Heat pipe overall length 1 L 4.0 m 

Heat pipe evaporator length Le 2 m  

Heat pipe adiabatic length La l m  

Heat pipe condenser length Lc l m  

Effective heat pipe length Leff 2.5 m .5Le + La + .5Lc 

Radiusofcurvatureofmesh 1 rc 1 3 . ~ 8 ~ 1 0 - 5 ~  I 1/2N 

Mesh wire diameter 
~ ~~ ~~ 

Diameter of vapor space 4 0.018 m dhp- I 6dw 

Artery inside diameter da 0.0014 m 

Number of arteries Na 4 

Heat pipe cross-sectional I Ahp 1 2.83x104m2 I 
area 

Vapor flow area 4 2.43x104m2 nd2f4 - 
Nan( da+0.0005)2/4 

Liquid flow area in wick 1 I 2.91x1CY5m2 I 7C(dh;-dy”>/4 

Liquid flow m a  in each I 4 I 1.54x104m2 1 
artery 

Wick porosity 1 E 1 .604 1 1-(1.05~Nd&4) 

Wick~meab i l i~  I 1 1.0~10- 11 m 2 I dw2$/[122(1-e)2] 



Table 2 

summary of Flat Plate Heat Pipe TPV Svstems for Lithium and 
~oclium Heat Pines 

Flat Lithium Heat Flat Sodium Heat 
Pipe System Pipe System Parameter 

Operating Temperature (K) 1500 1250 

Heat Pipe k a . ~  Heat nux (kw/cm2) 10 3 

Radiator Surface Heat Flwr (W/cm2) 9 3 

Heat Pipe Internal Flow Area (cm2) 2.82 2.82 

Heat Pipe Condenser Length (cm) 100 100 

Heat Pipe Width (cm) 15.8 14.1 

Heat Pipe Total Thickness (em) 0.4 0.4 

Cold Plate Total Thickness (cm) 0.4 0.4 

Unit Cell Thickness (cm) 1 .o 1 .o 1 
Sd.Area per Unit Volume (cm2/cm3) 2.0 2.0 

Thermd Power Density (W/cm3) 18 6 

Efficiency (from Figure 2) -20 .16 

Electrical Power Density (W/cm3) 3.6 1 .o 
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FIGURE 4 
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Figure 5 
Typical Heat  Pipe Wick S t ruc tu res  
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Figure 9 
TPV Conver ter  AriAangements 
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FIGURE 10 
DEPICTIDN UT A HEAT PIPE TPV CDN\/ERTER WITH A 

COMBUSTION HEAT SUURCE 
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