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Summary:

The goal of this contract was to fabricate and deliver a cylindrical 150 W
TPV generator complete with a GaSb photovoltaic converter array (PCA) and a
propane fired burner / emitter / recuperator (BER). In the following pages, we
summarize the progress made toward this goal, the primary problem
encountered, a solution to this problem, validation of the solution, and our future
plans under a newly issued Army Research Office contract. A detailed
presentation on the work done under this contract was given to Army review
personnel on June 29, 1999 and that presentation is attached hereto as an
appendix.

Progress:

In order to build the proposed TPV generator, it was necessary to build
both a photovoltaic converter assembly complete with air cooling system and a
burner / emitter / recuperator system complete with propane and air delivery
systems and igniter. These two subsystems were designed and built in parallel
and then combined subsequently near the end of the program in order to
fabricate the delivered TPV generator.

The project began with the fabrication of the PCA shown conceptually in
VG # 5. A PCA consisted of 12 circuits with each circuit containing 30 GaSb
cells. The circuit and circuit design is shown in VG # 6. We actually fabricated
three live PCAs over the course of this contract. The first one (VG #10) was
fabricated specifically for testing with an electrically heated SiC globar. The next
two PCAs (VG # 11 & 12) were fabricated for use with propane burners, one for
delivery and the last one to remain here for future testing and improvement.
Forty circuits including spares were fabricated and tested with generally excellent
performance (VGs # 7, 8, & 9). The first PCA was tested both with 200 cfm and
380 cfm of cooling air. With 380 cfm of cooling, it produced 540 W of electric
power output (VG #15). With 200 cfm, cooling was adequate for up to 150 W of
electric power out and 5 kW of heat load (circuit temperature = 90 C).

The burner / emitter / recuperator work proceeded in parallel with the PCA
work and is described in VGs # 17 through 21. We were able to operate the
burner at 6 Ipm of propane. This corresponded to approximately 7.5 kW of input
fuel energy.

We then combined the PCA and BER in order to make a complete TPV
generator and measured the PCA output. We actually wired the circuits in the
PCA in pairs so that we measured the outputs of the six pairs. The best output
power achieved was 135 W at an estimated array heat load of approximately 5
kW. The results for this test are summarized in VGs 22 & 23. Note that the SiC
emitter temperature averaged about 1150 C.




Problem:

The final array output was lower than we had hoped. One can state this
problem in two ways. One can simply note that the overall conversion efficiency
was very low. In fact, the PCA conversion efficiency was 150/5000 = 3%.
However, it is more useful to state this problem differently as follows.

The TPV problem is simply a three-step energy transfer problem. One
must first burn a fuel and transfer the energy in the hot combustion gases to the
IR emitter surface. Then one needs to transfer the energy from the emitter to
cells, and finally one needs to remove the waste heat from the cells.

In the previous section, we noted that we were able to transfer
approximately 5 kW to the emitter and that we could remove approximately this
amount as waste heat from the cells. We note that the emitter area is
“approximately 500 cm2. This means that the heat flux leaving the emitter
arriving at the cells was approximately 10 W/cm2. An analysis of the terms
associated with this emitter-to-cell heat transfer process reveals both the
efficiency problem and its solution.

Heat is transferred from the emitter to the cells in three ways, by
radiation, by conduction, and by convection. Our assumption at the beginning of
this contract was that radiation was dominant. Given radiation, we proposed to
use filters to tailor the spectrum to allow the useful shorter cell-convertible
wavelengths through to the cells while reflecting the non-convertible longer
wavelength energy back to the emitter. Our target emitter temperature at that
time was 1400 C. At that temperature, 25% of the radiant energy would be within
the cell convertible band with wavelengths less than 1.8 microns, 50% would be
within a dielectric filter reflection band of 1.8 to 3.6 microns, and the remaining
longer wavelength energy would only be 25% of the total. So we could handle
75% of the radiant energy effectively.

At this point, our perspective has changed. We now believe that for an
emitter temperature of 1100 C, the conduction and convection terms account for
a heat flux of about 3 W/cm2. And unfortunately for a SiC emitter at 1100 C with
an emittance of 0.8, 40% of the radiant energy or approximately 6 W/cm2 is
beyond 3.5 microns. These two parasitic terms account for 9 W/cm2 from our
available budget of 10 W/cm2. So, the problem is that before we can get
significant amounts of cell convertible radiant energy, we need to reduce the long
wavelength radiant energy and the conduction and convection heat transfer
terms. This can be done as is described in the following section.

Solution:

The solution to the TPV emitter problem can be found by analogy with the
Edison light bulb. We need to suppress long wavelength radiant energy and it
would be desirable to eliminate conduction and convection altogether. While the
long wavelength emittance of SiC is actually higher than its short wavelength
emittance, the emittance of refractory metals such as tungsten is higher for cell




convertible wavelengths than for longer wavelengths. In other words, the long
wavelength energy radiated from refractory metals is suppressed. So the
solution to the TPV emitter problem is to coat the SiC emitter with a refractory
metal and to surround it with an evacuated glass tube. This can be done as in
the emitter thermos shown in the TPV generator in VG # 33. In fact, we can do a
little better than an Edison light bulb by coating the refractory metal emitter
surface with an antireflection coating centered in the cell convertible band. VG
#26 shows the theoretical emittance expected for such an AR coated refractory
metal (RM) emitter and the following table shows the projected radiant power
distributions for this emitter at 1200, 1300, and 1400 C.

Table 1: Radiant power distribution for AR/RM emitter

Temperature (C) 1200 1300 1400
Power Density (W/cm2)
0.7 to 1.8 micron 4.6 7.6 10.5
1.8 to 10 micron 2.2 2.9 3.6
0.7 to 10 micron 6.8 10.5 141
Spectral Efficiency (%) 67 70 74

Referring now to the 1300 C column in table 1, note that instead of 1 out
of 10 W/cm2 being available for cell conversion with the current emitter
configuration, we project that 7.6 out of 10.5 W/cm2 should now be convertible
with the AR/RM emitter thermos configuration. Assuming a cell conversion
efficiency of 30% and if 70% of the radiant power were in-band, then the PCA
conversion efficiency would be 21%. -

Validation of Solution:

While the AR/RM emitter thermos of VG # 33 still needs to be developed,
linear tungsten filament light bulbs are commercially available. Unfortunately,
these light bulbs are not identical to an emitter thermos. They run hotter; the
tungsten filament is not AR coated; and there is no mid-band filter. However,
these differences tend to compensate each other. Furthermore, the TPV emitter
thermos and a light bulb do have important similarities. In both cases, the short
wavelength emittance is higher than the long wavelength emittance and an
evacuated bulb eliminates conduction and convection.

So, we have fitted our third PCA with a tungsten filament light bulb as the
IR emitter. This assembly is shown in VG #12. In operation, the light bulb
consumed 1.1 kW and the PCA produced 108 W. The measured PCA
conversion efficiency was then 10%.




Future:

Although the initial TPV concept is 30 years old, the first high-performance
low bandgap GaSb cells were first demonstrated only 10 years ago in 1989. It
was just 5 years ago when these cells became available in quantity at JX
Crystals. Only recently have these cells been incorporated in arrays in fuel fired
TPV generators. BER systems for TPV have only been fabricated within the last
couple of years. This report contains the first somewhat complete analysis of the
operation of a complete fuel fired TPV generator. This analysis indicates that the
parasitic losses associated with conduction, convection, and long wavelength
radiation need to be reduced before a substantial amount of radiation can be
shifted into the cell convertible wavelength band. This can be done by coating a
durable emitter substrate material like SiC first with a refractory metal followed by
an antireflection coating tuned to the cell convertible wavelength band. This
selective emitter is then heated by combustion from within and surrounded by a
evacuated glass bulb to create a selective emitter thermos. This concept is
completely new to TPV and is now being funded under a separate Army
Research Office contract.

Other Report Requirements:

Report of Inventions) a DD form 882 is included with final report submission. No
inventions are reported. . This contract furthered development of concepts that
were conceived and reduced to practice prior to the contract.

Participating Scientific Personnel) At JX Crystals: Dr. Lewis M. Fraas, James E.
Avery, Dr. John Samaras, Dr. William Mulligan, Galen Magendanz and Wilbert
Daniels. At Western Washington University: Michaeal Seal and Edward West.
No advanced degrees were earned during this project.

Publications and Technical Reports) JX Crystals reported on TPV development

at the third and fourth TPV conferences, run by NREL in May of 1997 and

October of 1998. Relevant papers are:

1. “Development Status on a TPV Cylinder for Combined Heat and Power for
the Home” (1998)

2. Commercial GaSb Cell and Circuit Development for the Midnight Sun® TPV

Stove” (1998)

“A Single TPV Cell Power Density and Efficiency Measurement Technique”

(1998)

“Low Cost High Power GaSb Photovoltaic Cells” (1997)

“2-Amp TPV Cogenerator Using Forced-Air Cooled GaSb Cells” (1997)

“Matched Infrared Emitters for Use with GaSb TPV Cells” (1997)

“Status of TPV Commercial System Development Using GaSb Infrared

Sensitive Cells”, Second World PV Specialists Conference, Vienna, Austria,

July 6-10, 1998.
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