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Abstract:

Testing of the improved 4-95 solar Stirling engine ina
paral o disy systern has been going onin Test Bed
Concentraors ai Edwards Air Force Base since May
1982 This “aper presents the obiectives with the
testy tes! selups and component designs and the
res ats o the testing

Different type of lests have been performed. among
the most important have been characterization of re-
cewers, tull day performance of complele system
cavily and aperiure window test including influence
from windeltects. control syslem tests radiator sys-
tem tesls and specigl temperalure measurements
with intrared camera

The maximum output from the system - 24 kKW mod-
ule power output. 28% overall conversion efficiency
solar to net elecinge — and the full day performance -
13.5 hoo . of operation generating over 250kWh —
shows the system Capability. Other important results
are the nHiuence on performance of Hux distrbution
depending on concentrator glignment. and the opti-
mum receiver operating criteria when balancing flux
and temperalures on cooler receiver suriace while
avoiding Hux on uncooled surfaces,
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Fig 1 TBC's with Stirling Modules

Introduction

Ye testing of the solar Stirling engine in Test Bed
Concentrator at Edwards A Force Base started in
early 1982 with the fret veorson of engine wi.
ceiver system. An improvement of the engine fol
lowed as well a5 an improvesent of the concentrator
flux distribution and in May 1982 the testing of the
new system started

A second engine was installed nthe second concen:
trator at Edwards A Force Base in February 1983
and gince then paraliel testing of the two solar Stirling
engines has been going on almost continuously.
Fig 1)

The engine used in the testing has been the United
Stirling modet -85 the 4-cylinder double acting Stir-
ling engine with a maximum oulput of 25kW in solar
apphication and compatible with an 11m concontrator.
The Slirling sngines under testing have been integra:
ted with other components, which are special for the
solar apphcation such as receiver system. generator
radiator and electrical and electronic controls

Test sequence

The testing in the Test Bed Concentrator No 2 has
daimed at the improvement of performance and the
developrment of new components The concentrator
was first realigned to improve input characterishcs.
Special engine mounting as well as receiver cavity
and cone were installed to establish optimum oper:
ating conditions  New componenty including receiv.
ers, caviies, aperture window and cone material
were installed for development testing Character
ization of engine with these components during dit-
terent operaling conditions has been performed with
ditferent temperatures, different ambient conditions
and also during different operating seguences such
as start, stop, cloud passages, elc

The testing in the Test Bed Concentrator No 1 has
aimed st the instaliation of a complete, selfsustain
ing unit including engine, generator, radiator and
control system. and fo endurance test such a system
{Fig 2 | Also characterization of the radiator system
was 1o be performed
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Fig 2 Module with radiator system

Test results
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Fig 3 Insolstion and power from a full day test

The present powsr conversion system has shown
excellent performance The module output is the CONVERSION EFFICIENCY
highest so far for any parabolic dish system. The J{ELECTRIC OUT TO THERMAL IN
highlights are. 0 CaviTY) %

24 kW module output

28B% overall conversion efficiency — solar to
net electric

13.5 hours of operating with positive power
output over & day

gensration of more than 250 kWh over a day

Figure 3 shows the output over a full day with corre-
sponding solar input.

Of special interest is the mean daily efficiency for the
system. The Stiding engine has g very high part load
efficiency. For example already 1 hour after slart, the U536 5 4
system efficiency is very close to dally maximum, .
{Fig, 4. The mean doily efficiency is around 95% of
the maximum, Fig 4 Mean daily output
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Flux distribution

The testing has so far been performed with two dif -
tferent aligments of the concentrator. The initial align-
ment strategy used a single focal point, giving heat
flux to all areas in the cavity at nonuniform levels. The
realignment strategy used was te allow insolation to
fall only on cooled surfaces and to get as uniform dis-
tribution as possible. This improves overall perform-

ance for the power conversion unit. The basic im-
provement is the increase in cawvity efficiency when
limiting cavity wall temperatures. Figure 5 shows a
comparison of performance with different flux distri-
butions (March and June/July) for two receivers as
well as for helium and hydrogen as working gases.

EDWARDS TEST DATA
RECEIVERTYPE TIME WORK GAS INSOLATION EL OUTPUT EFFICIENCY
{(Wim?) (kW) (%)
ESORNA March He 915 19.5 28.4
ESORI B March H2 980 20.7 28.2
March He 973 195 26.7
ESORIKA July H, 960 24.2 336 :
July He 906 20.7 305 -
ESORIB June H; 898 224 33.2
June He 922 20.6 30.0

Fig 5 Performance comparison at different flux distributions

Receiver performance

Three different receiver designs have been tested.
Also testing st different distances from the focal point
to vary the heat flux input, has been performed to op-
timize the operating conditions for the receiver.

The different receivers used have conflicting design
criteria based on concentrator and engine require-
ments. The concentrator flux distribution calls for a
wide diameter heater cage to achieve uniform, low
flux levels on the tubes, but this results in excessive
tube lenght which reduces engine performance. The
engine calls for relatively short tube lenght which op-
timizes engine performance.

One receiver type has long tubes, wide diameter and
the surface completely covered with tubes. Another
receiver has the opposite, short tubes, small diameter,
clearance between tubes. Both engines and cavity per-
formance are involved in overall performance.
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The third version of the receiver has a medium diameter,
mean tube lenght and a surface nearly covered with
tubes resulting in optimum receiver performance.

Varying the location of the receiver in relation to the
focal point results in varying output if other parameter
values are equal. The optimum output is, however, not
the only parameter used in evaluation of optimum lo-
cation. Flux and temperature distribution influencing
componert life should be involved in the evaluation.
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Cavity, cone and aperture window tests

The cavity and cone are important components in the
dish system (Fig 61 The performance of the cavily
influences the overall system performance. Losses
from cavily, both opticat and thermal depend very
fuch on the design. For exampie & back up of in-
sulation behindg the receiver lubes improves perform-
ance and makes controlling more stable. Taking away
the cone and cavity lolally increases the lpsses 1o
about twice the base cavity losses which are in the
magnilude of 8 KW Also an introduction of an aper-
ture window can minimize he thermal losses by
reducing convechion currents. However, when intra-
ducing an aperture window, transmission losses are
introduced. Depending on the magnitude of the two
losses. the syslem can be optimized. The resull from
the tesling with 2 Hlat quarlz window shows 2 lower
power output of up 1o 1 KW al full Ipad. The result
depends also on the temperalure level used in the
cavity system

Wind direction and speed with respect 1o the open
cavity can have an influsnce on the output power,
When evalusling the two effects together wind and
transmission losses due to aperture window, actual
tegting has 'O be made 1o oplimize the system Al
present gnalythical methods are not accurate encugh
1o permit selecting a final design without field testing.

Radiator system tests

A complete radiator systemn instalied up in focal mount
has beer lested 1t was bult up ot 4 malrices in a
souare form. a rachal fan and a waterpumnp. Perdonme
ance at full load conditions resulted ina 20°C tempera-
ture difterence between ambient and coolant lempera:
ture,

The parasitic power consumption ranges from 8OO W
to 1250 W for the fan and 200 W for the water pump,
The tan motor has a low and a high power level, which
permils the parasitic consumption o be mirimized
during all operating conditions.

Potential destruction of components in the focal area
due 1o the high flux infensity also influences the de-
sign. During the short aperture window tes!s no dam-
age of the window could be found. Also the cone ma
terigl s crilical when spol traverses the cone dunng
slew off. Successful testing with cast siica has been
performed and survival at full insolation under normal
fracking was achieved Lower grade matenal ke cer-
amic board and Nextel Cioth cannot survive,

Fig 6 Aperture cone design

Control system tesis

The USAB microcomputer has beer used for control
ing the module during ail pperating modes. The micro:
computer dilows an aulomatic operalion. Numerous
emphirical values of diferent parameters are included
in the logics tor optimized sequencing and operation.
During the past year many tests have been performed
to evaluate the control parameters and ther optimum
values Figure 7 shows a bransient curve corresponding
iy g start at farly high insolation level. Bhown are tem-
peratures. pressure. speed and power oulhut




N

STiRL

Temperature measurement

Evaluation of gl temperatures in the recever system is
very important. because the lemperaturs level influen
ces the receiver iife and performance. The temperature
varies somewhal over the heater surface and also
araund the fube iself, because of the solar input to the
front face of the tube only. Temperatures have been
mieasured with 40 thermocouples over the receiver and
cavily.

Thermocouples however, cannot cover the entire sur
face and therefore are limited in measurement of tem-
perature distibution. An infrared camera has been
used, which gives information over all the receiver sur-
face facing the sun, and testing can be made during
nosmal operation. The most interesting results from the
festing are:
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Fig 7 Transient — start time

® that no crtical hot spots can be found on the re.
ceiver surlace.

® that all ubes per quadrant show 3 uniform tempers:
e at the same radial distance

& ihat the temperature distribution along the tube —
warmer at the oulter diameter — depends hoth on
mternad conditions { gas flow | and external con
ditions { heal-tuc distrbution )

Resulls are shown in figwre 8.

Fig 8 infrared camera picture of receiver with
guadrants — fsotherm shown




Conclusion

The testing at Edwards Ar Force Base has been
very succeshi. Tesling has been going continously,
except during periods of bad weather. Unfortunately
1983 has been unusua in the respect, causing a
severs 08 I running hours.

The lesting which started in March 1983 with Stirling
engines in bolb concentrators was very impressive.
it was the first ime when two sclar Stirling engines
were in solar operation at the same time. Fig 91

We now have a much better understanding of solar
paraholic dish system and *he influence of different
parameters. However more 1esting is needed and i
will continue at Edwards A Force Base This testing
will inchide further developiment of receivers, shutters,
cone and aperture window, confrol system and event
ually endurance testing of an optimized system.

Future action

Additional testing will also go on in Paim Sorings within
the Vanguard project. This achvity is als. . ponsored
by the US Department of Energy under 2 cost sharin,
contract, This testing wil be done with the second
generation of Solar Strling engines, the Mark !l en-
gine, figure 10, This new design had as obleclives
compared 1o the Maric | engine 1o reduce production
cost, 1o increase reliability and 1o keep the perform-
ance level.

The development effort resutted in a simplified design
including all experience from the Edwards lesting as
well a8 new ventions and development from labo:
tury testing. The mosl important new design 800
utions are;

# the ol system with only internal oifiow

#® the build up of cold moving parts allowing zcurate
alignment of components resulling in improved
reliability for seals and piston nings

# the design and malerial selection of receiver re-
sulling in a1 cheap recelver with simplified fabri-
cation and improved performance

# the special design of gas control systern, guided
by the installaion of modules together in a farm
using one hydrogen compressor and gas storage
system including feed lines to each module in con-
cerirators, instead of each module having its own
compressor and gas storage and beeing a seif-
sustaining unit up infocal mount.
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Fig 8 Two Stirling modules under testing

Fig 10 Mark If Cross-section
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The Mark il engine has been fabricated and as.
sembled and the first enging, intended for the Paim
Springs installation. has been laboratory lested for
about 200 operating hours (igure 11} The result
from the testing shows a slightly better performance
than for the Mark | engine. The Mark H engine has
been converled for solar operation and assembled
with radiator and solar gontrol system, 10 a selfsus-
taining unit and is ready for continued solar testing in
Paim Springs. (Figure 12}

Fig 11 Mark 1f in test rig

Fig 12 Mark 1 Solar modute

LM AW O e
gl

Mgn B31024




