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AB$TRACT
Phase 1of Boeing Company/DOE Dish Engine Critical Component(DECC)Project started in April of 1998and

wu completedin 1999. The Phase I objcctivcs,schedule,and test Rsttks are presentedin this paper, Test (Ma shows
the power,energy,and mirrorPi@ormanceare comparableto thritwhen the hardwarewas first manufactured15 years
ago. During the Phase I and iniiial Phast H lest period the on-sun systemiiccurrudatcdoycr 3,S00 hours of sohtr-
powered operadngtime, accumulatedover 4JO0 hours of coneetrtratorsolar trackingtime, and generatedover 50,000
kWhof grid-compatibleelectricalenergy, Thc data also shows that the system was available95 % of the time when
the sun’sinsolationlevelwas abovertpproximatcly300 wlmz,and achkved a dailyenergyefficiencybetween20% and
26%. A secondconcentratorwas rehwbishedduring Phase I and accurmdatcdover 2,200 hours of solar track time. A
Swond Stirling engineoperated24 hours a day in a test cell in Sweden and accumulaicdover 6,003 test boors.
Discussion uf daily qxralion shows no major problems encountered during rhc testing ih~ wuukl prevenl
commercializationof the technology. Further analysis of the test data shows that system servicing with hydrogen,
coolantand lubricatingoil shouldnot bc a majorO&Mcost.

INTRODUCTION
McDonnellDouglas (now Boeing) and United Stirling AB (USAB) of Sweden (now Kockums) formed a joinl

vcmurcin the early 1980 to develop and nrarkct the Dish Stirling System shown in Figure 1. McDonneIlDouglas
Corporation(MDC)designedand build the solar concentrator(dish) for the USAB4-95 Stirling engine. The system
ww mmufwturc~ installed,and tested through the late 1980s (Lopez, 1993). The market far alternative sourcesof
electricitygeneration disappeared in the mid-19S0s. causing both companies to divest the program Stirling Energy
Systems(SES)obtained the concentratorrightsand hardware,and has obtaineda licenseto mmufacture the Kockurns
4-95Stirlingengine. In AprilOf lw& Boeing ~ived a cos&b contract from the Department of hergy {DOE)to

FIIB,1.DishS#liW 6y#em



DISCLAIMER

This report was prepared as an account of work sponsored
byanagency of the United States Government. Neither the
United States Government nor any agency thereof, nor any
of their employees, make any warranty, express or implied,
or assumes any legaJ Iiabiiity or responsibility for the
accuracy, completeness, or usefulness of any information,
apparatus, product, or process disclosed, or represents that
its use would not infringe privately owned rights. Reference
herein to any specific commercial product,’ process, or
service by trade name, trademark, manufacturer, or
otherwise does not necessarily constitute or imply its
endorsement, recommendation, or favoring by the United
States Government or any agency thereof. The views and
opinions of authors expressed herein do not necessarily
state or reflect those of the United States Government or
any agency thereof.



Portions

DISCLAIMER

of this document may be illegible

in electronic image products. Images are

produced from the best available original

document.



EEB-03-2000 fl:54 , BQEING/SES SOLfIR GROUP 714 372 2394 P. 03/’~9

contittuetesting tis sys&m(Stofie,etd.. iW)in ordertorevtidxethe~eclmolo~xewJuatenewengisuscals,and
update performance benchmarks- The primary objeetivc of the Dish Engine CntiMI Component Project is to
commcrcializ~the technology. The ubjectk of the iirst phase was to enlarge the reliability database needed for
commcrciahz.ationand to demonstratethe per[omwnceof the system,I%o PowerConversionUnits (PCUS)consisting
of an engine, gencra[or and auxiliary equipment were refurbished by Kotkurns in Sweden using equipment
manufacturedin the ear[y l!MOS.PCU #l wss mountedm the concentratorat the Bociig/SES 3olar Test Facilityin
Hunlingtcmf3each,CA and has operatedon-sun since July of 1998. PCU X2was installed in a Kockumstest cell in
November 1998 and has operated nearly 24 hours a diiy for 13 months using a combustion heat source. The.4.95
Stirling engine was firstmlarized and testedin the early 1980sby USAB/Kockurnsfor the Departmentof Energyand
Jet PropulsionLaboratory(JPL). Sincethattimea dozersengineshavebeen used in severalprograms (K)rohcr, 1086 &
Livingston, 1985)and ihcse have accumulatedover 20,000 hours of on.sun owratirm lime, generatedover 169 MWh
of grid electricity and comp]ekd over 124,000 hoursof testcell time, as shown’in Ttsbic1, -

Table 1. Power Generating llmc and Generated Energy,

On-sun operating time

PROGRAM TIME (b)

BoeingDECCPhase11* 505
BoeingDECCl%rss I 3,322
,MtlW.5SAB/SCE 13.752
UsAB#mguiud 2412

I TOTAL I 20.411h

On.sun generated energy

TOTAL [ 169329 kWh
i

●Through MU/00

Testcdl operating time

PROGRAM TIME(h)

BoeingDECCPhaseU* 762
BoeingDECK!Pbass I 5,278
MCWUSAB
- Sinmtwcdsolar 50,707
. Beech 35S78

ltsAB/van@ard
. Simsslatcctsolar 17,577
- Bench 5,030

USA/JPL
- Silased solar 700
s Bench S,480

T12TAL 124,112b

JuJyof 1998and has aecutnulatedover 3,300 hours of on-sun
OPERATINGT[ME

h first dishknginc unit has been operatingsince
opmtting time in Phase I astd continues to operate in’Phase H. The weekly on-sun operating time and total
iiccumulatcdoperatingtimenre shownin F@tre 1. The averageweeklyoperatingtimeof about 50 hours pcr weekhas
primarilybeen a functionof the weatherconditions. Thc maximumwwkly on-sun opemtmg time in 1998 was 70
hours, and 80 hours in 1999. Therehaveordybeen threeoutageperiods,discussedbelow. Since the Bocir@ES Test
Site is close to the ocean, it is subject to considembly more cloudy weather than wm.ddbe experienced in a dcscn
location. In order to incmxe the concentratoroperatingdmc both of the units at HutttingtonBeach were placed into
the track modeof operationevenon cloudydaysstartingin 1999,‘lh accumulatedtrack time for Concentrator#l was
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Fig. 2 Weeklyad accumuhtad on-sumoperating time for PC’U#l.
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4,500 hoursas shmvnin F@re 3. The secondconcentmtorwas madeoperationaldting Phase I in order to generatea
larger conccnt~or reliabihv hbase and m prcpwe for tic next RX The SCCUmufated@k time of over 2,OOO
i-toursfor the second concentratoris also shownin kc right sideof Figure3. The flatpotions in the accumulatedtrack
timt curve for Concentrator #2 are not due to pmblcms but because the unit was taken off-line for wiring
modifications,mirror alignmcnLor special testing. Both of tiese concert~ors were fabricated in the Mcfknncll
Dm@WJnifed Stirling 19S0s JXslI Stirling program. Sine= no major changes were made IOSheconcentrators (same
drives, mirrors, mucturc, conrrois), the total accuuudatctl czmcentrator operating time since 1984 is fw in excess of the
accumulak~ trackingtirncshownfor the D.ECCprogram.
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F@,3. TYackingtime for concentrator #1 and #2

The second Stirling engine was installed in an cn~e test cell at the Kockurnspiant i~ Sweden, The solar-type
heater head was rwnove~ replaced with a combustion hcawr head, and liquid fuel bumcd to provide heat to the engine.
The test cell was located in an er.tcloscd area therefore the radiator was removed and the cuoknt lines were cwtnected
to an external cooling system. hdtiafly the testcell unit only operatedabouttight hours a day during weekdays, hter
safety systemswere installed and checkedout fur use in extendedoperation,and after week 18 (March 1999)the test
cell hashad tie capabilityof operating24 hoursa day,sevendays a week. The weeklyand accumulatedoperatingtirnc
is shownin Figure4. Mostof the outage periodshave been causedby non-mgioe ctmrponcntssuch as the combustion
sysrem,and ~li[y Wi!ities.
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Fig.4. lksttAl operating thnefor PCU#2at Kockutrs.

CMt-SunPerformance
One of the objectives of the DE(2.CPhase I project was to establish sn updated power and energy performance

benchmark for dx I)ish Stirling syst~ ~$ benchuk could ~~ be ~ to cs~b]ish armud p@m’rIwx



~EB-E13-2EWrEj 11:55 , BO~ING/SES SOL%! GROUP 714 372 2394 P. 05/09

parametersfor Huntir@on-8eaclt-typesolm conditions,and Mcomparethe perforrnanctto that obteittedin the 1980s.
The net wccldyand accumulatedenergy generatedfork prokct is shown in Figure5. The weekly avwage energy
gencretedis approximately800 kWh wirh a maximumof 1500 k?vh Again, the average wcekiy energy is low for
becauseof the close proximityof the test site to the ocean, which rmulls in morecloudy days than would occur in a
desert location. The net daily generntedenergy its a function of the incident sun crlergyis shwn in Figure 6 ASa
iimciion of the sun daily incident energy. ‘I%ctop, or maximum,perfmmanceline shown in the left portion of ths
figuredcfistesthe maximumnet daily crtergythat could be expsted at a given sun incidentenergy ievel. Also shown
is the averageperformance(or least- squares.linearIitte)of al! tka~ points. and a lower pcrformrmceboundary line.
The variation of the data points betweenthe upper and lower Iincboufitiles arc Ihe resuk of variation in rdcctivity
due to mirror soiling, and to some extetm variationsin ambient tempcmlure,wind speed, etc. Thc right-hand plui of
Figure S shows lhe daily net ctwrgy efficiency M a iitnclicmof the sun d@lyincident energy. The effkiency is
calculatedby dividingtie daily energyby the cunccntratorglassaperturearea,
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klg. 5. Weeklyand accumuhted net on-sun generated energy for PCU #1 at the SoirtrT* Site.

The sun’sdaily irdent energy(kR%)is the amountof direct normal insolationincident on the conccntrntor glass
iwrture area each &y, The three performancelines shownin the left-handplot were also convertedinto an eKtciency
CUWC,and are showmin the Wend ftgu.rc, The daily energy efficiencymng~ from 20 % to 26 % for a high daily
incidentsun energylevel.
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energy eflkiesscy,for PCU # 1 AT SoIar T* $iti.

SYSTEM AVAlLAi31LKY
Scvenkipammetmwereusectiti orderm quantifythe s~tcm avsitabitity,An “im%isnt-wasdefinedM m eventwherem

operatortud totakesomeactkmeitherin the coatrotmm or in the field to ~ct m operatingsimatioa. Iacidentswererecmdedfw
the PC!U,cooccntratnr.and balance d plmt. h outage @@is &rid u a ~~ pdcd Wh me system was not av@ble ta
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gerreratcpwer. ki~idmtdm adnecm.tilymwn !Wewasaaoutsgepericd,i,c..some dWati~sc~uMkcwcct4witi~?
tskingthesys[emcrff-sun.Asu-oftieinXS mdou@gctimtiis sh*in Table2. AlsoshtnVOOrethcnumb@rofdayshe
systemproducedpositivepower(POW)duringrheday,rhcnumbwofdaysdmrewerenopmbkmswhilethesunwasttvail?blc(NP),
anddaystherewasnosun(Clouds].Therehavebeen365dayswherethesystemopmcd withoutanyproblemswhcrrtbesusswas
available(NP)outofato!alof412 operatiag&Iys(POW+ Clouds].

Table 2. $ummary of Inadessts smdoutage Time
MONTH NO. OFINCIDENTS F@.OFDAYSWITH OUTAGIETIME (h)

Pcu Concen’r BaLOf NP Pow (Xrrlda on-sun Ssm

28 30 j 0,2 3,4 6.2
Sm 4“ o 0 29 25 5 0.0 0,7 1.2
OCT ‘3 1 0 29 30 1 2,0 3.CI 3:5
N(W 5 0 1 1 26 28 2 1,1’ 1.6 4.8
DEC “ 2 0 1 13 14 0 12.0 14,0 14.0
JAN “99 14 2 1 13 2i 4 24.2 44.I 102,6
Flllf 6 I 0’ } 25 22 5 001 3.2 4:15 -“’”’+’”

MAR 7 3 0 28 30 1 1.2 ]o,~ “ 13,2

APIU 6 (1 I o“ 25 29 1 7.7 13.2 18.4
MAY 4 0 0 30 29 2 11.0 18.2 29.2

10 0 1 16 24 0 4$.3 90.3 153.3
JUL 19 0 1 26 29 I 4,9 15.0 21.3
At?G 7 0 0 27 31 0 5.1 5.9 7.9
SEPT 5 0 0 26 2] 2 5.5 11,1 12.1
Oc!T ’99 t o 1 24 24 1 0 57.0 #.& 161,0

TOTAL I 10s 8 6 365 I 381 25 180.4 303.6 55~.5
A

*Basedon ii24-hrdtty,see detlnitiooof AV.24below

Threesystemavailabilityrmxssuresweredefined. ‘Ihc first is the availabilitywhenthe sun wasshhsing(SCNAV)so
powercould be gcncmti. That is, whenh sun’sinsolationwasabove300 W/m2.It is &fined as:

SUNAV= (Timepowerwasgencraled)/(13meinsolationwasabove300 W/mJ)

The second availability is defined as (he time the sun ww above 2° elevation (SUNAB) less the outage time. h is
defined OS:

SUNAB = ( TS3.TOSa)/T5tl

whereTsa is the time the sun was above 2“ cicvation,and Toss was the time the system was not available to generate
power (outage time), There were some problemsthat did not stop the systcm from operating but required some
maintenanceaction. These types of prcrb~emswere norawIly corrected after sunset and thcrcfcwe no outage time would
be acauntcd for in either of the abovedefinitions. ‘Itxrefore, a third type of swaiiabilityis based on an entire (24 h)
day. It is defined as:

AV.24 = (T24-Tb24)K24

where ?24 is 24, and T024 is the time in a 24-hourperid that the systemWQ..not available 10generate power. The
three systcm availabilities arc shown in F@re 7 for tie period of August ]998 to October 1999, Tlw average
avail~liity over this test ~riod was95 to 96 %.
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SUNAV SLfiVAS AV. 24
(Sun w ailability) (!3unabove2deg) (24 hcwr period)
Average = 0.95 AVmge = Wxi Auerage = 0.96
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MONTHC)FSOIAR TESTING
Fig.?. SystemavaiJabMtyforPCU#lfw theperiod ofAugmsttoOclober99.

The probabilitydensi~ functionof cheoutagetimes for the three typs of iwtilskilkics dcfirm.ciabove arc shown in
Rgure 8, The mean outage time for each type of availability was approxirnakly30 roinulcs,and 60 to 70% of the
time the outsge time was less than an hour, Over 40 % of the lime the outage was less than six rninutcs fir lhe sun
ava.ilablcOU@e time (SUNAV).The reasonfor this shortoulsge timewillbe dl.scussedin the nextsection.
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Figure 8. Availabilityckns!tyd distributionfunctionnf outagetime for PCU # L

INCIDENT NW OUTAGE ANALYSIS
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A gd of DECC Fhwe i was to start a reliabilitycintabasefor the Wving parts of the engine and other key engine
comptert~, Thus far, ihcre have been no major ~blems with my Mving part (bc&ing, rids. rings, etc.], or tith
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keycomponents suchasrhe hcelerhead, rcgcneratoIs, andgascoolew. Thcrewere problems withanumber ofe.xtemal
components. discussed below, which resulte dinmostofth eineidents. ~c fi’equencies ofoccurrcnce forthe. different
causes arc shownin Table3.

~emostrquent pmbiemwcre oilieAhm mundplugs cdld"tilvmcs'' anddetrack signals,often false.
fromthe control sofrware. Although the oil vane plug leak was easy to fix, the PCU would have to be removed which
would rcsuh ifi loss of ort-suntime. Since rhe oil leak was not causing any loss of on-sun operating time, it was
tolerateduntil the RN wasremovedfor an other reason. Fake detracksignals resulted in a very small loss of on.surt
operating lime becausethe afann could be cleared in many cases before the engine slopped. Kockums believes the
cause of false alarms resides in the software and are inv~tigating the problem, A number of incidentswere the result
of the compressorvalve becoming clogged with a black powder. This happened a number of limes and resulted in
cleaning M replacementOrthe valve. The problem is still under investigtttionbut the source of the black powder
appears to bc inside the valve. There wksrdsoa pmbiem with a small gos Icak through the external tank valve,This
problemdid not result in any loss of on-sun time or loss of gas from the systcm so it was rdso tolerated in order to

Tkblc3. Summary of Causes of P(XJ Incident/Gutages

Ioeident I Description I Comment

I Oii leakout oil ~anetiu~s I Accountsfor 26 of I(I8incidcnls.
Gasketrnaterid dried ofi No loss oron.sun time.

Oil leaks Problem: lmpropcrthreads&plug Managementdechion m.xto fix during
duringmf~.hssembly. initial test petiod.

Otl filmfromcrankcasebreather 1 Changeto longw tube withright angle
I [ bend.

Falss alarmsignalof Accountsfor 20 of 108incidents,
“Toomanyrcfifisbetweenwake-up” .Minorlossof on-sun time.

De.rracks APparetttsoftwareprobierm
Variousdetraeks, Accountsfor 8 of 108 incidents,

5-6hours loss of on-sun time.

Black powder eIogs vafve and kcounts for 5 of 108incidents.
Compressorvalve causesexcessivecompressor Minorloss of on-suntime.

Imq Ck I
I Ltak intocompressorcircuit. the I Aceoutttsfor 2 of 108incidents

Exwrnal tank valve gas pumpd inw supplytank which 2.3 hours loss of on-sun time.
Causes“highEillk~SSU&

shutdown,

Accards for2 of 108incidents.
Waterpumpfailure Shorted field winding. Designedfor50 Hz but 60 Hzpower. .

used-l-2 hoursof loss oti-suntime,
Shortedfieldwinding, Acmurk$ for 1of 108incidents.

Gcncrwr # 1 011sealleak (minor problcro). Cause Defe.ctivcinsulationduc m
vage/water@reaac.
6 d@S Of OUtdgC., ■

I I Accountsfor 1of 10Sincidents.
Cienwtor K? 1011 seal leak. I Less than a daY outage.

[ Burned out t&tYIOCOURieS. I Aeeounts~or2 of 10Sincidents.
! Not requiredh cmer&m. 2 hr of lost Oil-stmtime.

Accountsfor 10of 10Sincidents.
ManualvalveOHsupplytank, No loss M on-sun time.

GQSleak [ valve I’e@eed.
Amounts for 1of 108incidents.

Buiidupof makrid Underpiston rod 57 hcmrsof !oston-sun time.
seals. Cleanedsealqenginct

nvesti~atethe cause and comectiveaction. The leak was elhnimuedbv rework of the valve. The water oumP was

replac~ once &usto a short in tic field wioding, Upon inv&tigationit-was found that a European 50 Hz ‘Wmpw=
opemtingat 60 W, and the supplierindicatesthiscontributedto & failure, ‘Ihcrcweretwo genera&orprdkns during
this pha$e of testing, The first fhilurewascaosedby a shm in the fieldwinding. l%e present generator is a 15-yewold
on open frame design and the problem is beiieved to be the result of excess greaw, age. moistum. and perhaps a
manufacturingproblem. The seeond generatorwas replaced becauseof a oil leak between the engine and gcneralw
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seal. There were two therrnucouple(TIC) incidents, the fit was a gas manifold TIC thatburned out. in the second
incident, two receiver tube TICSwere rt@acedbecause the Icads failed flom exposure to direct solar insolation that
resuhed whenthe protectivethcrmatinsulationeroded.

A manualhand.velvcon thesupplytank had to be rcplaceclafter it began to kak excessively,it WiMfound the seat
material had failed after 15 years. The VaiVCand ~SO the W W* mpi~ed WM ~mrronen~ selected for mass
marwfacturing. Othcrwiscthere were no leak problemsfrom exh?rmdlines, films, fittings, etc. In iate October of
1999,a higher than normalhydrogengas loss was noticed. The top part of the engiucwas disassembledand a buildup
of residue was found in differcnlparts of the tngine. This residuehad collectedaroundone of the piston rod seals and
had worked its way down into the seal thereby allowing gas leakage- me residue was removed.th!SVIXMparts
thoroughly cleaned, and the engine wa..reassembledand operwed normallywithoutreplacingarIyseals or parts. The
compositionand wrce of the residue is under invmtigaiion,

~0 significrmt pmhlerns were encountmd with rhc concentmtor. Early in Phase I, there was an intermittent
elevation positionsignal problem, This problem was first thought to be a defectiveelevationincrementalencorkt, but
turnedout 10be rI faultychxtrical connecror.
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SUMMARY
The SES Dish Stirling systctnthat was developedby McDonnellDoughs and UnitedStirling A13has accumulated

significamoperating time since it was first &veloped in the early 1980s, The 4-95 Stirling engine has accumulated
over 140.000hours of operating time rmdhas generatedover 164,000kWh of on-sun grid-connectedenergy, The
concerttmtorshave accumuiarcd over 6,000 hours of trackingopemtionduring PhaseI of the 12ECCprogram and marry
rnorc hours in previous programs, Awtilabiity during the time the sun was shining averaged 95 % and the syslcm
efficiency was rrctuly the rams as measured when the units were firstplacedin operationin the 1980s. Anyproblems
that haveoccurredhavt been resolvedat the SolarTestSite, and the solar and hrel versions of the engine will condnuc
tobetestedduringPhase H of the IXCC project, Thesedata showthat the BoeingDish Stirlingsystcmis durable and
can reliribiy produce ektricity from the sun.
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