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Introduction Dish/Stirling's Thermal



Contribution



to Solar



Electric Technology



replacement power plants providing this capacity are expected to be located in regions with large amounts of sunshine. Furthermore, much of this capacity growth will occur in areas where power grid infrastructure for distribution of electricity from large central power plants does not exist. Environmental concerns about pollution and carbon dioxide generation are becoming driving forces in the selection of the technologies suitable for this buildul). Therefore, a significant fraction of this new and replacement electric power generation be produced



using



systems, the subject of illis report, form a



solar thermal electric technology that can play an important role in meeting these anticipated power generation demands.



Considerable worldwide electrical generation capacity will be added before the end of this century and during the first decade of the twenty-first century (US DOE, 199I and I)I.R et al., 1992). Many of the new and



capacity can and should e lect ric technologies.



Dish/Stirling



solar



Solar thermal electric power generating systems incorporate three different design architectures: (I)



lim'-fbcus systems that concentrate sunlight onto tubes running along the line of focus of a parabolicshaped reflective trough



(2) point-focus centnfl receiver (power tower) systems that use large fields of sun-tracking reflectors (heliostats) to concentrate sunlight on a receiver placed on top of a tower (3) l_oint-focus dish systems that use parabolic dishes to reflect light into a receiver at the dish's focus. F,xceptional



performance



has been demonstrated



by



Studies show that solar thermal electric technology can play a significant role in meeting the demand for clean electric power:



dishlStirling systems, which belong to the third design architecture described above. In 1984, the Advanco Vanguard-I system, using a 2S-kW_, Stirling engine, converted sunlight to electrical energy with 29.4%



•



The results of a (.]erman government/industry study of growth in demand for new electricity and plant replacement in the Mediterranean area indicate that, even using "cautious assuml)tions," it is



efficiency (net). This system conversion efficiency still stands as the record for all solar-to-electric systems.



technically and economically possible to integrate 3.5 GW,,of solar thermal power plant OUtl_Ut into these national supply grids by the year 2005 and 23 (;W_, by the year 2(i)25 (1)I.R et al., 1992).



have proven themselves as practical answers to conterns about instabilities in the supt_ly of traditional power plant fuels and environmental degradation. Today line-focus concentrators l)redominate in commercial solar power generation and are being considered for



A United States Department of Energy (1)(.)E) study predicts that the U.S. will require apl_roximately I00 GW_.of new electric power generating capacity before the end of this century and an ad_litional 9() GW_, in the first decade of the next centul. (U.S. I)OE, 1991 ). I)()E projects total installation of ow'r 8 GW_. worldwide of solar electric technologies by the year 200() (U.S. l)C)l:., 1992), and believes that



applications in developing countries where mature lechnologies are required (U.S. I)()I",, 1993). llowever, pointfocus concentrator systems, such as power towers and dish/Stirling systems, can achieve higher conversion efficiencies than can line-focus covlcentrators because they operate at higher temperatures.



muchofthisnewcal)acitycanbecreatedusingsolar thermal electric technology (U.S. I)()I:,, 1997,).



sizes of I()0 to 200 MW_., dish/Stirling sysiems are smaller, typically al_out S tc_2S kWh.. At lhis size, ¢_nec._r



,,



All three of the above solar thermal elecl ric technologies



While



central receiver systems are projected



to reach



l



a few systems are ideal for stand-alone or other decentralized applications, such as replacement of diesel generators. Dish/Stifling plants with outputs from 1 to 20 MW_, are expected to meet moderate-scale gridconnected applications (Klaiss et al., 1991). Small clusters of dish/Stirling systems could be used in place of utility line extensions, and dish/Stifling systems grouped together could satisfy load-center/ demand-side power options (electric efficiency of 23'/,, at a_] instflatiott t_l 1()()() W/m?.



testing(Kecketal.,



'l'he Schlaich c_)_ce_trat_r is a single-facet stretchedmeml->rane disl_ 17 meters (50 leet t itT diameter. 'l'he menTbratTe is a thit_ ().5-n_n_ (2()-_nil) sheet ot stailTless steel stretched ()_ a rim witlT it sec_)t_dlnemlmtne ()rt the back {reseml_ling a drum). A vacuun_ I_etween the two n_enTl_ranes plastically def{_rms the frt_t_t mernl)rane to its final shape, wlTiclT is t_eithera tmralxfl_fid n_>r spl]erical. lhit_-glass n_irrt_rs are I)_T¢lect t_ tl_e _netnl_rane. "lhe Shal)e is tnail]tained Iw a imrtiul \'acut_tn. 'l'he t.()llceiltlat()r is '+el lilt() il flaltle allt_wing azimuth/ elex'ati()n tracki_g.



und



Partner



9-kW



Schlaich, Bergermann und l'artner (SBP) of Stuttgart, C;ermany, has developed a dish/Stifling system, shown in Figure 2-4, inct_rporating a single-facet 7.S-meter (2S-foot) stretched-meml_rane dish and a 9-kWStirling engine. (.:urrently five of these systems are undergoing 199()).



"l'he Schlaich concentrator is 7.S meters (25 feet) in diameter at_d is made of a single preformed stainless steel stretched rnembrane that is O.23 mm (9 rail) thick. "l'hin-glass mirrors are bonded to the stainless steel rneml)rane. The tnembrane is prestretched beyond its elastic limit using a combination of water weight on the front and vacuum on the t>ack, to form a nearly ideal paralxfloid. A slight w_ct_um between the front and back meml)rane maintains the reflector shape. 'l'he mernbrahe drurn is m_mnted in a frame that permits tracking alxmt theeartt_'s polar axis with correcticms forchanges in declination angle.



ll]e SchlaiclT dish/,";tirli_g svstetp+ I_a:, .:_t its ft)cus a t.I.tl_lt.d Stifling 4-275 ellgint' usitlg ITydr_ge_ as tl_e ',,v()rkit_g gas with n_axit_unl ()l)t.,tati_g c()tlditit)ns t)f



"l'tw V-16() engine was origillallv produced by StirlitTg I'_wer Systems (n_w defunct) under a license from t;tTitedStirlitTgot:gweden(USAB).Sul)sequently, Scl_laich l+,ergermatT_ und l'artner received a license l:rotn USAB and gave a sui)licet_se to S()l() Kleinm()toren ()f Sit'_,...,r Lower Tripod "*"-'--._



Vacuum Defocus



System Pump Mirror Support Structure (Space Frame)







,,,



Figure2-5. Cummins Power Generation 5-kWeprototype free-piston engine dishStifling system.
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Current SystemTechnology with only electrical connections penetrating tile casing. Theonlytwomovingpartsarethe powerand thedisplacer pistons. The design life goal of the system is 40,000 hours with a 4000-hour mean time between failures. A goal of 33% for engine/alternator efficiency has also been set. The Cummins Power Generation system incorporates a heat-pipe cavity receiver designed by Thermacore, Inc., that uses sodium as an intermediate heat transfer fluid. The operating temperature of the receiver is 675°C (1250°t:). Aisin Seiki Miyako Island System Aisin Seiki Co., Ltd., of Kariya City, .Japan, built the NS30A 30-kW engine under the Japanese government's New Energy and Industrial Development Organization (NEIDO) project. It is a four-piston double-acting engine using a fixed-angle swashplate drive. The engine operates on helium at 683°C (1260°F) and 14.5 MPa (1740 psi). Aisin Seiki modified one of these engines for solar operation and has been testing it with a McDonnell Douglas solar concentrator at their facility at Kariya City.



As a final note, Aisin has incorl_orated a small (apl)roximately IO0-W) free-piston dish/Stirling electric generator into _hree solar-powered competition vehicles to aid the output of their phot(_voltaic cell arrays. One of the competition vehicles, a solar-powered electric" boat, entered a race in .lapan in 1988. Another competition vehicle, a photovoltaically poweredcar that entered the 1990World Solar Challenge race across Australia, also incorporated this same kind ofdish/Stirling unit. Aisin Seiki is building the third competition vehicle, another solar-powered car, for the 1993 World Solar Challenge race across Australia that will again incorporate the small dish/Stirling generator to aid the photovoitaic cell array power output. Stirling Thermal Molors 2S-kW Solar Power Conversion System Stifling Thermal Motors, Inc., of Ann Arbor, Michigan, and Detroit Diesel Corporation of Detroit, Michigan, have designed and tested a solar power conversion system incorporating the STM4-120 Stirling engine. The STM4-120 is rated at 25 kW_.(gross) at 1800rpmand 800°C heater-tube temperature. This completely selfcontained package is suitable for integration with a variety of solar concentrators. Pictured in Figure 2-6



Aisin is assembling three dish/Stirling systems for generating electric power on Miyako Island (290 km (180 mi) southwest of Okinawa). The concentrators are Cummins Power Generation CPG-460 stretched-membrane dishes. Aisin Seiki's NS30A 30-kW four-cylinder fixed swashplate kinematic engine will be used, derated to 8.5 kW for this application. The engine has a directly illuminated tube-type receiver. To provide power after sunset and during cloud transients, Aisin is incorporating novel 30-kWh electrochemical batteries to each dish/engine/alternator system (one battery for each system). Developed by Meidensha Corporation of Japan, these are zinc-bromine batteries incorporating two pumped-circulation and tank-storage loops. In addition to the Miyako Island project, Aisin Seiki is currently testing a 200-W prototype free-piston Stirling engine designed for space applications. Aisin is doing on-sun testing of this engine with a ('PG-46() dish at their French subsidiary, IMRA, near Sophia-Antipolis. The IAS-200 prototype engine is a free-piston Stirling engine with a single motor-driven displacer and two power pistons, each incorporating a linear alternator.



....................................................................................................................... Figure 2-6. Stirling Thermal Motors 25-kWe solarpower conversion system package under test at Sandia National Laboratories.
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Chapter 2 mounted



on Sandia



National



Laboratories'



Test Bed



Concentrator, the first prototype package began on-sun testing in 1993 (Powell and Rawlinson, 1993). The Stifling Thermal Motors solar power conversion system package includes the STM4o 120 engine incorporating variable displacement power control. The power conversion system also includes a directly irradiated tube-bank receiver, an alternator, and the engine cooling system. Its dimensions are 86 cm x 86 cm x 198 cm (34 in. x 34 in. x 78 in.), and it weighs 72S kg (1600 lb). The engine can accommodate NEMA 284/286 singlebearing (Godett,
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generators 1993a).



for SAE #S Flywheel



Housings



Chapter 3: Fundamental This discussion of tile principles underlying tile desigll of dish/Stirling systems is intended to provide Iile reader the following: •



an understanding sign issties



,,



an appreciation made



•



of fundamental



of why certain



an understanding of the development activities,



disll/Stirling



design



importance



de-



choices



are



and l)ickinson



I: = !#,.,, = (2,,,,,.,mi = 7_,,,_i, TrL._. U



= = =



anll_ient tenll_erature receiver ()peralillg telll[)erature convecti()ll-c()llduction lleat-h)ss cient



(_ t



= =



0i



=



(1980).



of Solar Energy



c()effi-



air ctirlelll_ withili 1he receiver and c(_nducli(_ll thr¢)ugh receiver



for



receivc, r absc)rl_tance trailsmittailce ()t allytlling l_c,tween the reflectc)r and the ahs(_n'tx_r (such as a wi11dow c()verillg the receiver) the angle cfl incidence (anglehetween the sun's rays and a line l_erl_endicular t() the concentratc,r alx, rture; for paralx)lic disll concentrators, this ailgle is () degrees)



The concentrator of a dish/Stirling electric system intercepts radiation from tlle sun over a large area and concentrates it into a small area. The receiver absorbs



p o



this energy and transfers most of it to the Stirling engine. The amount of heat going to the engine may he



0



= =



concelltrat()r surface reflectance Stefan-Bcfllznlannracliant-eilergy-transfer constant capture fracti()n ()r intercel_t (fracti(_n of energy leaving the rellect(_r that enters



called use[id heat ( O.t,_.it,i). A simple energy balance



area (_1 llle recc'iver alwrture fractioilofc(_llct, lltratt)rallc, rtur_:area n()t shaded hy receiver, slruts, and s(_ ()ll equivalellt radialive c¢_lltluctatlce beain nt)rinal scalar ladiati(_il (insolati(_ll) installtallet,usrale¢,ftllernlalellergyccmling fl'(ml tile receiver



cavity, walls



and Cheremisinoff



The Collection



= =



of current



More detailed discussions of this material may be found in Stine (1989), Stine and Harrigan (1985), Kreider (1979), Kreider and Kreith (1981), Kreith and Kreider (1978),
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Figure4-& _u_ion free-pistonStirlingengine. 10 MPa metal gine



(1450



psi)



heat-pipe are



and



has



receiver.



currently



an



integrated



Components



undergoing



double-dish concentrator pillar is being developed



liquidof this



bench



testing.



with a central for this engine.



rized



en-



below



Future



for



support



oping



interest



The



Development



solar



vulnerability worldwide



systems



for generation



forefront Trends



energy.



Renewed



of traditional concern



cal advances



40



internationally



dish/Stifling



ity with



gies.



is evident



have of



solar in this



for the again



placed



electric renewed



about and



generation



evolution



the



a growing



dish/Stirling



power



of a



trend



in engine



lifetime



development



and



is toward



increasing



reliability



extending (Holtz



and



opment



in the of the



kinematic



Stifling



free-piston



Stirling



engine



and



enimdevel-



engine.



of electric-



sources,



environment,



components



Uherka, 1988). To increase lifetime and reliability, gine development is following two paths: design



in devel-



concerns



energy



major



Engines



provements Renewed



of the



system.



A



engine



Projections .



in terms



dish/Stirling



are



techni-



Fromamanufacturingpointofview, engines gine.



in the



engines



strate-



engine



summa-



are



similar



However,



required.



a major



is sealing in areas The



use



kinematicStirling



to the the



where



internal



issue



combustion



in the



design



high-pressure sliding



of a pressurized



parts



mechanical crankcase,



enof these of



the



seals



are



such



as



Technology in the STM4-120, is aimed at improving the reliability and life of this critical component, Designs are being developed for free-piston Stirling engines with noncontacting bearings that eliminate the need for lubrication and tile potential for wear. A linear alternator, incorporated within the pressurized envelope, eliminates the necessity for a mechanical seal between the engine and surroundings. Also, the free-piston engine design lends itself to the use of flexure bearings. Stirling Technology Corp. is experimenting with planar spring-type flexures and Clever Fellows with strap-type flexures. Sunpower is also using planar spring flexures in current engines. The bearings, usuallymadeofthinspringsteel, providefor movement in only one dimension without contact friction, are relatively inexpensive, and have predictable lifetimes, Rec:eivers An objective in receiver design is to make receivers smaller to reduce cost and improve performance. The current trend is to use evaporation and condensation of liquid metals to transfer heat from tile solar absorber to the engine heater. This approach provides three positive benefits to the system: •



First, evaporating/boiling liquid metals have very high heat flux capabilities. Therefore, the absorbing surface may be designed smaller.



•



Second, when the working gas is heated sation on the heater tubes rather than solar flux, heating is uniform and at temperature. Therefore, the engine can gas temperature closer to the material absorber.



•



Third, using a liquid metal evaporation/condensation interface allows for independent design of the concentrator and the engine, and more readily accommodates hybridization.



Advancement



Aluminized or silvered plastic nlembranes are currently inexpensive and their limited lifetime when exposed to the sun and weather is being extended. Thin silvered glass mirrors remain an alternative, l,ong lifetimes in the outside environment, along with high and maintainable surface reflectance, make glass a strong design alternative. Both surfaces are being incorporated into current concentrator designs. Support of reflective surfaces has moved from concentrator designs where (1) many individually shaped ai3U adjusted facets are supported by a strong space frame to (2) thin stretched membranes focused by small vacuurns. Designs use one or a few facets, thereby reducing the complexity (and therefore the cost) of mounting and adjustment. As an example, the McDonnell Douglas concentrator design reduced the number of individually mounted and adjusted facets to 82 from the 336 used in the Vanguard concentrator while maintaining high optical performance.



by condenwith direct a constant operate at a limit of the



Design trends are toward more cost-effective designs using fewer facets and lower-cost reflective materials. Because the concentrator of a dish/Stirling system has a large surface area, it is important to use inexpensive materials both for the reflective surface and its structural support. 41
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Chapter



S: Concentrators



Concentrators account for about 25% of the cost of a dish/Stirling system. Concentrators designed in the late 1970s and early 1980s were generally very efficient, but were expensive to manufacture. They were typically constructed using multiple glass facets individually mounted on a space frame. In an attempt to increase the cost-effectiveness of solar concentrators, designers have tried forming full paraboloids out of sheet metal and with stretched membranes. Faceted stretched-mere-



have been developed for dish/Stirling apl)licaticms: the General Electric I'I)C-1 (Table 5-4, Figure 5-4)and the Acurex 1S-m dish concentrator {Table S-S, Figure S-S). This style of dish concerltrator has also been pr¢_duced for other applications, t'or one non-dish/Stirling application, a 6-m full-surface paraboloid was designed a_id manufactured by Omnium-(} in 1978 for use with a steam engine. This concentrator used polished aluminum sheet on polyurethane foam supported by trusses.



brane



Testing showed an optical efficiency of about 6()_'A,at a geometric concentration ratio of 800. In another non-



concentrators



have also been developed.



A survey of dish/Stifling concentrators follows. This survey organizes dish/Stifling concentrators into three categories: glass-faceted concentrators, full-surface paraboloid concentrators, and stretched-membrane (single-



dish/Stirling application, General Electric designed and Solar Kinetics fabricated 114 seven-meter-diameter fullsurface dish concentrators. They were made of 21 diestamped aluminum petals, covered with an aluminized



facet and multifaceted) concentrators. Photos, drawings, and specifications for these units are provided in the indicated figures and tables,



acrylic film (3M's FEK 244). These were used to provide thermal energy at 400°C ".for a solar total energy system at Shenandoah, Georgia. These concentrators had a geometric concentration ratio of 234.



Glass-Faceted



Concentrators Stretched-.Membrane



Glass-faceted concentrators developed for dish/Stirling systems use spherically curved, individually alignable glass mirror facets mounted on parabolic-shaped structures. The Jet Propulsion Laboratory Test Bed Concentrator (TBC) (Table 5-1,* Figure 5-1), the Vanguard concentrator (Table 5-2, Figure 5-2), and the McDonnell Douglas concentrator (Table 5-3, Figure 5-3) are of this type.



Coilcentrators



To reduce the cost of large dish concentrators, designs incorporating thin nlembranes stretched over both sides of a metal ring have been developed. The membranes may be thin reflective plastic sheeting or thin metal sheeting with a reflective coating applied to one of the membranes. A slight vacuum in the space between the two membranes is controlled to provide a concave, focused contour to the reflector. In an emergency, this



Because the individual mirrors have small curvatures, and it is relatively easy to achieve and maintain high accuracy with small mirrors, these designs generally have high concentration ratios. On the other hand, they also tend to be heavy and expensive and require



space can be pressurized



accurate



of mirrors,



approximately 3), it is not possible to form accurate enough mirrors with vacuum alone. Techniques have therefore been developed to preshape the membrane



Concentrators



beyond its elastic limit, thus providing a shape approximating that of a paraboloid. An alternative stretchedmembrane concentrator design that is similar to glassfaceted concentrator construction uses a large number



alignment



Full-Surface A number



of a large number



Paraboloid



of full-surface



paraboloid



concentrators



have been built. In this design, the entire surface forms a paraboloid. Two full-surface paraboloid concentrators *



to defocus



the mirror.



The shape produced by drawing a slight vacuum behind a membrane is not a paraboloid. When creating a stretched-membrane mirror with a small f/d (less than



of small stretched-membrane port frame.



facets mounted



on a sup-



Parameterspresented in the tables in this chapter are defined and discussedin Chapter 3. 45
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Three single-facet stretched-membrane concentrators have been developed for dish/Stirling applications. Two were developed by the German firm of



The advantage of muitifaceted concentrators is that the .f/d ratio for the individual facets is large; therefore, less curvature is required in the facet surface. With



Schlaich, Bergermann und Partner (SBP), of Stuttgart, Germany: the SBP 17-m single-facet dish ('Fable 5-6, Figure 5-6) and the SBP 7.5-m singlefacet dish (Table 5-7, Figure 5-7). The third, a 7-m prototype single-facet stretched-membrane concentrator, has been built by Solar Kinetics, Inc. (SKI) (Table 5-8, Figure 5-8). SKI and Sandia are developing an 11-m stretched-membrane design for dish/



stretched-membrane inelastic stretching



Stifling



Solar Research



applications.



facets, accurate of the membrane



contours without are possible.



Three multifaceted stretched-membrane concentrators have been developed for dish/Stifling applications: the Cummins Power Generation CP(;-460 multifaceted concentrator (Table 5-9, FigureS-9),thel)OEfacetedstretchedmembrane dish (Table 5-10, Figure 5-10), and the HTC concentrator



(Table S-I 1, Figure S-11).



Table 5-1. let Propulsion Laboratory Test Bed Concentrator The Jet Propulsion Laboratory (JPL)test bed concentrator wasthe first dish to be used to operate a dish/Stirling engine. Using spacecommunication dish antenna technology, it was designed for testing solar engines and receivers.Two of these test units were built and originally installed at the JPLsolar test facility at EdwardsAir Force Base.Both still operate as test units at Sandia National Laboratories' National Solar Thermal Test Facility in Albuquerque, New Mexico. DESIGN Aperture Diameter 10.7 m (equivalent)" Rim Angle 45 ° Projected Area 89.4 m2 Reflector SurfaceArea 93.5 m2 Focal Ratio, f/d 0.6 ReceiverAperture 180 to 220 mm Concentration Ratio (geometric) 3500 (180-ram receiver aperture) FACETS Number of Facets 220 (option of 8 more) Facet Design Thin-glass mirrors bonded onto machined FoamglasTM substrate. Sizeof Facet 610 mmx 710 mm x 51 mm Nominal Radiiof Curvature 13.20, 15.748, 16.10 m (spherical) ReflectiveSurface 1.5 mm thick back-silvered low-iron glass Reflectance(initial) 95% Nominal Slope Error 0.5 mrad STRUCTURE FacetSupport Structure Steelspace-frame Focal Point Load 900 kg (increased from 500 kg original design) Tracking Azimuth/elevation Tracking Accuracy 0.9 mrad Slew Rate (azimuth) 2028°/h (13 m/s wind) Slew Rate (elevation) 168°/h (27 m/s wind) Stow Position Reflector vertical Total Weight PERFORMANCE Output (thermal) PeakOptical Concentration Ratio Optical Efficiency Year Number Built



62 kWt at 800 W/m 2 insolation (design) 77 kWt into 254 mm aperture @ 1000 W/m" 17,500 90% 1979 2



Manufacturer



E-Systems,Dallas,Texas, USA



Source: JPL(1980) Assuming circular reflective area. 46



16,000 kg
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Chapter 5



Table 5.2. Vanguard I Concentrator



The firstmodern commercialventure to producea dish/Stirlingsystemwas the Vanguard I dlsh/Stirling systemdeveloped by Advanco.Thisconcentratorwith the USAB4.95 Stirlingengine recordedthe "world's record"of 29.4% for conversionof sunlightto electricity. DESIGN Aperture Diameter ProjectedArea Reflector SurfaceArea



10.57 m (equivalent)* 86.7 m2 91.4 m2



Rim Angle Focal Ratio, f/d



45 ° 0.6



ReceiverAperture Concentration Ratio (geometric)



200 mm 2800



Number of Facets



336



FacetDesign Sizeof Facet



Thin-glassmirrors bonded onto machined Foamglassubstrate. 451 mm x 603 mmx 50 mm



Nominal Radiiof Curvature ReflectiveSurface Reflectance(initial)



13.16 m and 15.80 m (spherical) 1.5-ram-thick back-silvered low-iron glass 93.5%



FACETS



'



Slope Error STRUCTURE Facet Support Structure Focal Point Load Tracking Slew Rate Drive Motors



Spaceframe truss 900 kg Two-axis exocentric gimbal (45°) 3600°/h (skew axis) 1800°/h (azimuth axis) 2 @O.75 hp with speed reduction



Drive Motor Power (daily average) Stow Position



600 W (390 W daily average) Reflector vertical or horizontal



Module Weight PERFORMANCE



..............



0.5 mrad



10,400 kg (excluding engine/alternator and pedestal)



Output (thermal)



76.4 kWt at 1000 W/m 2 insolation



Optical Efficiency Year



89% 1984



Number Built



1



Maoufa_turer.........................



Adyanco Co.rp,,..LosAnqe!es_. Ca!.!forn!a,,. US_A ...............................................



Source: Washom (1984); Washom et al. (1984); Droher and Squier (1986) Assuming circular reflective area.
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Concentrators



Stirlin_] EngJneUn_ledStlrhng 4-95 Solar MKII , . . Rad_alor Fan (Focal Plane) • Quadrapod Struts (4 Pieces)



_r:ii:_ "



Facet Reflective Surface



Solar Recewer Electnc and _,. Hydrogen Dries



acet "%-.,_,_--_ ......._ .......... Covered " _,. Racks '_ -""_----_.• _ (16 Pieces) Dish Support Structural Truss Assembly



Induction Generator PU Career Support Assembly



" N,=. _ Edge of Dash Rotated 1800
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Figure 5.2. Vanguard I concentrator. 49



Chapter 5 Table 5.3.



McDonnell



Douglas



Corporation



........................... •.................................................................................................................................................................................................................



Concentrator



.....................................................................................................



, At about the time of the Vanguard project, McDonnell Douglas Corporation (MDAC) of Huntington Beach, California, designed at commercially oriented faceted dish to be used with the USAB 4-95 Stirling engine. Eight units were built and received extensive I testing at different sites. Subsequently, Southern California Edison purchased the marketing and manufacturing rights to this concentrator design. DESIGN



I Aperture Diameter



10.57 m (equivalent)*



Projected Area Reflector Surface Area



87.7 m 2 91.0 m 2



Focal Length



7.45 m



Focal Ratio, f/d



0.7



Rim Angle



39 '_



Receiver Aperture



200 mm



Concentration



2793



Ratio (geometric)



FACETS Number of Facets



82 (option



Facet Design



Thin commercial grade float glass mirrors bonded onto a steel backing sheet bonded to a stretch-formed steel structural substrate.



Size of Facet



910 x 1220 mm



Nominal Radii of Curvature



15.21, 15.65, 16.26, 16.94 and 17.73 m (spherical)



Reflective Surface



Back-silvered 0.7 mm glass



Reflectance (initial)



91.1 %



Slope Error STRUCTURE



of 6 more)



0.6 mrad



Facet Support Structure



Truss structure on beam



Module Height Module Width



11.9 m 11.3 m



Tracking



Azimuth/elevation



Tracking Accuracy Drive Motor Power



0.2 mrad 40 to 100 W



Stow Position



Reflector vertical (normal) Horizontal (high wind)



Wind Stow Velocity



16 m/s



Total Weight PERFORMANCE Output (thermal)



70 to 80 kWt at 1000 W/m 2 insolation



Optical Efficiency



88.1%



Peak Optical Concentration Year



i



Ratio



7500 1984



Number Built



6



Manufacturer



McDonnell



Source: Lopez and Stone (1992) Assuming circular reflective area.



50



6934 kg



Douglas Corp., Huntington



Beach, CA, USA



Concentrators



Chapter 5 Table 5-4. General Electric PDC- 1 Concentrator



In 1979, the General Electric company designed the PDC.I under the guidance of the Jet Propulsion Laboratory, which at that time was leading the parabolic dish development program for the U.S. Department of Energy. Ford Aerospaceand Communications built one unit in 1982. This concentrator was designed to be a commercially feasible concentrator for dish/Stifling applications as well asother solar thermal power systems. DESIGN Aperture Diameter



12 m



Focal Ratio,f/d



0.5



Concentration Ratio (geometric)



1500



Design



12 radial triangular gores, each comprising inner, center, and outer panels, attached to 12 radial steel ribs located in front of the reflective panels.



Gore Construction



Aluminized plastic film laminated to a plastic sheet and then bonded to a molded fiberglass/balsawood sandwich panel.



ReflectiveSurface



Aluminized plastic (LlumarTM)



DISH



Reflectance STRUCTURE Tracking Stow Position Tracking PERFORMANCE



Azimuth/elevation Reflectorface down 0.9 mrad



Output (thermal)



72.5 kWt at I000 W/m 2 insolation



Optical Efficiency Year



76% 1982



Number Built



I



Manufacturer



General Electric/Ford Aerospace, USA



Source: Panda et al. (1985)
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85% (est)



Concentrators



Front Structure Bracing



Power Module (Receiver, Engine, Alternator)



1



Counterweight /



,:



)' Azimuth Rail
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Chapter 5 Table 5-5. Acurex 15-m Dish Concentrator



A full-surface paraboloid dish concentrator was built by Acurex Corporation of Mountain View, California. This was part of the Innovative Concentrator design program sponsored by Sandia National Laboratories.A weld failure occurred during a wind storm at the Albuquerque test site just after the concentrator was installed and before performance data could be obtained. The concentrator was not repaired. DESIGN Aperture Diameter



15 m



Focal Ratio,f/d



0.5



Concentration Ratio (geometric)



1925



Design



Stamped sheet-metal reflective panels structurally integrated with panel support structure. Smooth front sheet bonded to stamped back sheet.



PanelConfiguration



Two concentric rings with 40 outer and 20 inner panels.



Nominal Slope Error



2-3 mrad (goal)



ReflectiveSurface



Silvered acrylicfilm (3M ECP300)



DISH



Reflectance(initial) STRUCTURE Tracking Weight PERFORMANCE



Azimuth/elevation - hydraulic motor drive 11,406 kg



Output (thermal)



162 kWt at 1000 W/m 2 insolation



Optical Efficiency Year



92% 1986



Number Built



1



Manufacturer



Acurex Corp., Mountain View, California, USA



Source: Diver (1986)
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95%



Concentrators
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Chapter 5 Table 5.6.



Schlaich,



Bergermann



und Partner



17-m Single-Facet



Concentrator



Schlaich, Bergermann und Partner developed the technology for fabricating a single-facet stretched-membrane concentrator to be used with United Stirling's 50-kW 4-275 engine. Two of these are in Riyadh, Saudi Arabia, and the other is in Lampoldshausen (near Stuttgart) and is being used for research by the German Aerospace Research Establishment (DLR). DESIGN Aperture Diameter Reflective Area



17 m 227 m 2



Usable Mirror Area



92%



Focal Length



13.6 m



Focal Ratio, f/d



0.80



Receiver Aperture (design)



700 mm



Intercept Factor at Receiver



90%



Concentration REFLECTOR



Ratio (geometric)



600



Number of Facets



1



Facet Design



Two sheet-steel membranes stretched across a ring. One is plastically deformed to desired shape by applying positive air pressure under the .surface when inverted. Shape is i_aintained by partial vacuum between the membranes.



Size of Facet



17 m diameter



Membrane



0.50 mm steel



Reflective Surface



Back-silvered O.7-mm glass bonded onto sheet steel



Reflectance (initial) STRUCTURE



92%



Facet Support Structure



Ring pin mounted to frame with guy wire tensioners



Tracking



Azimuth/elevation



Wind Maximum



(while operating)



14 m/s



Wind Maximum



(while stowing)



22 m/s



Wind Maximum



(survival)



44 m/s



PERFORMANCE Output (thermal)



178.6 kW t at 1000 W/m 2 insolation



Optical Efficiency Year



78.7% 1984



Number Built



3



........................................ Manufacturer ........................................................................ Scho!a!_c.h Ber_qermann_un d Partner, Stutt_ao_,_Germany_(_s_steminteg[ator) ........... Source: SBP (1991 )
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Figure 5-6. Schlaich, Bergermann und Partner 17-m single-facet concentrator.
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Chapter 5 Table 5-7.



Schlaich,



Bergermann



und Partner



7.5-m Single-Facet



Concentrator



Schlaich, Bergermann und Partner downsized their 17-m stretched-membrane concentrator, modified the method of preshaping the reflector membrane, and changed its tracking from az-el to polar. They have constructed six units: one prototype facility at the University of Stuttgart (now dismantled), three at the Plataforma Solar in Almer[a, Spain, one at Pforzheim, Germany, and one for dish/Stirling testing at the ZSW in Stuttgart. DESIGN Aperture Diameter



7.5 m



Total Reflective Area (proiected)



44. _8 m 2 (does not include receiver shaded area or seam weld area)



Focal Length



4.5 m



Focal Ratio, f/d



0.60



Receiver Aperture (design) Concentration REFLECTOR



130 mm



Ratio (geometric)



4000



Number of Facets



1



Facet Design



Size of Facet



Two sheet-steel membranes stretched across a ring. One is plastically deformed to desired shape by applying negative pressure behind the membrane, and using water above the surface. Shape is maintained by partial vacuum between the membranes. 7.5 m diameter x 1.2 mm thick



Membrane



0.23 mm stainless steel



Reflective Surface



Back-silvered 0.7-ram glass bonded onto sheet steel



Reflectance (initial)



94%



Nominal Slope Error STRUCTURE



1.3 to 1.8 mrad



Facet Support Structure



Membrane/ring-pin-mounted



Tracking



Polar drive



Stow Position



Face-down



Time to Stow



3 min.



Wind Maximum



(while operating)



14 m/s



Wind Maximum



(survival)



44 m/s



to frame with guy wire tensioners.



PERFORMANCE Output (thermal)



36.2 kWt at 1000 W/m 2 insolation



Optical Efficiency



82%



Peak Optical Concentration



Ratio



~12,000



Year



1989



Number Built



6



Manufacturer



Schlaich Bergermann und Partner, Stuttgart, Germany



Concentrators
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Figure 5-7. Schlaich, Bergermann und Partner 7.5-m single-facet concentrator.



,



I I



Chapter 5 Table 5-8.



Solar Kinetics 7.m Prototype



Single.Facet



Concentrator



! Incorporated (SKI) designed and built a 7-m dish under a multiphase contract to support this effort. Solar Kinetics is currently designing an 11-m dish that is large enough to power a 25-kW Stirling engine. DESIGN Aperture Diameter



6.6 m



Focal Length



3.9 m



Focal Ratio, f/d



0.60



Number of Facets



1



Facet Design



A preformed stainless steel membrane is stretched across a ring. Shape is maintained by a partial vacuum between the membranes. The membranes and ring are supported by a central hub and spokes, similar in concept to a bicycle wheel.



Reflective Surface



Aluminized polymer (prototype only) held to preshaped 0.1-mm stainless steel membrane by the same vacuum that stabilizes the membrane.



REFLECTOR



Nominal Slope Error STRUCTURE



2.3 mrad



Facet



A preformed stainless steel membrane stretched across a ring. The rear membrane is a polymer composite cloth. Shape is maintained by a partial vacuum between the membranes.



PERFORMANCE Output (thermal)



23.3 kWt at 1000 W/m 2 insolation



Optical Efficiency



67% (prototype design.



Peak Optical Concentration



Ratio



only) significant improvement



5500



Year



1990



Number Built



1



Manufacturer



Solar Kinetics Inc., Dallas, Texas, USA



Source: Solar Kinetics, Inc. (1991 ); Grossman et al. (1992); Mancini (1991 )



6O



expected for commercial



Concentrators



Ring Metal Spoke Note: For only 12 of the 48 spokes are shown
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Figure 5-8. Solar Kinetics 7-m prototype single.fecet concentrator.



Chapter 5 Table 5.9. Cummins Power Generation CPG.460 Multifaceted Concentrator



' A multifaceted dish wasdeveioped ior solar thermal power applications by LaJetEnergy Company of Abilene, Texas,in the early 1980s. A field of 700 of them were installed in Warner Springs, California, and used asthermal collectors. Cummins Power Generation Co. of Columbus, Indiana, has modified this design for application to their 7.5-kWe dishlStirling system.Currently, there are four of these modified designson-test: two in Abilene, Texas, one in Lancaster,Pennsylvania,and one in Pomona, California. In addition, one is in operation at Aisin Seiki'sresearchfacility near Valbonne, France,and three more are being installed at the Aisin SeikiMiyako Island Project. Fourteen more concentrators are to be sited around the United Stateswlthln the next two years as part of the DishlStlrling Joint Venture Program with Sandia Natlonal Laboratories. DESIGN Dish Diameter Total ReflectiveArea



9.6 m (max.), 7.3 m (equivalent) 43.8 m2



Projected Area



41.5 m2



Focal Length



5.38 m



ReceiverAperture (design)



178 mm



Concentration Ratio (geometric)



1670



Number of Facets



24



Facet Design



FACETS



FacetDiameter



Two polymer membranes stretched acrossa ring. Shape is maintained by partial vacuum between the membranes. 1.524 m



Facet Focal Ratio, fld



3.64



ReflectiveSurface Reflectance



Aluminized polymer film (0.18 mm or 7 mils) 85% (initial), 78% (weathered)



Nominal Slope Error STRUCTURE



1.5 mrad



FacetSupport Structure



Spaceframe of structural steel tubing



Tracking



Polar drive



Wind Maximum (while operating)



15.6 mls



Wind Maximum (survival) Time to Defocus



42.5 mls -30 sec



PERFORMANCE Output (thermal)



34 kWt at I000 Wlm 2 insolation



Optical Efficiency



78%



PeakOptical Concentration Ratio Year



5500 1990



Number Built



6 (and 17 planned)



Manufacturer



Cummins Power Generation Inc., Columbus, Indiana, USA



Source: Kubo (I 992) and Bean and Diver (1992)
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Concentrators
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Figure 5-9. Cummins Power Generation CPG-460 multifaceted concentrator.
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Chapter 5 Table 5-10.



DOE Faceted Stretched.Membrane



Dish



In an effort begun in 1989, Sandia National Laboratories is developing a dish using multiple stretched-membrane facets (Mancini, 1991). The approach is to use twelve 3-m-diameter stretched-membrane facets having an f/d ratio of approximately 3. The goal for facet slope error is 2.5 milliradians. Two approaches to facet design are being used. One is to elastically deform the facet using uniform air pressure loading. The other is to use a combination of uniform (air) and nonuniform (hydrostatic) pressure to plastically form the surface, and use a slight vacuum to maintain it. The reflective surface is a silvered acrylic film in both cases. Fabrication and testing of the first prototypes began at Sandia in 1992. DESIGN Equivalent Dish Diameter



10.4 m



Total Power



70 kW t



Optical Efficiency Number of Facets



~0.88 12



Total Reflective Area



84.8 m 2



Dish Focal Length Geometric Concentration



Ratio



9.0 m -1500 to 2000



Peak Flux (predicted)



-3500 suns



Design



Stainlesssteel membranes attached to a steel ring; either preformed or elastically formed.



Diameter



3.0 m



f/d range



2.8 to 3.0



Reflective Surface



3M ECP305 silvered acrylic film



Reflectivity



0.93 when new



Nominal Slope Error



1.2 to 3.5 mrad (measured)



Design/Manufacture



Science Applications International (SAIC) (elastically formed membranes) Solar Kinetics (SKI) (preformed membranes)



FACET_



TRACKING STRUCTURE Facet Support Structure



Made from welded steel shapes.



Pedestal



Tapered steel tube.



Tracking



Elevation/Azimuth



Pointing Accuracy



1.72 milliradians at 27 miles per hour (goal)



Emergency Off-Sun Tracking



12 seconds



Design



WG Associates, Dallas, TX, USA



Manufacturer



TIW, Albuquerque, NM, USA



Source: Mancini (1993)
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Figure 5-10. DOE faceted stretched-membrane
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Chapter 5 Table 5-11.



HTC Solar Research Concentrator



The HTC Solar Research concentrator is an off-axis paraboloid, foil-type lightweight mirror that tracks around a parabolic mounting and concentrates solar radiation to a fixed position. The entire mirror consists of exocentric paraboloid segments with wind latches to secure each section during high winds. In addition to dish/Stirling applications, HTC Solar Research plans to market their concentrator for mechanical energy, process heat, chemical reaction, and heat storage applications. DESIGN Aperture Area Total Reflective Area



14 m 2 20 m2



Focal Length



2.7 m



Receiver Aperture (design)



90 mm



Concentration



1400



Ratio (geometric)



FACETS Number of Facets



6



Facet Design



Two polymer membranes stretched across four-sided contoured Shape maintained by partial vacuum between the membranes.



frame.



STRUCTURE Facet Support Structure



Space frame



Tracking



Polar about fixed focus



PERFORMANCE



i



Output (thermal)



6.7 kWt at 800 W/m 2



Number Built



3



i_... Manufacturer Source: Mitzel (1992)
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HTC Solar Forschungs-Centrum



GmbH, L6rrach-Haagen, Germany
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Figure 5-11. HTC Solar Research concentrator. 67
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Chapter 6: Receivers In most Stirling engines,



the working



gas is heated



as it



passes through an array of small tubes or fins that are heated externally. The function of the receiver is to efficiently transfer concentrated solar heat from the dish to the Stirling engine's working fluid,



Directly



Illuminated



Tube



Receivers



In the early dish/Stirling receiver designs, the geometry oftheStirlingengine'sheatertubeswasmodifiedsothat



(refluxing) is usually



to repeat a liquid



the process. The heat-transfer



fluid



metal.



Two reflux receiver concepts are used to transport liquid metal to the absorber: either the absorber surface is always immersed in a pool of liquid (pool-0oiler receiver) or a wick draws the liquid metal up from a sm_ll sump



to wet the absorber



surface



(heat-pipe



receiver).



The advantages of the reflux receiver are its extremely high rates of heat transfer (rates as high as 800 W/cm2 have been demonstrated in other heat-pipe applica-



they could more readily absorb the direct solar flux. This approach, the directly illuminated tube receiver, is straightforward and has been used successfully in the majority of dish/Stirling systems. The United Stirling of Sweden AB (USAB) 4-95 receiver used in the Vanguard and McDonnell Douglas dish/Stirling systems (Figures 6-1a and 6olb, Table 6-1"), the German/Saudi USAB 4-275 receiver (Figure 6-2, Table 6-2), the Schlaich, Bergermann und Partner (SBP) V-160 receiver (Figure 6-3, Table 6-3), the Aisin Seiki Miyako Island NS30A receiver (Figure 6-4,



tions), permitting smaller receivers, and nonuniformity in concentrator flux profiles. Higher engine efficiencies are possible because of smaller differences between peak temperature and engine working gas temperature, cornpared to tube receivers. Also, the use of an intermediate heat-transfer fluid decouples the design of the concentrator from the engine. This makes it possible to design receivers to be more efficient while at the same time optimizing the Stirling engine design.



Table 6-4), and the STM/Detroit Diesel 4-120 (STM4-120) receiver (Figure 6-5, Table 6-5) are examples of directly illuminated heater tube receivers,



An added benefit is that it is easier to add a gas burner for hybrid solar/fossil-fuel operation. Combined fossilfuel and solar operation permits a reliable supply of electricity at the times it is needed by the user.



Reflux Receivers Because of the inherent nonuniformities of concentrated sunlight, directly illuminated heater tubes can experience temperature gradients from front to back and along the tube length that degrade performance



Pool-Boiler Receivers Three prototype liquid-metal reflux pool-boiler receivers (see Figures 6-6 through 6-8 and Tables 6-6 through 6-8) have been designed and tested by Sandia National Laboratories, Albuquerque, New Mexico. In these tests, the high performance of these receivers has



and limit life. In addition, directly illuminated tube receivers require highly accurate concentrators to produce reasonably uniform incident solar flux distributions and generally result in performance compromises



been proven. Moreno et al. (1993a and 1993b_ and Andraka et al. (1992) provide summaries of these designs and test results.



in the engine and receiver designs. To avoid the problems associated with directly heating the Stirling engine's heater tubes, the reflux receiver is being developed for dish/Stirling systems. In a reflux receiver, an intermediate heat-transfer fluid vaporizes on the receiver absorber surface, and condenses on the engine heater tubes,



Heat-Pipe Receivers A number of heat-pipe receivers have been designed and are being tested for dish/Stirling application. Andraka et al. (1993) summarizes the development and testing of this type of receiver.



thereby perature.



The principal advantage the pool boiler is the



*



transferring heat The condensed



at almost constant ternliquid returns by gravity



of the heat-pipe receiver added safety associated



over with



Parameters presented in the tables in this chapter are defined and discussed in Chapter 3. Note that aperture diameter and flux are to a large extent established by concentrator design. 69
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Chapter 6 smaller



inventories



of liquid-metal



heat-transfer



fluid,



both polar and azimuth-elevation



tracking



Because it has less thermal mass than the pool boiler, the heat-pipe receiver responds more rapidly to insolation transients. Heat loss associated with transient cloud



pool boiler receivers elevation drives.



cover is therefore less with the heat-pipe receiver. On the other hand, the heat-pipe receiver has an increased number of thermal stress cycles on the receiver and engine during cloudy days, and a greater variation Jr: output power,



Cummins Power Generation uses heat-pipe receivers (Figures 6-8 and 6-9, Tables 6-8 and 6-9) on their 7.SkW e (3S-kWt)system and 7S-kWt systems. Dynatherm has developed a screen-wick heat-pipe receiver (Figure 6-10 and Table 6-10). Also, the German Aerospace Research Establishment (DLR) has designed and tested a heat-pipe receiver for the Schlaich, Bergermann



In addition,



the heat pipe receiver



more readily



allows



operation with the polar drive concentrator drive mechanism. As a result, heat pipe receivers can be used with



are generally



drives, while



und Partner V-160 system Tables 6-11 and 6-12).



limited



(Figures



to azimuth-
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Figure 6- l a. Vanguard I receiver. Note water-cooled aperture protection shutters on either side.
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and



6-12,



Receivers
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Figure 6-lb.



Table 6-1.



United Stirling 4-95 engine with MDAC receiver.



United



Stirling



4-95 Receiver (Vanguard



and MDAC)



[Th-e heater head of the United Stirling AB• (USAB) 4-95 engine ,was incorporated into a cavity and used in both the l , • , IVanguard and the McDonnell Douglas dlsh/Stlrhng systems. Fwe different heater tube configurations were tested at the IJet Propulsion Laboratory in attempts to optimize their design for solar applications. DESIGN i !



Type Aperture Diameter Absorber Diameter



Directly illuminated 200 mm 450 mm



Absorber Design



Four quadrants of 18 hairpin-shaped 625.



Peak Flux on Absorber Surface Thermal Input Power (max.)



75 W/cm 2 (Vanguard), 74 kW



Expected Life Normal Operating Temperature (tube shaded side)



16,000 hours @ 720°C gas temp.



Gas Operating Temperature (for Vanguard performance record) Max. Tube (front-side) Temperature Aperture Protection PERFORMANCE Temperature Temperature Quadrants



Variations Along Tubes Variations Between



Temperature Variations Across Tubes Output (thermal) Receiver Thermal Efficiency Year Number Built



1



l ! 1



heater tube



tubes made of N155 or Inconel



78 W/cm 2 (MDAC)



720°C 760 ° 810°C (Vanguard only) Water-cooled pneumatically



actuated shutters (Vanguard only)



150°C (max) 100°C (max) 100°C (max) 62 kWt at 1000 W/m 2 insolation 90% 1984 10



Manufacturer United Stirlinq of Sweden AB, Malm6, Sweden ............................. Source: Droher and Squier (I 986); Livingston (I 98.5); Lopez and Stone (I 992); Washom et al. (I 984)



71



Chapter 6



i



J,_'_/ t



,_



I



Tubes Heater



S



•



(Absorber)



Figure 6-2. United Stirling 4-275 receiver (German/Saudi project).



Table 6-2. United StMing 4-275 Receiver (German/Saudi



Project)



The heater head of the United Stirling AB (USAB)4-275 engine wassurrounded by an insulated cone wind protector. This receiver is a directly illuminated tube receiver.The absorber consistsof many small-diameter heater tubes located in the back of the cavity that absorb the concentrated sunlight. An insulated aperture cone provides wind protection for the absorber. DESIGN



i



1



Type



Directly illuminated heater tube



'



Aperture Diameter Cone Diameter



700 mm 2000 mm



Absorber Diameter



700 mm



PeakFlux on Absorber Surface



50 W/cm 2



Thermal Input Power (max.)



179 kW



PeakTube (front-side) Temperature



800°C



Oper. Temp. (tube shaded side)



720°C



GasTemperature (high) PERFORMANCE Output (thermal)



142.6 kWt at 1000 W/m 2 insolation



ReceiverEfficiency Year



80% 1984



Number Built



2



Manufacturer Source: Schiel(I 992)
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620°C



United Stirlinq of SwedenA__B _M_de_n



............................................



Receivers



Figure 6-3. Schlaich, Bergermann und Partner V. 160 receiver installed in system (left photo) and apart from system (right photo). Table 6-3. Schlaich, Bergermann und Partner V-160 Receiver A directly illuminated heater tube receiver is used in the Schlaich, Bergermann und Partner (SBP)engine modules in their test systemsat Almerfa, Pforzheim, and Stuttgart. The heater head of the V-160 engine was redesigned to provide for better solar absorber design. DESIGN Type Aperture Diameter



Directly illuminated heater tube 120 mm



PeakFlux on Absorber Surface



80 W/cm 2



Thermal Input Power



36.2 kW



PeakTube (front-side) Temperature



850°C



Operating Temperature (tube shaded side)



750°C



GasTemperature (high) PERFORMANCE



630°C



Output (thermal)



31.1 kWt at 1000 W/m 2 insolation



ReceiverEfficiency Year



86% 1991



Number Built



10



Manufacturer Source: Schiel (1992)



Solo Kleinmotoren, Sindelfingen_._
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Solar Receiver. ...........___---



Figure 6-4.



Aisin Seiki Miyako



Island



Table 6-4.



Aisin Seiki Miyako



NS30A Island Receiver



--



NS30A receiver.



The heater tubes of the Aisin Seiki NS30A engine are enclosed in an insulated cavity both for the Kariya test system and the system to be installed on Miyako Island. DESIGN Type



Directly illuminated



Aperture Diameter Absorber Diameter



185 mm 320 mm



Thermal Input Power (max.)



53 kW (Miyako Island)



Peak Tube (front-side)



780°C



Temperature



Operating Temperature (tube shaded side) Gas Temperature PERFORMANCE



750_C 683°C



Output (thermal)



35 kWt at 1000 W/m 2 insolation (Miyako Island)



Receiver Efficiency Year



65% 1992



Number Built



3



Manufacturer



Aisin Seiki, Ltd., Kariya City, Aichi Prefecture, Japan



Source: Momose (1992)
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(high)



heater tube



I



Receivers



I i



I[I LF



Heater



Tubes... i



Apertu!e



Figure 5-5,



Stirling



Table 6-5.



Thermal



Stirling



Motors



Thermal



4-120



Motors



(STM4-120)



4-120



(STM4-120)



....................................................................................................................................................................................................................................



The heater head of the Stirling Thermal Motors engine has been incorporated _iver.



direct



illumination



Direct



receiver



Illumination



Receiver



......................................................................



into a directly illuminated



DESIGN



1



j



tt



Type



Directly illuminated



Aperture Diameter Absorber Diameter



220 mm 400 mm



,I I



Absorber Design Peak Flux on Absorber Surface



Tube bank absorber 75 W/cm 2



! i



720°C 800°C



i l t



Receiver Thermal Efficiency (peak)



90%



Year Number Built



1992 1



tI t



Gas Temperature (high) Maximum Tube Temperature IPERFORMANCE



Manufacturer Source: Godett (1993b)



heater tube



heater tube



Stirling Thermal Motors, Ann Arbor, MI, USA



!



t i
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Figure 6-6. Sandia



Table 6-6. Sandia



National



National



Lo'_uratories



Laboratories



pool-boiler



Pool-Boiler



Insulation Housing



receiver.



Receiver



This prototype liquid sodium reflux pool boiler was designed and tested by Sandia National Laboratories, Albuquerque, New Mexico, in 1989. The receiver was operated on-sun for over 50 hours before it failed. DESIGN Type



Pool-boiler reflux



Aperture Diameter Absorber Diameter



220 mm 410 mm



Absorber Design



Spherical shell of 0.81-mm-thick 316L stainless steel, 35 artificial cavities* drilled into back to stabilize boiling.



Peak Flux on Absorber Surface



75 W/cm 2



Thermal Input Power (design) HEAT-TRANSFER FLUID



75 kW



Heat Transfer Fluid



Sodium



Operating Temperature



800°C



i



Fluid Inventory PERFORMANCE



5.77 kg



Output (thermal)



62 kWt at 1000 W/m 2 insolation



Receiver Thermal Efficiency Year



>90% at 800°C 1989



(demonstrated



Number Built



2



Manufacturer



Sandia National Laboratories, Albuquerque,



throughput)



New Mexico, USA



Source: Andraka et al. (1992) * Another version of this receiver without
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the additional



drilled cavities was tested in 1993 (Moreno et al., 1993a).



Receivers
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Receiver Octagon Ring Rear Insulation Housing
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Aperture Absorber Dump Valve ...... Vacuum Valve
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Dump Tank Valve Actuator



Figure 6.7. Sandia National Laboratories second-generation



pool-boiler receiver.



Table 6-7. Sandia National Laboratories Second-Generation Pool-Boiler Receiver I his prototype liquid sodium-potassium alloy reflux pool boiler was designed and tested by Sandia National Laboratories,Albuquerque, New Mexico, in 1993. The receiverwas operated on-sun for over 12 hours without any of the restart problems that eventually caused the failure of the first design. DESIGN Type



Pool-boiler reflux



Aperture Diameter Absorber Diameter



220 mm 458 mm



Absorber Design



Sphericalshell of 0 89-mm-thick Haynesalloy 230, 0.76-mm-thick powder-metal coating brazed to the back to stabilize boiling. 61 W/cm 2



PeakFlux on Absorber Surface* Thermal Input Power(design) HEAT-TRANSFER FLUID



75 kW



Heat Transfer Fluid



Sodium-potassium alloy NaK-78



Operating Temperature



750°C



Fluid Inventory PERFORMANCE



8.85 kg



Output (thermal)*



60.7 kWt at 964 W/m 2 insolation (demonstrated throughput)



ReceiverThermal Efficiency* Year



>92% at 750'_Cand 964 W/m2 insolation 1993



Number Built



1



Manufacturer Source: Moreno et al. (1993a and 1993b) *-Preliminary.



Sandia National Laboratories, Albuquer_que,NewMexic0, USA........................................
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Figure 6-8. Cummins/Thermacore



35-kW t heat-pipe



EngineHeater Heater Engine Head



receiver.



Table 6-8. Cummins/Thermacore 35-kWt Heat-Pipe Receiver Cummins Power Generation, Inc., has incorporated a Thermacore heat-pipe receiver as part of their 7.5-kW e dish/Stirling system. Three units have been tested with calorimeters and two of these units are currently under on-sun testing with engines. A total of 17 dish/Stirling systems incorporating this receiver will be tested over the next 3 years. !DESIGN Type



Heat-pipe reflux



Aperture Diameter



1 78 mm



Absorber Diameter



416 mm



Absorber Design



0.8-ram-thick Haynes 230 alloy absorber with sintered nickel powder wick. Two circumferential arteries and no radial arteries.



Peak Flux on Absorber Surface (nominal)



30 W/cm 2



HEAT-TRANSFER FLUID



:



Heat-Transfer Fluid



Sodium



Operating Temperature



675°C (sodium vapor temperature)



Fluid Inventory



1.5 kg



PERFORMANCE Output (thermal)



42 kWt (demonstrated



Receiver Thermal Efficiency Year



86% 1990



Number Built



5 plus 15 more under fabrication



Manufacturer



Thermacore,



Source: Dussinger (1991 )
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throughput)



Inc., Lancaster, Pennsylvania, USA
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Figure 6-9. Cummins/Thermacore Table 6-9. Cummins/Thermacore



t



75-kWt heat-pipe receiver. 75-kWt Heat-Pipe Receiver



Cummins Power Generation and Thermacore, Inc., teamed to develop a heat-pipe receiver to demonstrate the potential of this concept for 25-kWedish/Stirling systems.The receiver wastested on Sandia'sTest BedConcentrator. Two more of these receiversare being built for Sandia,one of which will be tested with a calorimeter, the other with a 4-cylinder Stirling engine. DESIGN Type



Heat-pipe reflux



Aperture Diameter Absorber Diameter



220 mm 508 mm



Absorber Design



0.8-ram-thick Haynes230 alloy absorber with sintered nickel powder wick. Full hemisphere. Redundant circumferential arteries. Conden sate directed to wick rather than pool.



Thermal Input Power



75 kWt (design) 58 kWt (demonstrated, dish limited)



PeakFlux on Absorber (nominal) HEAT-TRANSFER FLUID Heat-TransferFluid



Sodium



Operating Temperature



750°C (design) 820°C (max).



Fluid Inventory PERFORMANCE



,



35 W/cm 2



2.9 kg



Output (thermal) Year



50 kWt (demonstrated, dish-limited) 1993



Number Built



1 plus 2 more under fabrication



................. M.anufact__u er r ......................................................... T.he, rma_.ore;..!.n_c., Lancaster,pennsy.!van!a,USA................................................... Source: Andraka et al. (1993)
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]



/,



(Typical of 12) ,



t



Rigimes__ _ uomposite_ 200-50-200 Rigimesh



."[" ABSORBER



g"" "''_3_



SURFACE TOP VIEW



_



Sponge 325 Mesh Wick - 180 Mesh (9 Layers/ " "



SECTIOH A .... A



Figure 6-10. Dynatherm heat.pipe receiver.



Table 6-10. Dynatherm Heat-Pipe Receiver Dynatherm developed a screen-wickheat-pipe receiverin support of the Cummins Power Generation 4-kW Stirling system. The heat pipe was limit-tested on Sandia'sTest Bed Concentrator. DESIGN



e dish/



} [ l I1



Type



Heat-pipe reflux



Aperture Diameter Absorber Diameter



220 mm 410 mm



Absorber Design



0.81-mm-thick 316L stainlesssteel with a composite screen wick structure. Aft dome sponge artery, refluxing to wick surface. 45 kWt (demonstrated)



I! I



35 W/cm 2



!



Heat-TransferFluid



Sodium



{



Operating Temperature



750°C



[ !



520 g



I i



27.5 kWt (demonstrated) 1991-1992



i [



Thermal Input Power PeakFlux on Absorber (nominal) HEAT-TRANSFER FLUID



Fluid Inventory PERFORMANCE Output (thermal) Year



[ 1



i [



I



Number Built 1 { ............................................... .M, anufa_CtU rer.......................................................................... Dyna.!herm, CockeYsv!,!! "e,_, Ma.r)z,!a ndLUsA ............................................................I Source: Andraka et al. (1992)
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Receivers



184 mm



Figure 6-11.



German



Aerospace



Research Establishment



(DLR) V- 160 heat-pipe



receiver (Mod



1).



Table 6-11. German



Aerospace



Research Establishment



(DLR) V-160 Heat-Pipe



Receiver (Mod



1)



A prototype heat-pipe receiver was designed for a V-160 Stirling engine by the German Aerospace Research Establishment (DLR) in Stuttgart. The unit was tested on a 7.5-meter Schlaich, Bergerman und Partner (SBP) stretched-membrane dish at the SBP test facility in Stuttgart. DESIGN Type



Heat-pipe reflux



Aperture Diameter



120, 130, 140 mm (modified



Absorber Cavity Diameter



240 mm



during testing)



Absorber Design



Deep cone with eight layers of 150 mesh Inconel 600 screen. 24 axial strips enhance axial flow.



Thermal Input Power (max.)



40 kWt



Peak Flux on Absorber Surface



54 W/cm 2 (theoretical)



HEAT-TRANSFER FLUID Heat-Transfer Fluid



Sodium



Operating Temperature



650 to 850°C



Fluid Inventory PERFORMANCE



i i !



1 kg



Receiver Thermal Efficiency Year



>83% 1990



Number Built



1



Manufacturer



DLR, Stuttgart, Germany and Institut fur Kemtechnik und Energiewandlung e.V, Germany; Univ. of Stuttgart (heat-pipe wick design and manuf,_cture), Germany



i ....................................................................................................................................................................................................................................................................................



Source:



Laing and Goebel



(1991)
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Figure 6-12. GermanAerospaceResearchEstablishment (DLR) V.150 heat-pipe receiver(Mud 2). Table6-12. GermanAerospaceResearchEstablishment (DLR) V-160 Heat.Pipe Receiver(Mud 2) A second prototype heat-pipe receiver was designed for the V-160 engine by the German Aerospace Research Establishment (DLR). Called the Mud 2, it was designed with production simplification in mind in addition to a more elastic connection between the receiver and the engine, and the added safety of double-wall containment between the high-pressure helium and liquid sodium. The receiver has been tested on-sun with the Schlaich, Bergermann und Partner 7.5-meter stretched-membrane dish at the Plataforma Solar international test facility in Almerfa, Spain. DESIGN Type



Heat-pipe reflux



Aperture Diameter



140 mm



Engine Heater Tubing Configuration



Annular heat pipe with engine heater tubes wrapped grooves in outside shell and brazed.



Absorber Design



2-ram-thick Iconel 625 alloy absorber with screen wick spot welded to heat pipe walls.



Thermal Input Power (max)



32 kWt



Peak Flux on Absorber Surface



55 W/m 2



Helium Operating Temperature HEAT-TRANSFER FLUID



700°C



Heat-Transfer Fluid



Sodium



Operating Temperature



820°C



Fluid Inventory



400 g



Temperature PERFORMANCE



Difference



120°C (helium to heat-pipe) t



Efficiency Year



86% to 90% (estimated) 1990



Number Built



1



Manufacturer



DLR, Stuttgart, Germany and Institut fur Kemtechnik und Energiewandlung e.V, Germany; Univ. of Stuttgart (heat-pipe wick design and manufacture), Germany



Source: Goebe and Laing (1993)
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Chapter 7: Engines Kinematic



Stirling



Engines



Free-Piston Stirling Engine/Converters



Most dish/Stirling systems to date have incorporated kinematic Stirling engines where both the power piston and the displacer (or in the case of the V-16O engine, the compression and the expansion pistons) are mechanically (kinematically) linked to a rotating power output shaft. In most kinematic engines, a rotating crankshaft is driven bythe reciprocating motion of the pistons. The crankshaft provides timing of the piston motion, maintains the phase angles required to sustain engine opera-



A number of companies are currently developing freepiston engines. The free-piston Stirling engine has only two moving parts, the displacer and the power piston, which bounce back and forth between springs. A linear alternator is attached to the power piston to extract work from the cycle. In free-piston engines, the timing of the pistons, phase angle between pistons, and stroke are defined by the dynamics of the system. The pistons are system masses; a spring force is provided by



tion, limits piston stroke, and pi 0vides a mechanism for extracting power from the engine. The notable exception to this general configuration uses a swashplate instead of a crankshaft.



hydrodynamic The engines mass-spring



The pistons are connected to the crankshaft by an upper connecting rod, a crosshead, and a lower connecting rod. The crosshead is a mechanism that slides back and forth between parallel constraints. This eliminates the sideways motion on the piston. The upper connecting rod is attached to the crosshead and has only a linear motion. The critical sealing between the high-pressure and low-pressure regions of the engine can now be created using a simple sliding seal on the upper connecting rod. This design also keeps most of the lubricated surfaces in the low-pressure region of the engine, reducing the possibility of fouling the heat exchange surfaces in the high-pressure region of the engine.



gas operate system.



springs or mechanical springs. at the natural frequency of the



A linear alternator is incorporated into the power piston to extract power from the engine. Because electricity is generated internally, there are no sliding seals to the high-pressure region of the engine, and no oil lubrication is required. These designs promise long lifetimes with minimal maintenance. The 9-kW engine and its 6-kW prototype used by Cummins Power Generation are of this type; illustration and specifications for this unit are provided



in "Fable 7-6 and Figure 7-6.



Most of the engines used in dish/Stirling applications to date are kinematic. These include the United Stirling AB (USAB) 4-95 engine (Table 7-1,* Figure 7-1) and the USAB 4-275 engine (Figure 7-2, Table 7-2), the Stirling Power Systems (SPS)/Solo V-160 engine (Figure 7-3, Table 7-3), the Aisin Seiki NS30A engine (Table 7-4, Figure 7-4), and the StiFling Thermal Motors STM4-120 engine ('Fable 7-5, Figure 7-5).



*



Parameterspresented in the tables in this chapter are defined and discussedin Chapter 3.



83



Chapter 7 Table 7-1.



United Stirling



4-95 MKII Stirling



Engine



United Stirling AB (USAB) of Maim6, Sweden, converted their 4-95 engine to operate on a dish/Stirling system. A number of tests of different versions of this engine were done on the Jet Propulsion Laboratory's Test Bed Concentrator and the Vanguard concentrator. The final version (MK II) was installed on both the Vanguard I system and the McDonnell Douglas dish/Stirling systems. The Vanguard I system still holds the world's record for conversion of solar energy to electricity of 29.4%. DESIGN Power (rated)



25 kW @ 1800 rpm (52 kW @ 4,000 rpm)



Number of Cylinders



4, parallel in square configuration



Stirling Configuration



Four-piston, double-acting



Displaced Volume*



4 x 95 cm 3



Swept Volume* Bore



540 cm 3 55 mm



Stroke



40 mm



Heater



4 x 18 tubes @ 260 mm long, 3 mm diameter



Regenerators



4 x 2 @ 44 mm long, 57 mm diameter, holding 200 mesh stainless steel wire screens.



Cooler



4 x 2 x 200 tubes, 90 mm long



Cooling System



Glycol-water



Drive Mechanism



Dual crankshafts with crossheads driving single contra-rotating shaft.



Working Gas



Hydrogen (helium optional)



Mean Gas Pressure (max.)



20 MPa



Gas Containment



Leningrader



Gas Temperature



(high)



Coolant Temperature



(max.)



Power Control Envelope (including



/ forced-air radiator



piston rod seal (preloaded



output



trapezoidal Rulon TM ring)



720°C 50°C Variable working gas pressure



receiver)



Length - 550 mm Width - 450 mm Height - 400 mm Weight - 330 kg



ALTERNATOR/GENERATOR Type Manufacturer Rating PERFORMANCE



Induction Motor/Generator Reliance Electric 22.5 kW @ 1800 rpm, 480 Vac, 60 Hz, 0.90 pf



Output (electrical)



27.1 kWe @ 1800 rpm / 1000 W/m 2



Efficiency Year



41% @ 1800 rpm (engine/alternator) 1984



Number Built



Numerous, approx. 15 for solar applications



Manufacturer



United Stirling of Sweden AB, Maim6, Sweden



Source: Washom et al. (1984); Droher and Squier (1986)



* "Displaced volume" refers to the volume displaced by a single piston during its maximum stroke. "Swept volume" refers to the difference between the minimum gas volume and the maximum gas volume. In Figure 3-3, swept volume is the difference between volumes 1,4 and 2,3. For single-piston engines, these volumes are the same. For dual-piston engines or double-acting engines, when the strokes are out of phase, the swept volume between the two pistons will be greater than the displaced volume of any one piston.
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Figure 7-1. United Stirling 4-95 MKII Stirling engine.
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Figure7-2. UnitedStMing 4-275 Stirling engine. Table 7-2.



United Stirling



4-275



Stirling



Engine



The United Stirling AB (USAB) 4-275 engine is the largest engine applied to dish/Stirling systems. Mounted on the SBP 17-meter concentrator, two of these engines were tested as part of a joint German/Saudi Arabian dish/Stirling development project. DESIGN Power (rated)



50 kW @ 1500 rpm (118 kW @ 2600 rpm)



Number of Cylinders



4, parallel in square configuration



Stirling Configuration



Four-piston, double-acting



Displaced Volume



4 x 275 cm 3



Swept Volume



1560 cm 3



Cooling System Drive Mechanism



Water/forced air radiator Dual crankshafts with crossheads



Working Gas



Hydrogen



Mean Gas Pressure (max.)



15 MPa



Gas Temperature



620 C



(high)



Gas Containment Coolant Temperature Power Control PERFORMANCE



Leningrader piston rod seal (max.)



65 C Variable working gas pressure



Output (electrical)



52.5 kWe @ 1500 rpm / 1000 W/m 2



Efficiency Year



42% @ 1500 rpm 1984



Number Built



Nine, two for solar applications



............................................ Ma.nufa_£tur e.[................................................................ U.n!t ed..st!d_!ng._of.Swede.n AB,._Ma!m.6,s w eden .................................................. Source: SBP (1991); Schiel (1992)
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Figure 7-3. StMtng Power Systems/SoloV-160 Stifling engine. Table 7-3. Stifling Power Systems/SoloV.160 Stirling Engine Designed by United Stifling (Sweden) and originally manufactured by Stirling Power Systems (now defunct), the V-160 engine is currently part of the Schlaich, Bergermann und Partner 7.5-meter dish system currently under test at the Plataforma Solar in Almer[a, Spain, and in Germany. Engines for this system will be manufactured by Solo Kleinmotoren of Sindelfingen, Germany. DESIGN Power (rated)



9 kW @ 1500 rpm (15 kW max. @ 3600 rpm)



Number of Cylinders



1 compression (cold) and 1 expansion (hot)



Stirling Configuration



Double-cylinder,



Displaced Volume (power piston)



160 cm 3



Swept Volume



226 cm 3



Bore



68 mm



Stroke



44 mm



Cooling System



Water/forced-air



Drive Mechanism



Single crankshaft with crossheads



Working Gas



Helium



Mean Gas Pressure (max.)



15 MPa



Gas Temperature



630 
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