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Project Aim

“To successfully develop a prototype Stirling engine that can
be run on solar energy for use in disaster struck areas.”




Abstract

In order to satisfy the rising energy demands of global consumption, a new cleaner and renewable
power source needs to be explored, conceptualized, and developed. Solar energy is a free and clean
energy resource which can be used to generate power without damage to humans or the local
ecosystems. To efficiently capture this solar energy as a feasible power source, a Stirling engine will be
developed and will use sunlight as a source via a solar concentrator. This project intends to utilize
methods of gathering solar energy that have not yet been commercially implemented, and
modifications to traditional Stirling engines will be made in order to maximize the efficiency of solar
Stirling engines. These modified solar Stirling engines can produce power for a wide variety of
applications. The nature of the engine allows for both the scalability to create a solar farm as well as

use for producing power in remote areas and disaster relief.




List of Figures

Figure 1: average annual ground solar energy(Source: NASA 2008) ........c.ceccuereieeeecieeeiieesieescreeesseessseeessssessseeenes 17
Figure 2:Pakistan annual sunshine Hrs/day (Source Water resources and wetlands:Saifullah Khan).................... 19
Figure 3:Pakistan mean monthly sunshine(Source: Water resources and wetlands:Saifullah Khan)..................... 20
Figure 4:the oringinal Robert Stirling Engine(Source:Author: Jifi SKOrPiK) «.....vvvveieveiereiieeieeeeeeeeeeeeeeeeeeseeees 21
Figure 5: Automotive Stirling Engine(Source: Ford Motor Company Nightingale,1986) .........cccccceeeivieeeiieeeeennnen. 22
Figure 6:Brayton Rotating Unit (BRU)( Source NASA Glenn research Project,Lee Mason 2007).........cccceeveercunene 23
Figure 7:Stirling based Fission Surface Power System(SOUrce:NASA.EOV) .....c.cecvuieeecieeeiiieiieeecreesreeeeeeesveesane e 24
Figure 8:Alpha Configuration (Source:engineering.uioWa.€dU) .......c..ceeeiiiieeeiiieieeciiee e e e eecvee e e eirre e e e e e e e eareeas 25
Figure 9:Alpha Configuration (Source:engineering.uioWa.€dU) ..........cueiiieeiiieeiieecee e reeeeeesre e e e esrreesree e 25
Figure 10:Alpha Configuration (Source:engineering.uioWa.€dU).........ccoccviieeiiiiieeciieee et ave e e e 26
Figure 11:Alpha Configuration (Source:engineering.uioWa.€dU)..........coccuieeeiiiiieeeiieee e eeree e e eree e e eare e e e eareeas 26
Figure 12: Beta Configuration (Source:engineering.uioWa.€dU) .........ccueecueeiiieeeiieeeciee e ecreeeieeesreesreeesreessee e 27
Figure 13:Beta Configuration (Source:engineering.UuioWa.€dU).......c..ceceiuiieeeciiiie e e e e e e 27
Figure 14:Beta Configuration (Source:engineering.UioWa.€dU).......c..cececiieeiiiiiieecciee et e e e e e 28
Figure 15:Beta Configuration (Source:engineering.UuioWa.€dU)..........ccueeriieiiiieeiieecee et eeee e reeesreeesree e 28
Figure 16:Gamma Configuration (Source:engineering.uioWa.€du) .........ccceeeeciiiieciiiee e e 28
Figure 17: volume variations ( Source:Pierre Gras, Author Moteur Stirling) .......cccccovveeeiiiee e, 29
Figure 18:PV Diagram( Source:Pierre Gras, Author Moteur Stirling) ........ccecceeeeieeecee e 29
Figure 19:Cycle efficiency( Source:Pierre Gras, Author Moteur Stirling) ........cccceeeeiiiiieciiie e, 30
Figure 20:Parabolic trough in Sandia(Source ACWA Power QUArzazate) ......ccceeeeecieeeeeiieeeeeciieeeeeieee e eeveee e 32
Figure 21Fresnel Reflectors Ausra (Source:ACWA POWEr QUArzazate).......ccccueeecueeereieeeiiieesireeecreeesveesveeessseessseeenns 32
Figure 22:501ar Stirling SCNEMATIC ......ceii e e et e e e et e e e e e at e e e s enbeeeeenabeeeeeenbeeeeenarenas 33
Figure 23:Stirling Energy Systems — SunCatcher(Source Stirling Energy Systems) ........ccccvveeeciieeeeciieeeeciiee e, 34
Figure 24:Types of Solar Energy Conversion RANKEd ..........coiiiiiiiiiiiii ettt e s e 39
Figure 25: TYPpes Of SHIrlING ENGINE .....ooii ittt e e e st e e e et e e e e e abe e e s eabeeesanbeeaeennbeeeeennseneeennsenas 40
Figure 26:Types Of SOIar CONCENTIATONS ......ciiiiiiiiecciiee et et e e et e e e e st e e e e tr e e e eetteeeseareeesasbeeeeenreeeeennseneesnnsenas 41
Figure 27:Power Generation per Square Methods for Different Methods(Source Southern California Edison and

Sandia NationNal LADOIATOFIES) ......uuiei e ettt ee e e e et e e e et e e e e ebteeeeeebteeeesbteeaeessasaesstasasestanesaassanaesnnes 42
Figure 28:Gamma Configuration (Source:engineering.uioWa.€dU) ........ccceeiciieeiiieriieeeiie e eee e e reeerreeseree s 42
Figure 29 volume variations ( Source:Pierre Gras, Author Moteur Stirling) .......ccccecveeiiiiiiee e 44
Figure 30 PV Diagram of actual engine (Source: Pierre Gras, Author Moteur Stirling) .......ccccccoeeeeiiiieeecciee e, 45
Figure 31: CAD MOEI FrONt ... ..uiiiiiieee ettt et e e et e e e et e e e e s ab e e e e sabbeeeesnabaeeeansbaeeeannbaeeeasseeesanrenas 46
Figure 32:CAD MOAEI BACK ..cccuuiiiii ittt e et e e et e e e e s ab e e e e s aabeeeesabaeesansbeeeesnnbeeeesstaeesanrenas 47
FIgUre 33:CAD MOAEI SIAE VIEW ...veiiiiiieeiiiiieee ettt e e e s ettt e e e e e s ettt e e e e e e s e s absteeeaeaesesasnsasaeeeeaeseeannsasaneeeenanans 47
Figure 34 model without any forces apPlid.........ocuiii i e et e e e s abe e e s e eareeas 53
FIBUrE 35: StresseS iN X- DIFOCHION cccveee e e e e e e s e e e e e e e e e s e e e e e e e e e eeeaesasasasasananas 54
(O e SR (I T o I A D 1] ¢ =Te! 1 [o ] o R 55
FIBUIE 37:5treSSeS IN Z- DIrCCHION coeeie e e e e e e e e e e e e s e e e e e e s e e eeeeeseaesasasasasenenas 56
FIGUIE 38:THE VON IMIISES SEIESS ..ueiiiiiiiiieiiiieeeiitee e ettt e e stte e e e sttt e e e stte e e esabaaeeesabeeeesassaeeeansaeeeasseeessanseeeesnssenesannsens 57



file:///F:/thesis.docx%23_Toc391046602
file:///F:/thesis.docx%23_Toc391046603
file:///F:/thesis.docx%23_Toc391046604
file:///F:/thesis.docx%23_Toc391046605
file:///F:/thesis.docx%23_Toc391046606
file:///F:/thesis.docx%23_Toc391046607
file:///F:/thesis.docx%23_Toc391046608
file:///F:/thesis.docx%23_Toc391046609
file:///F:/thesis.docx%23_Toc391046610
file:///F:/thesis.docx%23_Toc391046611
file:///F:/thesis.docx%23_Toc391046612
file:///F:/thesis.docx%23_Toc391046613
file:///F:/thesis.docx%23_Toc391046614
file:///F:/thesis.docx%23_Toc391046615
file:///F:/thesis.docx%23_Toc391046616
file:///F:/thesis.docx%23_Toc391046617
file:///F:/thesis.docx%23_Toc391046618
file:///F:/thesis.docx%23_Toc391046619
file:///F:/thesis.docx%23_Toc391046620
file:///F:/thesis.docx%23_Toc391046621
file:///F:/thesis.docx%23_Toc391046623
file:///F:/thesis.docx%23_Toc391046628
file:///F:/thesis.docx%23_Toc391046628
file:///F:/thesis.docx%23_Toc391046629
file:///F:/thesis.docx%23_Toc391046630
file:///F:/thesis.docx%23_Toc391046631
file:///F:/thesis.docx%23_Toc391046632
file:///F:/thesis.docx%23_Toc391046633
file:///F:/thesis.docx%23_Toc391046634
file:///F:/thesis.docx%23_Toc391046635
file:///F:/thesis.docx%23_Toc391046636
file:///F:/thesis.docx%23_Toc391046637
file:///F:/thesis.docx%23_Toc391046638

FIUIE 39:dIIVING OO @XIS ciiiiiiiiiiiiiie e ettt e e e e e ettt e e e e e e e e tte e e e e e e e e e s bateeeeeaaeesaasssaeseeaeaesasssssasesaseeaaanntasaeeaeeeanans 58

Figure 40:DisplacemeEnt VECLOI SUM ...ciiiiiiiiecciiee et ecte e e ettt e e et e e e e stte e e e s ab e e e e satbeeeseasaeeeansbeeesenseeeeannseneeennsenas 59
FIUIre 41:DefOrmMation Y AXIS .....eciicciieeieiiiee e eiitee e et e e ertte e e e s tte e e s ste e e e e s abaeeeessseeeeaassaeesansaeeeasseeeeennseeeesnnseneeannsenas 60
FIgUre 42:DefOrmMation X AXIS......ciiiciiiiieiiiieiiiitee e ettt e e sttt e e s stee e e s steeeesssbaeeesssaeeeesassaeesssbaeesasseeessnsseeessnssenessnnsens 61
FIgUre 43:DefOrmMation Z AXIS ......oeiccuiieiiiiiieeeectee et e e et e e e s te e e s et e e e esataeeeesabeeeseastaeesassaeeeasseeeeennseeeeennseeeeennrenas 62
FIBUIE 44:V 0N IMiSES STIESSES . iiiiieieieieee e ettt ettt ettt e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e aeeeeaeaeeeaeeaeeaeeeaeasaeesaeenns 63
=V TV =Yoo 1T o =T 2T PRSP 64
FIUIe 46:Bill OF IMAtEIIAlS....cccceiieeeiiee et e e e et e e e e s bt e e e s eabteeeseataeeseasbeeeeennseeeeenteeesannsenas 65
Figure 47: Final assembled engine( SIHEVIEW) .....cccccuuiiie ittt e st e e e aree e e et e e e e abae e e s atae e e eareeas 67
Figure 48:Final assembled eNgINE(IEAr VIEW).....c..eiiuireiiie e cee et ettt et e e tte e s e e etae e te e s beeesnseesnteeensseesnsesanns 68
Figure 49 Tolerances produced by various processes (Source American Machinist) .........cccccvveeiiiiiieiniciee e, 69
Figure 50: Tolerance as a function of component size (Source American Machinist) .........ccceeceveviieeeieeeiiee s 70
Figure 51:Surface Finish vs. Production Time (Source American Machinist) .........cccccveeviiiiiiieeiie e ecee e 72
Figure 52: Surface finish produced by various processes.(Source American Machinist).........ccccceeeeviveeeiiereeeennen. 73
Figure 53:Testing With SPIrit [P ....eeee i e e s e e e st e e e e s b ee e e s sabeeeesnnreeas 75
Figure 54:piStoN driVING MO ......viiiiiiiiii e e e e s e e e e st e e e e sbbeeeesabaeeessbeeeessbeeeesnseeeesnnsenas 76
FIBUIE 55:CTanK WED X2 . ..eeiiiiieiee ettt ettt e ettt e e et e e e ettt e e e e et e e e e e s ataaeeeaasbeeeeaasseeeeannsaeeeansbesesannsaeeeansaneeennrenas 76
=V T SR @Y oo [T o] = TSP 76
=V Rl A o] [ I @Y 115 Vo =T PP 76
= U IR T 1 o] F= Yol <T U 76
FIgUre 59:displacer CYINUE ... ..uiii it e e e e e st e e e st b e e e e s abaeeesasbaeeessbeeeesnbeeessnseeas 76
Figure 60: glide bearing diSplaCer @XiS........uuiiiiiiiiiiiiiiee ettt e e s e e e st e e e s s b e e e e ssbeeeesnbeeeeesareeesssnreeas 77
= U I o IR AT (V=Y < SRR 77
= U N oW o1 o oI o o PP 77
FIGUIE B3 FIYWREEI @XIS....uviiiiiiiiie ittt ettt e e st e e e st b e e e e s bt e e e e sabbeeeeeabaeeeassbaeessnnseeeessseeesannrees 77
=V N Y YUY oY o Lo T dh 11 [ =TSR 77
=V Yo o1 o 1Y o] - ol=T g o Yo 1S PRSP 77
=V N Y oo [ o] Lol T - D PP 78
=V N oW Ao [ o] =Tl ol =T o =] TSR 78
Figure 68 diSplacer flange DACK .........uuei i e e e e e e s e e e e e e e e e naraeas 78
=V Y e [ 1 o] Lol oo [ AV o =d o Yo [P 78
T R O e [ VT o T oY I USRI 78
Figure 71 displacer flange frONT.. ... . vt e st e e st e e e et a e e e e ab e e e e e abe e e e e abeeeeenaraeas 78
Figure 72power PiSton flange frONT.......ccc.uiii et e e e et e e e e e ab e e e e eabeeeeeenbeeaeeenraeas 79
Figure 73 power piston flange DACK ......cc.ueiieeiiee ettt e et e e e et e e e e e ab e e e e e abee e e eateeaeeeareeas 79
=W N i 0T W a1 o - [ PSP 79
= VI AR o1 o] a1 { o] o TR TP 79
Figure 76 mounting DIOCK frONT.........veiiieeeecee et e et e e e e ate e e e et e e e e e abe e e e e abeeeeeeabeeaeennrenas 79
Figure 77 mounting BIOCK DaCK ....cc..eviiiieeee e e e e s et e e e s b e e e e e abe e e e eareeas 79
(O] A o To YN LT gl o] 1) o] o FO RO 80
T U I A I o1 Ey oY = 13T .o oA RPN 80

11



file:///F:/thesis.docx%23_Toc391046640
file:///F:/thesis.docx%23_Toc391046641
file:///F:/thesis.docx%23_Toc391046642
file:///F:/thesis.docx%23_Toc391046643
file:///F:/thesis.docx%23_Toc391046644
file:///F:/thesis.docx%23_Toc391046645
file:///F:/thesis.docx%23_Toc391046646
file:///F:/thesis.docx%23_Toc391046648
file:///F:/thesis.docx%23_Toc391046649
file:///F:/thesis.docx%23_Toc391046651
file:///F:/thesis.docx%23_Toc391046652
file:///F:/thesis.docx%23_Toc391046653
file:///F:/thesis.docx%23_Toc391046654
file:///F:/thesis.docx%23_Toc391046655
file:///F:/thesis.docx%23_Toc391046656
file:///F:/thesis.docx%23_Toc391046657
file:///F:/thesis.docx%23_Toc391046658
file:///F:/thesis.docx%23_Toc391046659
file:///F:/thesis.docx%23_Toc391046660
file:///F:/thesis.docx%23_Toc391046661
file:///F:/thesis.docx%23_Toc391046662
file:///F:/thesis.docx%23_Toc391046663
file:///F:/thesis.docx%23_Toc391046664
file:///F:/thesis.docx%23_Toc391046665
file:///F:/thesis.docx%23_Toc391046666
file:///F:/thesis.docx%23_Toc391046667
file:///F:/thesis.docx%23_Toc391046668
file:///F:/thesis.docx%23_Toc391046669
file:///F:/thesis.docx%23_Toc391046670
file:///F:/thesis.docx%23_Toc391046671
file:///F:/thesis.docx%23_Toc391046672
file:///F:/thesis.docx%23_Toc391046673
file:///F:/thesis.docx%23_Toc391046674
file:///F:/thesis.docx%23_Toc391046675
file:///F:/thesis.docx%23_Toc391046676
file:///F:/thesis.docx%23_Toc391046677
file:///F:/thesis.docx%23_Toc391046678
file:///F:/thesis.docx%23_Toc391046679
file:///F:/thesis.docx%23_Toc391046680

Figure 80 displacer @SSEMBIY........uee i e e e e e e et e e e e e e e e e b rra e e e e e e e e e annraaaeeaaaeanns 80

FIBUNE Bl .o e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e aaaaeaeaeaaaeaaaaaeaaaeaeaeaeaeaeaes 81
FIBUNE B . i e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e aeaaaeaeaaaaeaaaaeaeaeaeaeaaaes 82
e T=qU ] g 1. ST SUPPTT U PPPPPPTIN 83
FIBUNE B4 ...t e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e aeeaaeeaaeaeaaaeaeaaaeaaaeaeaeaaaeaeaes 84
FIBUIE B .. i e e e e e e e e e e e e e e e e e e e e e e et e e e e e e e e e e e e e e e e e e e e eaeaaaaaeaaaeaaaeaeaeaaaeaeaes 85
FIGUIE 8B ...eeiieeieeiee ettt ettt ettt et e e s e sttt e e e e e s et b e e e e eeeese e ass b e e aeeeeee s bbb teeeeeeeae e nbbaaeeeeeeeeaarrnaeeeeeeaanas 86
FIBUIE B et e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e aaaeaeaaaeaaaeaeaeaaaaaaaes 87

12



file:///F:/thesis.docx%23_Toc391046681
file:///F:/thesis.docx%23_Toc391046682
file:///F:/thesis.docx%23_Toc391046683
file:///F:/thesis.docx%23_Toc391046684
file:///F:/thesis.docx%23_Toc391046685
file:///F:/thesis.docx%23_Toc391046686
file:///F:/thesis.docx%23_Toc391046687
file:///F:/thesis.docx%23_Toc391046688

Contents

T o) B T ={ 0 TSR 10
T oo [V To1d o] o HARTR TSSOSO PRSP UPPPPRUPRUPPON 16
Problem STAtEMENT ........ei ettt sttt e st e s bt e e s bt e e s bt e e s ae e e sabe e s bt e e sabeesbeeenneeesreeenanes 16
IMIOTIVATION ettt e st e s et e e e s eab et e e s e b et e e s e be e e e s aa b e e e e s aareeeesaanrneeesanreeessnrneeesanee 16
JUSTITICATION ...ttt e s e e s bt e s ab e e s bt e e b be e s bee e saseesabeesabeeesabeesabeeeanreesareeenanes 16
Ideal Locations for Solar ENergy POWEr GENEIAtiON.......ccvvieiiciiieeeciieeeeeciteee e ettee e e ectte e e e etaeeesssataeesssntaeesssssaneesnnes 17
ANNUAL AND SEASONAL DISTRIBUTION OF SUNSHINE IN PAKISTAN 1931-1990.......ccccceveemeeneenienreeieenneennes 18
................................................................................................................................................................................. 19
LITEIATUIE SUIVEY ...ttt ettt ettt s ettt e e e e e s ettt e e e eeeesssabsbeeaeeeeeesasasbataaeeessasassssaaeaeesssesasssssaaeeessannns 21
[ L1y o] oY PO PP PPPTORPPPTPPP 21
AULOMOLIVE SEITTING ENGINE .. .eiiiiiiiiie e e e e e e e st e e e et ee e e s beeeessabeeeeesaseeeeessseeeesnnsees 23
Stirling ENGINe CONTIGUIATIONS ......uviiiiiiiie ettt e e e e e et e e e e e tb e e e e e st aeeeeanbeeeeenseeeeennteeeeennrenas 25

F o [o) g I 4 [TVl V=T o TSR 25
2T = I T g T=dl o3 V=T o UUR SRRt 27
............................................................................................................................................................................. 28
............................................................................................................................................................................. 28
GaAMMA SEIMTING ENZINE .eeeiiiiiiee e e e e e st e e e st ae e e e sbbeeeesabbeeeeansbaeeessstaeeeannraeeesstaaesennsens 28
The Pressure-Volume diagram and the cycle effiCiEnCy ..o 29
THE VOIUME ValiatioNs: ..cc.uiiieiiiie ettt sttt et e e s bt e s h e s at e st e e bt e bt e bt e sbeesatesateeabeenbeesaeesaeenas 29

LS VAo L= T=d - T o TSP 29

QL oY L= i o 1= o o USRS 30
Yo T T [o [ =) o] o RO P TSP PR PRSP 31
Yol T g 6o aTol=T o A - 1 o] SO T T PRSPPSO P TR PPO PP UPOPTN 31
Yo L] AT [T Y= o oY { o =TRSOt 33
OVBIVIBW ... ettt ettt ettt e sttt e s s bt e e s e a b e e e s aa b e e e e s ams et e e s am s e e e e s aas e e e e s eane e e e s aanaeeesaaneneessaneneessaneeeessaneneessanee 34
LT F=d Y oY=y of- (o 3 PP PRt 35
Constraints and Other CONSIAEIAtIONS ........c.iiviiiiieieeiee ettt r e s b e saee st s ne e neenes 35
LT F=d AN LT o o F= 1Y PP PSPt 36
Overview of Conceptual Designs DEVEIOPEd..........oooicuiiiiieciiee ettt ettt e e e ette e e e eetre e e e e earee e e ebreeeeeanns 36
Yo T g A1 LT = = Yo LT (¥ o TR UERRE 37
TyPEeS Of SOlar ENEIZY CONVEISION .....ooiiiiiiieeeeiieee ettt e eectte e e eectte e e eetteeeeetteeeeeatteeaeessseasesseeaeessseaesastasaesassenaesnses 37




Types of Stirling ENgine CoNfigUIations.........cciiii ittt eeerree e e e e e e e rre e e e e e s e e s anbee e e e e e e s eeennnnaeaeeeas 39

TYPES OF SOIAr CONCENTIATONS ...vviiiiiiiiie ettt e e s sttt e e e s sbte e e s sbeeeessbaeeeesseaeessasteeessassaeassnnes 40
The GAamMa LYPE ENINE: ..eeiiiiiiee ettt ettt e et e e e et e e e e e bte e e e ebteeesebaeeeeebtaeesensteeesanseaeesasteeesanseaeesannes 42
LS VAo L= T=d - [ o TSR 44

The VOIUME VarIiAtioNs :.cc.eiiieiieieeet ettt ettt e sbe e st st e bt e b e b e e sbeesaeesaeeeabeenbeesneesanesas 44
Engineering Design and ManUFfaCTUIE ........uiiiiiiiiiicee et e e e st e e e st e e e s bt e e e e snbee e e snabeeesesareeas 46
(071Y D 1V, oo 1] B P UUPRRN 46
................................................................................................................................................................................. 47
................................................................................................................................................................................. 47
Calculation for stresses on Power cylinder of Stirling @NgINe. .........oocciiiiieciiie e 48
Isothermal calculations fOr EFffiCIENCY ...cccuviiii e e ee e e et e e e e b ee e e e eare e e e eareeas 49
CAlCUIRTIONS ettt ettt ettt e st e s bt e e s ate e sttt e abeesabeesbbeesabe e e abeesabeesabaeesabeeensbeesabaesaneeesareean 50
N Y T 1Y 2] £ PP 52
T o e [¥Tord o] o HARUR OO TSP TPV UPPIUPRUPRUPRONt 52
Y YT I o o] oY= o A =TSRRIt 52
The diSPlacer fOrK ANGIYSIS .......viiii ittt e e ee e e e et e e e e e ebteeesebteeeeestaeeesstaeaeeastesessastanasanes 52
SErESSES TN X- DIFECEION ..ttt e ettt e e st e e s nb e e e e s sba e e e snre e e e eanraeeesnnaeeesnnnneenan 54
SErESSES N Y- DIrBCHION ettt e s 55
SErESSES IN Z- DIFECLION w.ceiiiiiiiiiiec et s be e e s a e s a e sba e s aaee s 56

THE VON IMIISES STIESS ..nveetiiiitieite ettt ettt sttt ettt e s bt e sh et sae e et e e abeeebeesaeesaeesabeeabeeabeeabeesbeesaeesateenbeenbeenaeesanenas 57
DFiVING rO0 @XiS @NAIYSIS ..uvvieiiiiiiieicieie e cceee e et e e et e e e ettt e e eeteeeeeeebteeesebtaeeesbeeeaeasaseaeassaeesassaeasastseasanseneanannes 58

(DI T o] FYol=T g V=T ok AV Yot o Y] U o o PP RR 59
DEfOrMATION Y AXIS .ttt sttt e b s st ettt e bt e s ae e st s ar e e n e e bt e re e s reesareeareen 60
DEfOIrMATION X AXIS ..uriiiiiiieiti ettt sttt ettt st sae e sttt et e s b e e s bt e st e et e et e e s bt e s aeesan e sabeean e e b e e reenreesaeeenreen 61
DEFOIMATION Z AXIS ..nveeiieieeee ettt et sttt et e bt e s bt st et e et e e s bt e s ae e s et st en e b e e re e s reeeaeeeareen 62

VON IMIISES STFESSES ...eieeiiieie ettt e et e e st e e st e e s e e st e e s s et e e s n et e e s nsre e e s e nreeesannreeesanreeesennnenes 63

Y YoYU = Tot (U] oY= RO 64
PrOCESS TOIBIANCES ....eeiiiieiiee ettt ettt ettt st e s bt e st e st e e bt e e s abee e be e e sas e e sabeeesaseesabee e neeesabeeesnneesnreesnenesaneeanns 69
TS N e ieie e e e e e e e e e e e e e e e e e e e e e e e e e e e e e eaaaeeeeeaeeaeeaeeaaeaaeeaaeaaaaeaaaaaaaaeeenas 75
(oY o1 1=T 4 T = Tol=Tc F O P PP USPPPRUPRUPR 75
Yo [V Lo T VT d o1 o <Te PSR 75

14




BT 1TV 0T =TSP T O PPTU U PPPPPPPTN 81

References and ACKNOWIEAZEMENTS: ... .uiiiiiiee e e e e e e st e e e e et e e e e e ab e e e e enbeeeeenseeeeennrenas 88

15




Introduction

Problem Statement
The political, economic, environmental concerns over traditional fossil fuel power generation have led

to an overwhelming amount of innovation and research into cleaner renewable sources. It is in the
nation’s best interest to invest heavily in renewable energy so that we could reap the benefits to the

economy, environment, politics, and human health.

Motivation
Of the existing sources of renewable energy, the most promising is the sun. It is the most abundant

source of energy on the planet and it is a phenomenal source of light and heat. Scientific American
magazine states, “The energy in sunlight striking the Earth for 40 minutes is the equivalent to global
energy consumption for one year.” (Systems, Technology, 2009). Therefore, it behooves engineers to
design way of capturing this incredible natural resource for use in power generation as an alternative

to other methods such as fossil fuels.

Justification
The United Nations has a difficult time quantifying the exact number of lives that are lost in nature

disaster. Perhaps more surprising is not the amount of death that occur from natural disasters, but the
deaths that occur after disaster hits. The lack of clean water, food, and electricity can sometime cause
more deaths than the actual disastrous event. Creating a technology that provides power to such
disastrous areas can provide much needed clean water, and desperately needed electricity for life
saving operations such as medical equipment, communications, and food preparation. Remote power
can provide a real survival opportunity for disaster victims who have been left without a home, food,

water, or power.
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Ideal Locations for Solar Energy Power Generation

The irony of the tragedies experienced by the citizens of these locations that are in the path of disaster
is that they are also the most ideal source for solar energy power. The same conditions that create a
breeding ground for natural disasters also provide a unique ability to generate solar power. The world
map shown below demonstrates the availability of solar power at different locations on the globe.
What we have discovered is that the places that would most benefit from a solar Stirling engine system

are the same places that the system would be the most efficient (Beta, 2008).

Average annual
ground solar
energy (1983-2005)

75

7

3
Clear sky insolation
incident, horizonthal
surface (kWh/m'/day)

Sourca: NASA 2008

Figure 1: average annual ground solar energy(Source: NASA 2008)
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ANNUAL AND SEASONAL DISTRIBUTION OF SUNSHINE IN PAKISTAN 1931-1990

Pakistan receives a considerable amount of sunshine throughout the year and has opportunity to

control the shortage of power energy using advance technology for the utilization of solar energy.

January has a lowest sunshine with 6.1hr/day with short winter days.

June has the highest sunshine of above 9hr/day having long summer days.

The annual sunshine of Pakistan increases from January to June then decreases in August with
little increases in September and then again decreases till December. This variation of the
sunshine in Pakistan is generally, because of its latitudinal and altitudinal extent and annual
march of the sun.

The plain areas of the country have long sunshine period and decreases as we move towards
north of the country.

The coastal belt usually, records high sunshine periods as compared to the rest of the country
and is more suitable for solar energy plants.

The sunshine duration of the country generally, increases from northwest to southeast. This
variation normally, is due to temperature and cloudiness variation, altitudinal, and latitudinal

extent of the country and the annual march of the sun.
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Figure 2:Pakistan annual sunshine Hrs/day (Source Water resources and wetlands:Saifullah Khan)
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Literature Survey

Stirling engines are external combustion engines which can function by using a wide variety of fuel
sources such as a combustible gas, nuclear head, or solar energy. The heat supplied to the engine
causes the working fluid to expand; thereby, moving a displacer piston. This piston then displaces the
working fluid from the hot end into the cold end of the engine where the working fluid is compressed
and the piston retracts. The displacer piston then moves the fluid into the hot end where it will once
be expanded and then displaced into the cold end where it will compress and this cycle will continue as
long the temperature difference exists. The Stirling cycle is a reversible cycle which closely follows the
Carnot principal, making it a highly efficient cycle. Stirling engines are the simplest form of heat engine

and are arguably the most efficient engine (Berchowitz, 1984).

History
The first patent containing a Stirling engine was written in 1816 by the Rev'd Dr. Robert Stirling. He

patented an ‘economizer’ which is synonymous with today’s regenerator, used to increase the
efficiency of the engine. The Stirling engine did not gain wide popularity compared to the steam engine
due to the limits that currently available materials offered. Stirling engines went relatively unnoticed
and not improved on until the late 1930 when Philips selected Stirling engines to power radios for
remote areas. The decision to use Stirling was based on its low audible and E&M noise and ability to

run on any heat source from heating oil to wood (Berchowitz, 1984).

Figure 4:the oringinal Robert Stirling
Engine(Source:Author: Jifi Skorpik)
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In 1972 Ford Motor Company teamed up with Philips to develop an automotive Stirling engine, and
gauge its potential for automobiles. What was produced was a four cylinder, 170 Horse Power Stirling
engines which used a swash plate to transfer the power from the Stirling engines into torque that
could be connected to a traditional transmission [7]. The engine ended up having little potential for use
in automobiles due to the nature of external combustion engines inability to produce immediate

power.

There is however concepts to revive the automobile Stirling engine for use in hybrid electric vehicles

because of its higher power to weight ratio and overall efficiency (Nightingale, 1986)

External
Heat
System

Hot Engine

Cold Engine/Drive
System

Figure 5: Automotive Stirling Engine(Source: Ford Motor Company
Nightingale,1986)
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Automotive Stirling Engine

Beginning in the 1970"s NASA"s Glenn Research Center began investigations and development of high
efficiency Stirling engines to be used in space applications. The decision to use Stirling engines was
centered on their relative reliability compared to other mechanical engines, simplicity, low noise
(audible, E&M), essentially nonexistent vibration (when convertors were paired), and most importantly
high power to weight ratio. The Brayton Rotating Unit (BRU) Project aim at obtaining higher efficiency

power conversion system for isotope, reactor, and solar receiver hear sources (Lee Mason, 2007).

Figure 6:Brayton Rotating Unit (BRU)( Source NASA Glenn
research Project,Lee Mason 2007)

Brayton Rotating Unit (BRU)

NASA is now taking a serious interest in Stirling engines for their potential use on other planetary
bodies. One of the most prominent possibilities is the use of a Stirling-based Fission Surface Power

System which can generate power of about 50kWe per unit. This form of power generation is a viable
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solution to the monumental problem of attempting a manned mission to the Lunar and Martian
Surfaces for extended periods of time. This type of system could be used to provide power for rovers,

remote science experiments, or as a utility power source for an outpost in any of our celestial orbiting

bodies (Lee Mason, 2007).

Lanrg Coranciors <

Fug Sveid v
s

Pascze

Figure 7:Stirling based Fission Surface Power System(Source:NASA.gov)
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Stirling Engine Configurations
Stirling engines are commonly found in three different configurations; alpha, beta, and gamma. There

is also a variation of each one named free-piston but due to its complexity and high cost, it will not be
discussed in details for this project. Each of the three main configurations has unique advantages and
disadvantages due their variation in geometry and arrangement.

Alpha Stirling Engine

An Alpha Stirling engine is composed of two power pistons which are housed in two separate cylinders
where one cylinder is exposed to heat while the second is subjected to cold and heat dissipation. Alpha
Stirling engines will sometimes utilize a regenerator as part of its configuration. The regenerator

function is to store heat as it moves from the hot end to the cold one and re-supplying the fluid with

heat as it returns to the hot end.

1. Most of the working gas is in contact with the hot cylinder walls, it has
been heated and expansion has pushed the hot piston to the bottom of
its travel in the cylinder. The expansion continues in the cold cylinder,
which is 90° behind the hot piston in its cycle, extracting more work from

the hot gas.

Figure 8:Alpha Configuration
(Source:engineering.uiowa.edu)

2. The gas is now at its maximum volume. The hot cylinder piston begins
to move most of the gas into the cold cylinder, where it cools and the

pressure drops.

Figure 9:Alpha Configuration 25
(Source:engineering.uiowa.edu)



http://en.wikipedia.org/wiki/File:Alpha_Stirling_frame_12.svg
http://en.wikipedia.org/wiki/File:Alpha_Stirling_frame_16.svg

3. Almost all the gas is now in the cold cylinder and cooling
continues. The cold piston, powered by flywheel momentum (or
other piston pairs on the same shaft) compresses the remaining

part of the gas.

Figure 10:Alpha Configuration
(Source:engineering.uiowa.edu)

4. The gas reaches its minimum volume, and it will now expand
in the hot cylinder where it will be heated once more, driving the

hot piston in its power stroke.

Figure 11:Alpha Configuration
(Source:engineering.uiowa.edu)
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Beta Stirling Engine
A Beta Stirling Engine configuration uses one cylinder which houses both the power and displacement

piston. The displacer piston purpose is to shuffle the air between the hot end and the cold end while

not extracting any power from the expanding gas.

1. Power piston (dark grey) has compressed the gas, the displacer piston (light grey) has

moved so that most of the gas is adjacent to the hot heat exchanger.

Figure 12: Beta Configuration
(Source:engineering.uiowa.edu)

2. The heated gas increases in pressure and pushes the power piston to the farthest

limit of the power stroke.

Figure 13:Beta Configuration
(Source:engineering.uiowa.edu)
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3. The displacer piston now moves, shunting the gas to the cold end of the cylinder.

Figure 14:Beta Configuration
(Source:engineering.uiowa.edu)

4. The cooled gas is now compressed by the flywheel momentum. This takes less energy,

since its pressure drops when it is cooled.

Figure 15:Beta Configuration
(Source:engineering.uiowa.edu)

Hot Cylinder

Gamma Stirling engine
Lastly, a Gamma Stirling engine is similar to a Beta configuration expect

save for the power piston which is housed in a separate cylinder but still

Cold Cylinder
Displacer

connected to the same flywheel as the displacer piston.

Figure 16:Gamma Configuration
(Source:engineering.uiowa.edu)

28



http://en.wikipedia.org/wiki/File:Beta_Stirling_frame_4.png
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The Pressure-Volume diagram and the cycle efficiency:

The volume variations:

Gas volume
Hot side

Displacer

Gas volume
Cold side

Figure 17: volume variations ( Source:Pierre Gras, Author Moteur Stirling)

On the diagram above, one can see:
- The variation of hot volume, on the upper part, during the cycle (red zone).

- The variation of cold volume, at the bottom, between displacer and operating piston, during the cycle

(blue zone).
The PV diagram : P
The principle of operation, above exposed, Py 2
can be represented on a diagram called %
“Pressure-Volume diagram” or PV diagram. n%"
/) T

P3a & SE’

P1 . Tm S

P4 Compressign — = 4U
Figure 18:PV Diagram( Source:Pierre Gras, Author Moteur Stirling) St“"mg C)’dE

Vm Wi v
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At every moment, the force which is exerted on the piston is F =S x P where S is the surface of the
piston and P the instantaneous pressure.
The elementary work provided during a short time “dt” is equal to the instantaneous force multiplied

by displacement “dy “of the piston during this period “dt”.

dwW =F x dy
or
dW =S x P xdy

or, if it is noticed that S x dy = dV, the variation in volume during the period of time "dt"
dW =P xdV

On the PV diagram, this last expression is the elementary surface located under each curve.

The work is positive under the curve of expansion because dV>0. Work is negative under the curve of
compression because dV<0.
The resulting work during a cycle is represented by surface under the curve of expansion decreased by

surface under the curve of compression. Therefore, it is the surface between the curves.

The cycle efficiency :

P » Q exp
0 P2 W exp
heat -4
ea i '-'E E'ibq%
£ /:) e
Tj 3 P Q cool
'| Tm g é
P4 Comprassion 4
Q comp J
J Weomp
Vim W \

Figure 19:Cycle efficiency( Source:Pierre Gras, Author Moteur Stirling)
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The efficiency of the engine is equal to the ratio between the recovered mechanical energy W, and
the heat Qqotq that is required to provide. The latter is provided during the isochoric heating and during

the isothermal expansion.

With the diagram, we can write:
Whet = Wexp + Wcomp
Where, see above, W¢omp Will be negative after its calculation.

Qiotal = Qheat + Qexp

Solar Radiation
The sun can be considered a spherical radiation source that is 1.39 x m in diameter and at a

distance of about 1.50 x10°™* m from the Earth (Frank P. Incropera, 2002). Due to Earth“s Ozone Layer,
the radiation felt by body outside our atmosphere would be different than the radiation felt on Earth

surfaces as shown in Figure.

Solar Concentrator
A wide variety of solar concentrators are currently commercially available in order to concentrate solar

rays for the purpose of power generation. There are many forms of solar concentrators, but the most

common forms are those which utilize curved, parabolic mirrors and those which use Fresnel lenses.

Parabolic Troughs are the most widely used type of solar concentrator. It consists of a linear parabolic
reflector which can concentrate sunlight onto a tube, commonly filled with a working fluid such as
molten salt, and positioned along the focal length in order to generate heat for power generation. This
type of solar concentrator can be found in Solar Energy Generating Systems (SEGS) plants in California,

Acciona"s Nevada Solar One, and Plataforma Solar de Almerias in Spain (Laboratories, 2009).
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Figure 20:Parabolic trough in Sandia(Source ACWA Power
Ouarzazate)

Figure 21Fresnel Reflectors Ausra (Source:ACWA Power Ouarzazate)

Concentrating Linear Fresnel lenses are defined as many thin mirror strips in the place of parabolic
mirrors to focus sunlight and heat on a given point. The advantage to this method over parabolic
mirrors is that flat mirrors are much cheaper than parabolic mirrors and that more reflectors can be
used in the same amount of space which provides more sunlight energy at the focus. This type of solar

concentrator shown in Figure 16 was constructed a company called Ausra (Ausra, 2009).
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Solar Stirling Engine
Due to Stirling engine’s unique ability to produce power in the presence of any heat source, a wide

variety of fuels can be utilized for the purpose of power generation which includes Solar. Using sunlight
as a viable heat source for Stirling engines yields a method of producing power without harmful
emissions and without using manufacturing methods which deplete the Earths of its precise natural

resources.

Solar energy has been utilized before for power production in heat engines, however, most of the
previous applications were for steam turbines that would be only practical for very large scale
installations. Stirling engines provide a methodology for generating power for use in a small system to

drive an electrical generator.

The schematic below illustrates a small scale electric power from solar thermal energy system which
utilizes solar Stirling. In this system, the solar heat collector provides heat for the solar Stirling engine
which in turn provides AC power. The electrical power can be transferred to a battery charger, then to
DC control unit which can either go into a battery or into an inverter. Efficiencies for this type of small

scale system can range from 18% to 23% (Communications).

Synchronous
Generator

SUhr Hﬂt mix ) ) h |
AV my

I I' '-.\-.-_-.. AC
| Power

DC Contral Battery
Unit Charger

Battery | Inverter [
| I AC
Power

Small Scale Electric Power from Solar Thermal Energy

Figure 22:Solar Stirling Schematic

Solar Stirling has made a tremendous impact on alternative energy in the certain years with companies

like Stirling Energy Systems (SES) leading the way. This company in partnership with Sandia National

33




Lab managed to break the world record for solar-to-grid conversion efficiency at an amazing 31.25 %
on January 31, 2008. SES Serial #3 was erected in May 2005 as part of the Solar Thermal Test Facility
which produced up to 150kW of grid ready electrical power during the hours of sunlight. Each dish

consisted of 82 mirrors that can focus the light into an intense beam (Systems, 2008).

SES solar Stirling engine, named SunCatcher, was awarded the 2008 Breakthrough Award winner by
Popular Mechanics for its role as one of the top 10 world-changing innovations. The SunCatcher is a 25
kWe solar dish Stirling system which uses a solar concentrator structure which supports an array of
curved glass mirror which are designed to follow the sun and collect the focused solar energy onto a

power conversion unit. The diagram below illustrates the workings of SES"s SunCatcher.

MIRROR

FACETS POWER
‘ J @/ CONVERSION UNIT

DRIVES

~

e 2 ; @— 8ooM

7
|
I

FACET
SUPPORT
STRUCTURE

PEDESTAL —®

Figure 23:Stirling Energy Systems — SunCatcher(Source Stirling Energy Systems)

Overview
The overall goal of this project is to conceptualize, design, and build a modified solar Stirling engine

with a parabolic dish as the solar concentrator.
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This solar Stirling engine uses a gamma configuration. This project will be considered a success if the
following objectives are met. Firstly, a design is to be made of a gamma Stirling engine which uses a
cost effective means of producing the most electricity. This engine should have a large margin of

positive net energy and net power to be considered a feasible application.

Second, a proof-of-concept of this configuration should be demonstrated by the creation of a small
scale prototype. Lastly, this design should prove itself to be flexible and scalable to fit the needs of

varying applications such as use in remote areas and disaster relief.

Design Specifications
In order to meet the objectives of this project, certain specifications need to be ascertained. Due to the

nature of Stirling engines, the maximum efficiency is achieved when the temperature difference
between the hot end and the cold end is sufficiently large. Therefore, the design specifications focused
on achieving this goal.

The solar concentrator used in this project is to be sufficiently powerful to concentrate sunlight on the
surface of the engine without noticeable losses due to refraction, medium, and geometry.

The material used for the cylinders, pistons, and flywheel should be able to withstand thermal cyclic
loading at the high operating temperature without causing the material to weaken, undergo chemical
changes, or fail.

The extended surfaces used in the cold end of the engine to dissipate heat should be of such geometry

and material that heat transfer would be maximized between the engine and the ambient fluid.

Constraints and Other Considerations
The major constraint of Stirling engines is the ability to generate enough heat on the hot end while

cooling the cold end in order to produce the necessary change in temperature so that power
generation in feasible. Therefore, the main constraint of this design is its ability to concentrate enough
sunlight on the hot end while chilling the cold end.

The amount of sunlight that can be concentrated is dependent on a few factors, some of which can be
controlled by the design and some of which are outside of the engineering design scope. Such factors
that are outside of our control are the position of the engine relative to the Earth and the climate of

that region. However, these environmental factors can be improved by ensuring that there is no aerial
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coverage near the engine such as trees and buildings so that the solar concentrator can optimize the
solar rays in that region. Due to the constraints of the sunlight in the operating region, the most
important consideration when conceptualizing the engine is the optimization of the solar concentrator.
In the event of low solar heat throughout the day, season, or location, the efficiency of the engine
could be optimized by the following factors which work to counteract the loss due to the availability of
the sun.

The efficiency of the engine can be improved significantly by selecting effective extended finned
surfaces to assist in the heat dissipation from the cold end. This will cause the cold end temperature to
be significantly lower than the heat on the hot end and increase the change in temperature. Another
way to increase efficiency is to select a working fluid within the cylinder which can adequately transfer

heat.

Design Alternatives

Overview of Conceptual Designs Developed
Three trade studies performed in order to justify the decision made for the design of the solar Stirling

engine. The first trade study compares the different methods of generating power through the use of
solar energy which includes photovoltaics, and heat engines such as Brayton and Stirling. The second
trade study compares the different types of Stirling engine, alpha, beta, and gamma, to justify the
selection for use in our design configuration. Lastly, the third trade study compares the different
methods of concentrating sunlight which are traditional glass lenses, glass mirrors, and Fresnel plastic
lenses.

Each trade studies that was conducted, was ranked based on a desirability scale. This scale consists of
four criteria, Cost, Ingenuity, Ability, and Reliability. Each ranking is based on a 1 through 5 score on the
desirability of the concept being implemented.

A basic cost analysis was performed for each option in which the expected cost of each design was
analyzed. For the cost portion, a 1 corresponds to high cost which is not desirable, and a 5 correlates to
low cost which is desirable.

Each alternative was given a ranking for Ingenuity. Ingenuity is defined as the implementations relative

degree of current implementation. For the Ingenuity portion, a 1 corresponds to high degree of current
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implementation which is not desirable, and a 5 correlates to low degree of current implementation
which is desirable.

Each alternative was given a ranking for Ability. Ability is defined as the particular concepts ability to
perform the intended role. For the Ability portion, a 1 corresponds to low degree of concept not being
able to perform intended role which is not desirable, and a 5 correlates to a high degree of concept
being able to perform intended role which is desirable.

Each alternative was given a ranking for Reliability. Reliability is defined as the ability of the concept to
perform its intended role with the minimal amount of maintenance or failures. For the Reliability
portion, a 1 corresponds to a low expected reliability which is not desirable, and a 5 correlates to high

reliability which is desirable.

Solar Stirling Trade Studies

Types of Solar Energy Conversion
Throughout the history, there have been many methods explored on gathering sunlight for power

generator. Some of the most successful methods of using solar energy in order to produce power are
Photovoltaics, Brayton Cycle Steam Engines, and Stirling Engines.

Photovoltaics are an array of cells which contain a special material that can convert solar radiation into
electrical current (Placeholderl). Photovoltaics ranked a 1 on our scale for cost due its current price
which is about $3/W (Solarbuzz, 2009). Since solar panels have been around since the beginning of the
space race in the late 1950"s, its ingenuity was ranked a 1 even though there have been several
advances in their efficiencies in the past few years. Photovoltaics ranked a 4 in ability because of their
continuous ability to produce an electrical current whenever it is exposed to sunlight. Because
photovoltaics have no moving parts, it makes the system extremely reliable and operates with minimal
maintenance. It is also worthy to note that many current solar panels use silicon as the main material
in the cells. Though there are many advantages to using photovoltaic, the depletion of silicon from soil
and the use of rare earth metals lead to solar panels not being the best solution to our power
generation problem (Placeholder2). For the reasons stated above, photovoltaics ranked a total of 11

out of 20 on the desirability scale.
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Brayton Cycle is a type of thermodynamic cycle used in heat engine that uses steam as the working
fluid in order to produce power (Sandfort, 1962). It ranked a 3 on the cost scale due to its use of rare
metals and it cost-benefit analysis is mostly good for very large scale applications but would not make
sense for smaller engines. The Brayton cycle, or steam engine, also ranked a 3 on ingenuity since it has
existed for many decades but has only recently been applied in solar systems. Brayton cycle was
ranked a 5 in ability since it can effectively use a solar concentrator to heat a reservoir of water to
create steam which then turns a turbine. However, since it is comprised of moving parts, its reliability
cannot be a 5 since its maintenance may cause a problem with long-term applications (Sandfort, 1962).
Stirling engine is a type of heat engine that generates power through the compression and expansion
of the working gas in its cylinder via a hot end and cold end (Berchowitz, 1984). This engine was given a
4 on the cost scale due to its relative inexpensiveness. The materials used for the engines are neither
exotic nor rare therefore making the parts list more cost effective than other means. The solar Stirling
engine ranked a 5 in ingenuity because though the Stirling engine has been around for over 100 years,
it adaptation to using solar for the hot end as opposed to nuclear is new and innovative. It also ranked
a 5 in ability because a Stirling engine will continue to compress and expand a gas as long the
temperature difference is present therefore making it a very viable option for power generation with
respect to other heat engines. However, like steam engines which use the Brayton Cycle, Stirling
engines also have moving parts and though the ability to generate power is very reliable, its long term

maintenance plan forces it rank as 4 for reliability (Berchowitz, 1984).

Cost Ingenuity Ability Reliability Total

Photovoltaic | 1 1 4 5 11
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Brayton 3 3 5 4 15
Cycle

Stirling 4 5 5 4 18

Engine

Figure 24:Types of Solar Energy Conversion Ranked

Conclusion
The conclusion of the trade studies is that we will use a Stirling engine for the conversion of solar

energy into electrical energy.

Types of Stirling Engine Configurations
Due to the increasing of price for energy gathered from fossil fuels as well as the harmful

consequences that they have on the environment, a new way of generating power that is both clean
and efficient needs to be explored. A prominent candidate for power generation which uses natural
resources are Stirling engines due to their unique functionality which allows for use of different types
of fuels including solar heat. Below are listed the most common configurations for a Stirling Engine;
Alpha, Beta, and Gamma.

Alpha Stirling Engines ranked a 3 in cost due to lack of durability in the seals which always pose a
technical problem. Commercially, alpha configurations require an insulating head in order to move the
seals away from the high temperature exposure in the hot end. Though this fixes the seal problem, it

also adds dead space so it was assigned a 3 on ability and reliability.
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Beta Stirling Engines do not have the seal problem that alpha configurations have and are therefore
ranked a 4 in cost and ability respectively. The beta engine is also extremely reliable and was therefore
given a 5 on reliability.

Gamma Stirling Engines provides a lower compression ratio but it much simpler mechanically; this
earns gamma a 4 in cost. Also, gamma offers a unique ability to be used in multi-cylinder Stirling

engines and therefore gets two 5"s for ability and reliability (Wheeler, 2007).

Cost Ingenuity Ability Reliability Total
Alpha 3 4 3 3 13
Stirling
Beta Stirling | 4 4 4 5 17
Gamma 4 4 5 5 18
Stirling

Figure 25: Types of Stirling Engine

Conclusion
The trade studies for the different Stirling Engines configuration showed that for the intended
application and purpose of our project, the best type of Stirling engine to use in the Gamma

configuration.

Types of Solar Concentrators
Choosing the right type of solar concentrator for use in our solar Stirling engines will greatly influence

the efficiency of the engine and therefore is deserving of special attention. A wide variety of solar
concentrators are currently commercially available in order to concentrate solar rays for the purpose
of power generation. There are many forms of solar concentrators, but the most common forms are

the use of curved, parabolic mirrors and the use of Fresnel lenses.
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Parabolic mirrors ranked a 3 on our cost scale due the expense of manufacturing curved mirrors. It is
one the most common forms of solar concentration and therefore ranks a 2 in ingenuity. However, its
popularity is well placed since it is extremely able to perform its task with a noticeable amount of
reliability which has earned parabolic mirrors two 5%s obtained in the reliability and ability.

The Fresnel lens ranked a 5 on cost since it is significantly more cost effective than the parabolic
mirror. This is due to is composition of many flat mirrors instead of curved. It also ranked a 5 on
ingenuity since it is a fairly new form of concentrating sunlight. Though Fresnel lens is not as efficient
at concentrating sunlight, they gather more sunlight over the same amount of area and are therefore

ranked a 4 and 5 for ability and reliability respectively.

Cost Ingenuity Ability Reliability Total
Parabolic 3 2 5 5 15
Mirrors
Fresnel 5 5 4 5 19
Plastic lens

Figure 26:Types of Solar Concentrators

Figure 23 illustrates the daily generated energy per unit area versus the sun daily energy per unit area
for Stirling solar dish, central receiver, parabolic trough, and tracking photovoltaic (Systems,
Technology, 2009). This image demonstrates that using Solar Stirling instead of photovoltaics and other
heat engines yields a higher estimated annual energy and would therefore be more beneficial as a

method of solar energy conversion.
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Sourca: Southern Calornia Edison & Sandia National Laboratories

Figure 27:Power Generation per Square Methods for Different Methods(Source Southern California Edison and
Sandia National Laboratories)

Conclusion

The trade studies for the Types of Solar Concentrators showed that for the intended application and

purpose of our project, the best type of solar concentrator to use is the solar Stirling dish.

The Gamma type Engine:

This engine is a compromise between the alpha engine and the beta engine. In a cylinder the displacer
assumes its function. In the other cylinder, the operating piston controls the variations of the global
volume and recovers energy. This type of engine is frequently used to take advantage of small

differences in temperature between cold source and hot source.

Hot Cylinder

Cold Cylinder
Displacer

Figure 28:Gamma Configuration
(Source:engineering.uiowa.edu)
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The Stirling gamma configuration is simply a Stirling beta engine in which the power piston is not
mounted coaxially with the displacer piston but in a separate cylinder. This avoids the complications of

the of the displacer piston linkage passing through the power piston.

A fixed amount of working fluid (gas) is maintained within the cylinders by the pistons which form a gas
tight seal with the cylinder walls. The displacer is a loose fit within the hot cylinder, allowing the gas to
pass down the sides as it moves up and down. As with other Stirling engines, the gas is alternately
heated and cooled causing it to expand and contract as it shuttles between the hot and cold cylinders

transferring its energy to the power piston in the cold cylinder.
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The PV diagram :

The volume variations :

S0 100 150 200 250 00
Power piston

isplacement

Stirling engine
Gamma model

apF

“I' volume
of hot gas

O =

180 My 250 3 3E0 400

Total volume
of cold gas

MH S 100 10 R0 350 oG R0 40

Figure 29 volume variations ( Source:Pierre Gras, Author Moteur Stirling)
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The PV Diagram of an actual sample gamma engine:

This diagram is characteristic of the engine described above. In the example taken the calculations
were made with Ty, =290 K (17°C) et T, = 348 K (75°C).

The volume covered by the operating piston is 5 times lesser than the one covered by the displacer.
The theoretical efficiency would be 17%.

One can see that this cycle is clearly different from the theoretical cycle.

The important thing is to have the gray area as large as possible. It is representative of the work

recovered during a cycle

Pis-
225°
1,3
180" 270°
121
135° 315°
1 % O
Gamma model Stirling engine45”

%38 0 1.2
vV

Figure 30 PV Diagram of actual engine (Source: Pierre Gras, Author
Moteur Stirling)

45




Engineering Design and Manufacture

A prototype Stirling engine was to be designed to demonstrate the concept of operating it using solar

energy.

The designs obtained were modified to ease machining.

CAD Model
A ProE model of the engine was made to analyze the working of the engine.

Figure 31: CAD Model Front
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Figure 32:CAD Model Back

Figure 33:CAD Model Side view
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Calculation for stresses on Power cylinder of Stirling engine.

Assumption: - maximum temperature reached within cylinder is 300 C.
Cylinder is closed from one end for calculations.
Calculations are performed on extreme condition that can be reached.
Density of air at 300C = 0.6159 kg/cubic meter
Density of air at 24C = 1.184 kg/cubic meter
Gas constant (R) = 8.31 J/k.mol
Dimensions of cylinder are: - radius (r) = 6.75 mm
Length (I) =43 mm

Volume of cylinder (v):- v =pi * rr2 * |

=3.14 * (6.75) A2 * 43

=6151.8 mmA3

= 6151.8 * 107-9 cubic meters
Mass of air in cylinder (m):- mass = volume * density (25C)

=6151.8 * 1079 * 1.184

=7.28*10M-6 kg

Pressure (stress) on cylinder wall (p):- using ideal gas equation at temperature 300C (573k)

P=density *R*T

=0.6159(8.31) (573)

=2932.68 pa
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Force on cylinder wall (F):- F=p * Area
Where, Area =2 * pi *r * |
= 2(3.14) (6.75)(43)(107-6)
=1.822* 107-3 square meters
F=2932.68(1.822)(10"-3) =5.3433 N
Force on cylinder base(f) :- f = P * Area(base)
= 2932.68 * Pi * r/2
= 2932.68(3.14)(6.75 * 107-3)A2
=0.41 N (in our case cylinder is open from both the ends so it is ignored)
Yield Stress range for Aluminium: - 28 Mpa
(Selected minimum value of yield and ultimate stresses of aluminium)
Ultimate stress range for aluminium: - 69 Mpa

Comparing the results: - since stress on the wall of cylinder is very less than yield and tensile stress of

Aluminium so it’s safe to use the power piston cylinder assembly in our project.

Isothermal calculations for Efficiency
1) Efficiency is calculated using isothermal calculations.

2) Atintake stage air is considered to be at room temperature and pressure.
3) Volume of air with in power cylinder is calculated using geometry of piston and power cylinder.
4) Calculations performed at minimum temperature of 25C (room condition) and maximum of
150C.
5) Four processes with in power cylinder are :-
a) Constant volume heat addition. (2-3)

b) Expansion. (3-4)
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c) Constant volume heat rejection. (4-1)

d) Compression. (1-2)

Calculations
Stage 1 (intake):

Intake is at room temperature and pressure.
So, Pressure (P1) = 101.325 kpa
Temperature (T1) = 25C
Volume (V1) = pi * r*2 * [ =6.15185 * 10*-6 m (where r=6.75mm and |1=43mm)
Stage 2:
T1=T2=25C
Pressure (P2) = 145.2325 kpa
Volume (V2) =4.26 * 106 m (r=6.75mm and I=30mm)
Stage 3:
Temperature (T3) = 150C
Pressure (P3) = 206.1521 kpa

Volume (V2) =4.26 * 106 m (r=6.75mm and I1=30mm)

Stage 4:

Temperature (T4) = T3 = 150C
Pressure (P3) = 206.1521 kpa

Volume (V2) =6.15185 * 10~-6 m (where r=6.75mm and |=43mm)
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Mass with in cylinder:

Mass (m) = (P1 * V1) / (R * T1) = 7.28826 * 107-6 kg

Heat added (Qin):

Qin=m * R *T1 *In (V4/V3) = 0.31853 KJ/Kg

Heat removed (Qout):

Qout=m*R* T3 *In (V2/V1) =0.2244 KJ/Kg

Efficiency:

Efficiency = 1 — Qout/Qin = 0.2955 ( 29.55%)
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FEA Analysis:

Introduction
FEA was performed on the model parts suspected to be under the most stress. The analysis was done

in order to confirm that the parts will not fail under normal operating conditions.

The procedure we under took was to first identify the parts with the smallest areas and under the

greatest fatigue. The parts identified under these conditions were:

1. The displacer fork.

2. The displacer driving rod axis.
The analysis was performed using ANSYS.

Material Properties
The following material properties were selected. The grade of Aluminum could not be determined as

we were told by the salesmen. It was just known as “local” aluminum. Material properties used:
Modulus of Elasticity 69 x 1079 N/m2

Density 2700 kg/m3

1.
2
3. Ultimate tensile Strength 110 x 1076 N/m?2
4. Yield Strength 95 x 1076 N/m2

5

Poisson’s Ratio 0.334

The displacer fork Analysis
Our theoretical calculations, as explained in the previous report in detail, gave a force of 0.41956 N. we

used a force of 0.5 N in our analysis. The following are the results:

1. Figure 1 shows the model without any forces applied
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Figure 34 model without any forces applied

2. Alateral force of 0.5 N was applied as shown by the red lines.

3. We were successfully able to generate a result showing that the material had not failed under the
given loading. The deformations in each axis are given in the figures below. The structure made by the
white lines represents the datum lines. The bending of the part does not show the extent but merely

the direction in which the part might deform under the given loading.

All deformations in the results are in millimeters.
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Stresses in X- Direction:

NODAL SOLUTION

STEP=1
SUB =1
TIME=1
Ux (AVG)

RS

DMX =,353E-04

SMN .284E-04
SMX =. —-04

.220E~-04

Figure 35: Stresses in X- Direction

. 918E~05

ANSYS
1 2014

19

It can be seen that the maximum deformation (represented by the red region) was just .228x10/-4

mm.
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Stresses in Y- Direction:

Figure 36:Stresses in Y- Direction
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Stresses in Z- Direction:

Figure 37:Stresses in Z- Direction
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The Von Mises stress:

Figure 38:The Von Mises stress
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Driving rod axis analysis
The second part that was analysed was the driving rod axis

Figure 39:driving rod axis
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Displacement Vector Sum:

SOLUTION

(AVG)

Figure 40:Displacement Vector Sum
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Deformation Y Axis:

NODAL SOLUTION

Figure 41:Deformation Y Axis
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Deformation X Axis:

NODAL SOLUTION

Figure 42:Deformation X Axis
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Deformation Z Axis

NODAL SOLUTION
JUN 16 2014

;35[:} 12:37:42
TIME=1

Uz (AVG)

RSYS=0

DMX =.001873

SMN =-.359E-03

SMX =.382E-03

-.359E-03" -.194E-03 " -.296E-04 .135E-03 L 300E-03
.217E~-03 .382E~03

L27TE-03 .112E~-03 .527E~04

Figure 43:Deformation Z Axis
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Von Mises Stresses:

NODAL SOLUTION

STEP=1

SUB =1

TIME=1

SEQV (AVG)
DMX =.001873
SMN =.009798
SMX =30.6976

.009798
3.41955

Figure 44:Von Mises Stresses
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Manufacturing:

All the parts were manufactured at SMME Manufacturing Resource Center. The material was procured

from City Sadder Road Rawalpindi. An image of some of the parts manufactured is given below.

Figure 45: Machined Parts
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The list of materials and their prices are mentioned below:

Name of material Dimensions Location Price
Dia=22mm

1) Aluminium Rod Igbal shop, city sadder Rs 200
Length =200mm
Length =120mm

2)Aluminium stripes Width =30 mm Ismail shop, sadder Rs 100
Breath =6 mm
Length = 150mm

3)Aluminium Plate Width =70 mm Ismail shop, sadder Rs 650
Breath =20 mm
Dia =90mm

4)Aluminium Rod Igbal shop, city sadder Rs 900
Length = 150mm
Dia =22mm

5)Brass Rod Ismail shop, sadder Rs 250
Length = 200mm
Length =120mm

6)Brass stripes Width =30 mm Ismail shop, sadder Rs 200
Breath =6 mm
Outer dia = 10mm

7)Bearings (3) City sadder Rs 180
Inner dia =3mm
Outer dia =23mm

8)Rubber seals City sadder Rs 150
Inner dia = 18mm

9)Screws and Bolts Dia =4mm City sadder Rs 200
Dia =90mm

10)steel rod Igbal shop, city sadder Rs 150
Length = 25mm

TOTAL Rs 2900

Figure 46:Bill of Materials
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The individual parts manufactured are shown as under. The main processes involved in making the

parts were:

Turning
Milling
Shaping
Drilling
Welding
Polishing

Painting

©® N o U B~ W NP

Bench fitting
Some parts were modified from their original designs in order to ease machining. These parts were:

1. Mounting Block
2. Displacer flange
3. Flywheel

The entire process of manufacturing and assembly took 2 months. During this period a total of 5

technicians at the MRC were involved with the project.
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Below are picture of the final assembled engine:

Figure 47: Final assembled engine( sideview)
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Figure 48:Final assembled engine(rear view)
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Process Tolerances

Figure 49 presents a collection of the most common manufacturing processes and the tolerances
commonly associated with each of them. As explained in the legend, the shaded portions of the bars
represent the average application of these processes and mean virtually any manufacturing shop
should be able to achieve these tolerances. The remaining portion of the bar indicates the “less
frequent application”, which means one of two things: (1) highly skilled operators and equipment in
excellent condition are required to obtain the tolerances on the higher precision end of the range or
(2) the process can easily achieve the tolerances on the lower precision end of the range, but a cheaper

alternative likely exists, which could significantly reduce part cost.

in.x10°3

Process
100 50 20 10 5 2 1 05 02 0.1 005

Traditional

Flame cutting

Hand grinding

Disk grinding or filing

Turning, shaping, or milling

Drilling

Boring

Reaming or broaching

Grinding

Honing, lapping, buffing,or polishing

Nontraditional

Plasma beam machining 5 —
Electrical discharge machining
Chemical machining
Electrochemical machining f
Laser beam or electron beam machining
Electrochemical grinding
Electropolishing

[ Less frequent application
BN Average application

L 1 |

| | d |
2.0 0.5 0.2 005 0.02 0.005 0.002

+Tolerance (mm)

EVim . ——
Tolerances produced by various processes.

Figure 49 Tolerances produced by various processes (Source American Machinist)
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Tolerance vs. Feature Size
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Figure 50: Tolerance as a function of component size (Source American Machinist)
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Figure 50 presents another collection of the most common manufacturing processes and common
tolerances associated with them as a function of typical part size. The important point to take away
from this figure is the general trend showing typical achievable part tolerances grow as a function of
parts size. In other words, the ability to achieve a certain tolerance is a function of part size. As an
example, let’s use a pair of the 6” measuring calipers found in lab. Do these calipers measure the size
of a feature perfectly? No, they do not, as nothing can. However, they do an adequate job for the
tolerances we try to hold on the parts we produce. To quantify this point, these calipers have an error
associated with them of approximately 0.001” per one inch of measurement. That means if | measure a
1” part dimension, that measurement is really 1.000 + 0.001”. This is not a big deal to us because we
often us a tolerance of + 0.005” on hole features that need to be accurately located. But what happens
when | use a measuring instrument of similar accuracy to check a part that is 10” in length? Now my
measurement is really 10.000 + 0.010. So if | still require this part to be within the £ 0.005” tolerance, it
should be obvious | now have a serious problem. The same problem exists with digital calipers, digital
read outs on machine tools, and position feedback encoders on CNC machines. All measuring
instruments have a positioning error associated with them that is linearly compounded over larger

travels.
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Figure 51:Surface Finish vs. Production Time (Source American Machinist)

Figure 51 shows relative production time as a function of surface finish for common manufacturing
processes. Although the curve for each process is slightly different, the general trend shows that the
relative production time increases exponentially as a function of achieved surface finish. In other words,
doubling the surface finish requirements translates to more than twice the part cost. Therefore we
should always be able to justify the surface finish requirement we list on each surface of the parts we
design. Saving ten minutes of machining time on one part surface might not seem like a worthwhile
achievement, but remember that “pennies make dollars” and the savings can be substantial for a
properly designed part. Worded differently, failure to specify the roughest surface finishes permissible

on each surface can easily increase part cost by an order of magnitude!
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Figure 52: Surface finish produced by various processes.(Source American Machinist)
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Figure 52 presents a collection of the most common manufacturing processes and the surface
finishes commonly associated with each of them. As explained in the legend, the shaded portions of
the bars represent the average application of these processes and means almost any shop should be
able to achieve these finishes. The remaining portion of the bar indicates the “less frequent
application”, which means one of two things: (1) highly skilled operators and equipment in excellent
condition are required to obtain the surface finishes on the higher precision end of the range or (2) the
process can easily achieve the finishes on the lower precision end of the range, but a cheaper

alternative likely exists, which could significantly reduce part cost.

74




Testing

The engine was tested with a spirit lamp placed as the heat source.

Figure 53:Testing with spirit lamp

Problems faced
The engine was unable to run due to air leakage from the cold cylinder. Because there was a gap

between the displacer axis and the cold plate there was a leakage of air from the chamber. Due to this
pressure could not be developed within the chamber to move the piston. This was due to constraints

of the facilities available at MRC.

Solution suggested:
Employ cylindrical grinding to fine finish piston and displacer assembly.
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List of CAD drawings of manufactured parts:

Aigure 54:piston driving rod

Figure 55:crank web X2

Figure 56:Cylinder plate

Figure 59:displacer cylinder

Figure 57:Cold Cylinder

Figure 58: displacer
7€




Figure 61: flywheel Figure 60: glide bearing displacer axis

Figure 63: Flywheel axis Figure 62 piston fork

Figure 64 support frame
Figure 65 fork displacer rod 77




Figure 66 displacer axis Figure 67 displacer kernel

Figure 69 displacer driving rod Figure 70 driving rod axis

Figure 68 displacer flange back 78 Figure 71 displacer flange front




Figure 73 power piston flange back Figure 72power piston flange front

Figure 75 piston front Figure 74 piston back

Figure 77 mounting block back 79 Figure 76 mounting block front




Figure 78 power piston

Figure 79 piston assembly

Figure 80 displacer assembly




Drawings

1. Source: Jan Ridders, Stirling Engine Design.Website: http://ridders.nu/. Retrieved January 2014.

HHHHHE |
M= /N
R 1 ==

Figure 81

81



http://ridders.nu/

A%

D

Air transport channel

isplacer

Power cylinder

Power piston
brass or graphite

Fly wheel
brass

Cold cylinder
(Alu)

Figure 82

82




20
plug air tight with MS screw after 1
making the émm cross bore
Q o
_____ L CE—
\\ \M a
* K:jza B A\
y " 6] (o] 1.8
& mim M3X0.5
@3 THRU o I I o (4x)
i 2 Y

@5
_ 20
= g
{ qE: f
\ & 5 @ 220 2155 |
. 17 5 3
2.2 10| a1 —
Displacer cylinder (glass Rubber O-rin o T T T _I'L -
] B TR o1 nJ e nn it
" i H Cyy 310 .
| 45
e
/ \ Mounting block cylinders (Alu
=g ©, =0
=] o] o @ < / \l
2| 8|8 8§ § { f
il \P/AE
g
P3ITHRU

25 15 LIge¥2s
s {4x)

“Displacer flange (Alu

Figure 83

83




@7 THRU

M3x2.5
{4x)

@26
19
17
e

Q .— ©
X
/ A\
\ /
=/ *
O T
@3 THRU

Cold cylinder (Alu!

a7

(&x)

®
2
a11

_III

B155

| @135
| el
™
25
Q155

13

plus with siiicon kit

a2

1 A

Glide bearing displacer axis

4.0

Displacer axis
(staal / steel)

Figure 84

N

84




P3THRU
LIgeT3
(4x)

T

9155
Q22

30 6
[ #20-2 DEEP [
=z
L
=
o~
L]
Az
z -l_ _I
(]

Rubber O-Ring

@135

[
Piston
o
~ q
Driving rod axis = -
(staal / steel) .

@1 THRU 225
—

;

@2.5 THRU
/ -

w

3.2 =
t"" Piston pin

&
@

\ 3
I“ P2 THRY
M35

Piston fork L

43

135 _J
=
21558

Power cylinder

210x3/3 |\

ball bearing

Fork for displacer rod Displacer driving rod

2iston driving rod

Figure 85

N

85




A4

bearing supports

©)

O |
|
|

20
12

PSTHRU

P4(29)
@7 X90°

22 THRU #11
dowel hole

215

45

- CEX [] \
Support frame - 1
b L 10
24
S 3&
! ball bearin
©V11x5/ 4

no dust rings and wash grease free with dry-cieaning naphta

Soldering procedure

1. Make the strip and the two bearing supports according to drawing.

2. Dowel the bearing supports to the strip with pin @2mm (1).

3. Put an axis @11mm (2) through both holes for bearings.

4. Put a spacer blok (3) with 20mm width between the bearing supports.
5. Line up the assembly according to the drawing.

6. Soft solder the bearing supports to the strip.

7. Grind the whole assembly smooth and lacker.

Figure 86
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