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Abstract

This special project is desien .and /development of twin_flywheels ‘gamma type
Stirling engine by-using compression ratio /and.theory of Fits and Tolerances. We design
the engine by fixing the compression ratio'of the engine at 2.5 and use air as working
fluid. Material of-thé)engine consists . of wood; brass, stainless steel, Aluminium and glass.
SolidWorks progranmwas used for designcomponent parts-of the engine in 3D ,simulating
flowing of working fluid-inside cylinders-and simulating motion of Stirling engiine. After
test the fabricated engine, maximum power in-one gycle.was obtain.at 450 rpm as 537.3
mW. At maximum.eutput power,. the thermal-efficiency of the engine was calculated as
40%. The result of flow simutation’ atinitiabitime shows that' thecengine has the air
temperature in displacer. cylinder.and power cylinder as-540 Kelvin and 302 Kelvin, and
torque is 1.7 N.mm respectively. And-temperature difference between both cylinders is
238 Kelvin.

Keywords : Fits and Tolerances, Gamma.type Stirling-engine, compression ratio,

Temperature difference



AnANssuUIENA

ImmuﬁmwﬁmmmLﬂ%ﬁlqﬁaﬂﬂlﬁﬁmﬁﬁmmﬂlﬁ%’umﬂwmé‘auazaﬁnaquaw
704A1ANTI T M Envgu dldmuunihInvimadvinsiinsenuasduaueuurde
asdosineg viliraeddnvhilaauianudilowasuuimeiiesniluussgndldlunisilasenu
fuwilaag

revouAN Wievewe undand wglwyad Inaa wagiqwiinmumbonde
gunsal nsliindendn Wouguainy Swiaveunnu Miguavardrsauazainaniud
dmiunsudntudiugunsaivenaisaudanadas goumadanieglunisldgunsaliniosna
Tsaulfedhegndias uazlvifdlanlunmsinlesmuiagniagnaon

vovoun 1913891 gl waza193deTuns InBlade fidasliduinwuietu
MsUsEneutud v uFEstEFmATIAY

vovaunm Wafindland uauue Tasguanazassbid iz lun UsuUsudlatudau
Usznouveuesadatinamesadiiimmiimineausen st lvusenatdusyuuladewud ety
QRETIEDE

v0uaUenl unaTIaing uhauniied FroulvaUinvadasasinglidinissecuna
vodlpssnufirwiividarumervansion s
anviuil VONIIUV UNTEAMDIII TV Vi 1?;LllCﬂG!’]ﬁgdLLG‘iﬂﬁﬁmﬁﬂTﬂﬁ’ﬁﬁU‘ﬂ‘uﬁﬁﬂﬂﬁ;ﬁu
paenIu NIVVBLWITAN U aIn ) TnatliREaw ivunsnduasaes Duws wanduld
Az dnvhiliaslelunsiassuiiesdadiududdyianiuntsinu

= g 1 -
ASWIA L UR
AU SnuEASNad



A15U8y

unAngan1wlng
UNFAREDNIWEINGY
AaRnTsuUsen A
a5y
a1350M19
asUnysy
AED/dnyanunl
a °
U 1 undn
3, o ar
1.1 anuduuiuazaudagvastemn
1.2 nqUigainvasylsy
1.3 UaUlYMIUINY
1.4 Uselominiaaenazlasy
= =t ae a4 o
Uil 2 NnERuATUIWINLYDY

2.1 anvawleanmldvesaiasaudamaiatuagngueaveshidauiing

2.1.1, YsrAvsmmwaznaden 2 asanaslilauniing
o 2 3 s

2.112. ANUQLIDIATIWUAALAE I

2.1.3- pauauvRvpai e ARSI UnIsnan @0 s

2145 ¥nsampsas Tunisgauad

o ¢ o
2.2 myesdungunUatsuen (External Combustion Engine)

2.2\ insprgusamasas giain
2.3 annsiaydunag
24 dulsehetuoildipiundnatae
2.5 nquinTanaians

2.5.1 msidenlaias

2.5.2 wumnedmiunsiaenian

2.5.3 V84dd (Brass)

2.5.4 pyaiiviloy (aluminium)

2.5.5 wannaliady (Stainless steel)
2.6 NMsEIANNSOU

L

=
S

A A W A S = N N R U R N R e o R = T = T . > B~ B |

13
13
15
16
16
16
18
19
21



#1508y (si0)

e
2.7 U 21
27.1 dwiawslussuuitaiioluanueau 22
2.7.2 wUnvRudaIN 23
2.7.3 sruumsiansanifaiiolunua 24
2.8 MIIATILMATOWURTINLULIIADIADLTRIADS 25
2.8.1 nsUsuliulszdnSnmeaminindinasniginsnismau
Fensiaszintsiaaeuly (Motion analysis) 25
2.8.2 wénmsmeansashuaresouiiiinlindaieluve wds 26
2.8.3 vapmasaauenTeuE LR YeInSrUanguanatluaangnsuen 26
2.8.4 ManmadenanIinTIkansnan viesaiguiunm 27
285 mwjmsLﬁaﬂmmasLﬁ'wuaqﬁuﬁ‘[mam%ﬁwummmmm Mash 27
unil 3 Aensditiueise 29
3.1 NNSANIE LTI NEUT AN AS e I UREIAD S AR IR NS B USSR
A ALY 29
3.1.1- dnsgneunusou 30
3.1.2° gauysEnouniuiau 33
311.3 Younien 34
3.1.4 Moo nne 35
315 d9nunIad 35
3.1.6 wnad 36
3.1.7 ‘wavgatu 36
32 msiuANNEIRATasAanIiAY 37
3.3 AISPONLUULAINELAAIRBTaY Ylauwnui 38
33.1 nsuldouTusinem SolidWork Hugau 39
332 mslusunsy SolidWork Tumisathsymiaiosousanasas 42
3.4 wsesdiolunsadanasmsTanaiiodinssiiAsaseuRanesa 57

- = ar < = ¢ o (3 fa
3.4.1 asesalunmsiaNaliNen AT IviASosuuRanesa 60



#1500 (si0)

Uil 4 wan15338uazn1sanUsIeNa

4.1

4.2
4.3
4.4

Foyaduwizveanieseus
4.1.1 NMIAUULAY mi‘imswﬁﬁaqmwwamam%
MIIATIEFNINarIEnSUDIAT B URALRaSE
mMnzinslvaveweslvaraunelueisseud
TunsumsnageuLiioUsnoussuuRYaeeusaLn
4.4.1 m3lvavesszuy

4.42 msvedeURsRdapshsYRL

@
= Y oo &w s o ) [
4.4.3 HNaNITEAR N IAILAANAITNA ALK

as

4
DNUEILLR

= aw
uni 5 asunanisideLardaLauawIE

5.1

ayduansiiY

o o a = g
5.1, 1_HamIATUIN Lasn15M0Y s vaNS N nua A 0duuUs

%I
61
61
62
5
76
81
91
92
93
95
95
95

o '3 = a Ly © A .2
5,1.2, Hamyieseilssln uazlessiwesianinunislulaSesaudann
WUUTIa0IPRUNERDS

4 AI o2 oy
5.1.3 HaNIINAARUNDUSENOUTEUUATD I UA AR DS

5.2 Yol
lNE1581994

AMANUIN

95
96
o1



A15URYA1519

P
AN

2.1
22
4.1
4.2
4.3
4.4
4.5
4.6
4.7
4.8
4.9

duusravsninhanudou
wansfilamglussuuRaadielusuay
Toyadmzvesaioseus

M LanSIIATTe ATt uRiUAs U as Ut B s
anudumeluszuukazUinasvouadimusdemiomineg
wsaiAsnnsindeuTe sgnguasussdntussdoivwineg
Foulvvesns Flow simulation

uanIAn M TinnasTe Tegnd98ad 1

uanIAN Vi R Yeqne a2
uanaAngvgiiniansagg vesgnEe 3

WARANAY MAUTIRAGT T8RO WD 1

4.10 UEMIAATINAUNEIATY YeIYna 19D 2
1 ar ‘4 1 v = A
4.11 UAAIANANUAUTNIAIAIN VOI9NTE N B

o
U1

21
22
61

69
73
76
78
80
82
85
87
89



dsueysu

2.1 madsundsnumudouludunuesinsmeniuioudnty
2.2 UNUNW P-V 2931 InTaInasa

2.3 WaAMINTEUIUNT Isovolumetric heating process

2.4 w@NNTEUIUNT Isothermal expansion process

2.5 WEMINTEUIUNTT Isovolumetric cooling process

2.6 W@MINTLUIUNNT Isothermal compression process

27 anuuansinavesipdnsmsnaiiiouee At atrumanaeiuaied osudonuad
2.8 Hwenaioswusdunvietenuasatsly

2.9 \Afeuudamesadlelnng

2.10 1p30e8UFanESAY Flaunuan

2.11 duUsneud A aseuAamas A TIALNIA

2.12 ounaog (Brass)

2.13 agildigy (aluminium)

2.14 awmund (Stainless Steel)

2.15 Wanwlinve sy UURRMABIINA Y

2.16 UARPRMARNEA s AR g WS L URARINS s uaas]

2.17 WAAISNMUBIIUEINAROU

2.18 LERIRNBLIAUATLNDA

2.19 LanIdnwalEIHEANER

2.20 uanadnual SEURARNDLUURATRER

2.21 ugnsdnuae s IURARIAgNUTI ARl

2.22 uansmsivavesra i saufiinisBsuwtatiirantgiuas e
2.23 L@fIn13MaveIn N a R N EINGSLAIN S OU

2.24 uansmsidendnsinisuasmag BeazlaniWanuduiiSseirinmese fuanil
fnsiwasuastuwuulsldediea

2.25 uansmsidendmsinisuaninags Faegldnsmamnuduiussniumesafunaniil
msdsuwdasiunuuseiios

2.26 wamanmskUsiuiiavessuueandy mash g0y 2IUUNIN
2.27 waninsutsiuiiRavesssuuaanidiu mash gesdruaulsiinn

3.1 eedUsznouseauASasudamesawiaunuan

3.2 dulsznoumuiou

3.3 @nnas (Heater)

3.4 nsyuenguiamaawes (Displacer cylinder)

3.5 Unifiu

3.6 gnguAdWaAmes uarunugnauRainadives

4

o 0 N N W;

11
I
12
13
14
16
19
19
22
23
23
24
24
25
25
26
26

27

27
28
28
29
30
31
31
52
32



a13Uny3U (o)

Uil Wi
3.7 @ulsenaududuy 33
3.8 @wlsznounaluudu 33
3.9 gngumad 34
3.10 dowissdmsuilsdamnaate s 34
3.11 Fowdpsdmduilaings 34
3.12 viea1n e 35
3.13 AEAUAY 35
3.14 wan 36
3.15 mugniu 36
3.16 |ATDUAANDIAT VAW 37
3.17 wamensifaudendugniudiubailnglivinnnsedsn 37
3.18 Tsunsu Solidwork 2015 38
3.19 Meg19n15 Simulation wodlysunss SolidWork 39
3.20 wianalusunsy SolidWork 2015 39
3.21 mnaelUsin 3 SolidWork 2015°(2) 39
3.22 wihdnslsuhsu SolidWork 2015 (3) 40
3.23 ntendlUskasY SolidWork 2015 (4) 41
3.24 nihsinalusinga SelidwWork-2015 (5) 41
3.25 vii1elUsunsd SolidWork 2015 (6) 42
3,26 wiwnalusunsi SolidWork 2015 (7) 43
3.27 wihaalusiAsy, SolidWork-2015(8) 43
3.28 wiehslusunsahsolidWork, 2015 (5) 44
3.29 yidnalusunsy SolidWerk 20151(10) 44
3.30 nteelUsHASH SolidWorke2015.(11) 45
3.31 viheslusunsu SolidWork 2015 (12) 45
3.32 wrenslusunsy SolidWork 2015 (13) 46
3.33 wieelusunsy SolidWork 2015 (14) 46
3.34 vienelusunsy SolidWork 2015 (15) 47
3.35 vinalusunsu SolidWork 2015 (16) 47
3.36 wiwnelUsUNSL SolidWork 2015 (17) a8
3.37 wihenslusunsu SolidWork 2015 (18) 48
3.38 nidnlusunsy SolidWork 2015 (19) 49
3,39 wiealusunsu SolidWork 2015 (20) a9

3.40 nenalusInsy SolidWork 2015 (21) 50



a15Utysy (sia)

Sl Wi
3.41 wihaalusunsy SolidWork 2015 (22) 50
3.42 wihaalusunsy SolidWork 2015 (23) 51
3.43 wihenelusunsy SolidWork 2015 (24) 51
3.44 mihenalusunsu SolidWork 2015 (25) 52
3.45 vuenaluswnsu SolidWork 2015 (26) 52
3,46 mihaalusunsu SolidWork 2015 (27) 53
3.47 wiinanglUsunsy SolidWork2045728) 53
3.48 mihaalusunsu Solidwérk 2015.(29) 54
3.49 nuwinelusunswSelidwark 2015 (30) 54
3.50 nuelUTwase SolidWork2015(31) 55
3.51 winelusuAsy SolidWork.2015.(32) 55
3.52 wiieldslnsu-Selidwork 2015433) 56
3.53 wiwinalusunsy SolidWork 2015 (34) 56
3,54 N3 TIARANTTnTIERvadlUsin sy Solidworks 2015 57
3.55 \A304NAY (Manuat lathe) 57
3.56 U¥NANNTTUDNFURGINTAL YRS 58
3,57 13030 (Milling.maching) 58
3.58 LAT0aGn YIS0 LADLRT AN (Chain saw) (1) 59
3,59 1A30adn A3 LdoERnwaR-(Chainisaw) (@) 59
3.60 LATBDTY (Drilling‘machine) 59
3.61 weslufinas FLUKE $/54-2B uaztnesluduida FLUKE ju 80pk-26 60
3.62 \3esTnAITIse 0 Litron i BT-2236 60
4.1 pSestudaneiAdonuiaigvianiin 61
4.2 UARIUSLNASUAYSH UL TR AT BBRAMDS AR 62
4.3 nymanuduiussEviiinesseeesUiinastudatuyudenissenieud 66
a4 nswenuduiusseniniinessufugsdenisweaaieseud 67
4.5 nswipnuduRusseninanusunslueioeusd warUiunsueny 71
4.6 nsmenuduRusTEninausuneluaIoeus warUiunssau 7
4.7 ﬂmwmmﬁuﬁuésw'nguﬁam%mﬁ’mm 74
48 nywmnuduiussenihapdeiisatuusedn 75
4.9 nywuansiduiusseninusedn wazia fldanmsieszsimanaeans 75
4.10 wanaan1s AN lranuiianglusunsu Solidworks 76

4.11 wansgamaiivedlvavinaunelunssuengy 77



d1sugysu (siv)

-
SUN
5 a | vas v
4.12 LL&@\?QNWQN‘UQ\?W@@LL‘N LN@I@ FUANMUTDUIINNTTIARUIY

4.13 uanaadwdaisaumeluszuulavedasosusianesae

' ]
=i 4 L=

4.14 UAAIANUNYINIAIANC LARNTNTIIADEM

v

'}

D
2

[l
= 1 =i v -

4.15 uanameuviinnaIn1ee IneRe1sufignaneddm 2

Y

4.16 UARIANYANINIIAWNAY Ing5UITINE 19897 3

R
[

Y e ow a A - sa
4.1.7 LLaﬂ@i]ﬂ97\‘1E]‘Q‘W\‘la']llﬂr]81“33UUUﬂﬂaﬂLﬂiaﬂﬂumﬁLmaiaq

1 ar qi [} - nil v o ﬁll
4.18 LAAIATAITHAUVIIA AN TﬁilW@'lﬁ‘M’TW’ﬂﬂ'ﬂ’lﬂ@ﬁ'ﬂ 1

1 @ al I ) = 3/ & al
4.19 UaAIAIANUAUIALAA1S LnERITUININD B, 2

1 = ' = <) L = 4
4.20 uaneAgununinandigg TaeRRnsaungnonsdsi

: 1 d & - : 1
4.21 4anIN5UIENaUTUAIUYRIAI DY aumama%amn’wmu

4.22 uansmyUandelvitini@osrestv idalfesnseduinduatanguindsoonluvs

d'ay ) & L 1 a; v
m‘ﬁuaﬁuﬁu&ﬂﬂﬁﬂ'ﬁgﬂaUhﬂqﬂ@g

v o s v o &l v ol | w v oot '
4.23 LLaﬁNﬂ']TWﬂa@qleua@LﬂUsﬂ'ﬁgﬂuﬂ']ﬁ\?'ﬂhﬂﬂLﬂ@mmﬂﬂu@ﬂ%Uﬂqﬁﬁ‘NWquﬁﬂq‘U
v oo ol 2 = | T ™
ﬂqﬁﬁlfﬂ"l3LﬂﬂE]UVI‘ENUoﬁﬂ@?']ﬁﬂUU‘hJLﬂﬂﬂfﬁi'J

W

€ 2/ ¥ W ! s o é !
4.24 uEpINSNASEmLLARITES sz AU e s Souseiugnatidsinuingnay
ATl ANNIAG O UNTILAAIFFUUARN ST
4.25 LaneNIsNIUARISEsIRsEmIndants nsssumalazveug Ll ss ey
5 v d 1 A i f
10 mm WALVINEDIY WU TLHLVIAINY
v Yoo« DI T S ) v
4.26 UANINTVNUTBLIEUVERBIAL SN SeAUNABan uma i ene:
4.27 wamamsgamaiiudaieinseauidwae slundughifiudendnmsiin

WHDITUEAINDN

gl
77
78
80
82
84
84
86

38

90

91

91

92

92

93
95

94



Ada/dyaneal

Atia/dyanual AasUNY

A Nufinthde

L AHENVBINTTUANGURANAAYDITUDIUTU NI
N ANINISISEUTOUAS LA

P AR

T G

V Uumssau

Ag AuindRuesgiguaawaa s

B, Beale number
Dy [FUHUAUINAIYINSYUNGURRWEALYDS
D, RIS RN IgN U 1aY
Lq AUENIVDINTYUBNFURG WSS

L, ANETIVDINSYUBNGUNIG

P AT ng

Q Sasnasaewmanusou

Q AsaremAauluaa LRI IuARRRTRAn I
7k QUMD IO

I, geun gy

T Qmmi}waq"ﬁuﬂ

T, gamgivaelva

V. Puamsonn

v, TRl L ITTRE

Vv, USimpsuassiauolinas

Voc Ususangvesdsnmsnisond

Voe USumsmguasUSunsvens

4 U3URININIAYBIGNEURGLNGEIYDS

U3UATNIAU09NgUNaY

UAHAINNNTOAFIVBIATITVINIU

4 = a o
PIUVILNAIINNTTVEIERNIVDIATTNINU

amns1@IULDIUTUINTAIN




] 1 o/ L &, 1
AYa/auanwad(fa)
Ada/deanwal ArasU"
AU YBINTEUBNGUAAY
h Fuusgavsmsmemaridoulnsmananuion
h, FuusyBvinsunssdanutou
7 sz avsnmsmmudeunads
a WaaN"
B Wuen
5 boundary.layer
£ wudaou
" UssanBaawy AT ou
r useOimauAdpIdUs
¢ Rl GE P INGARI
| HNINAMVDITLIT AR
v 731UV VEI8G
0 oLy
@ WHWANTSV W sEIegRgui R ugnguRa e ges
ne AU VBT
d s UANINa YR IaNaURALNAALDS
deke\ furTURUIna NIDUN UGN dURGNAAL YOS
deyd wiurnuaudnanmbluvginyvengudamnaaiyes
e uruaudna e uenYBINTEUANGY
o whrhugudnanardluvosdnae’
Chin tube udugugnarsnnelunasviaannos
s s umidianangluvedadea
o Gusihugudnansuesitelirivenamaaises
Ehedis ushuaudnansvasgtomioards
ot wusuAudnanaeuenvesBones
Clouts WURUALENAMEDNUDIBATIA
Ot s ugudnanmauenvawioane
Ghanea iuruAWdna1Tesdonuing

B



Ada/deyanuai(so)

Ada/dyansal ANEBUY
lg AU NIVDIGNAUAAWAAILDS
eyd AIILENIVRINTEUBNGURAWAALYDS
. AITUBIVDINTLUBNGUANEY
- AINLYIVDPNFURNEA YOS
e AUENIVDITRT A
Lo AIUENIVDIBAReT
liog R A e UNGRIEE Cr
lrodp zasszm’wgﬁam%aﬁwé’q
liube AL ITDINEDINA
Lwhee: ATIVLTTERDANTIN
L AL UOIGNFURL AT DS
/ ANUYIIVOIGNFUIiag
4 A INEMYUTNATNIYRINTLUING UM
Y JegsdnuesanguiaLaaLEes
Vo Uinasaalunsyudngurie




UNi 1
UNUI

1.1 anuluuuazanudAgyvesdym

P29ty undsndanunaunuduFomdildfummuauladuetiann fendsnuay
Wi weendsnunaseiing esmntaguiinislindsumdnid Wesssiinduens
110 Toendanunanddlnaihnldiendnnseualni Tnoflndewudanesds sndou
wasuanuseu [Wuwdwuna awnsathludssendldudansyualwiila

\iespudmnaidagnusrAugimduaiaaninlud 1816 Tny Robert Sterling 1Ty
\ndosouimdoudunUpaglen feaninndouidentnauiou Hundsunald lay
N13¥UTe A3 BN RT R LN TR T Wiy AuSEUIANN ST ANEeu N
wasenfing (usuiivevinliindoseudvineu SuiiiaSestudaneSautiuedoss uindany
avenn indedudanafiirrendordausn e ieu thevinliiaTose udvineu Tag
\nesufandsadiiasaia-viniiaulsfe inTecauimaosae TALALN, (Type gamma
stirling engine) IneladogusnzUsenavluiae, 2nseuangy TaenssgUiedeaziinisvoe
uaznfiIBEINA shivnszguitumilsasimih iundsuangusuieu tazassuonaudn
Frunile s dunspvengudamduidensyuenguitiaesiiermessnge g Souetadaion
\nSessudniam) seiensld SamipniaRand p o Ineseans-anidn wirlulanszaey
indudpamm sannseUslatinnAfuidbiarenuUuiAI BiausnesAsud 63u B
Yaymveaguit 6 Aewdotwudfiseaziaatiunisvhaniiuiundgunien wilse unsiush
nirjureuq dseanitesieEsstusd iU evinaty

TnssnuiAwmaysatlofiesfing aonuul wazasniESowuimaedas siawnumn
wielilsvarnalunisiheTuiluauiiu tasannselifidiseuilziuls Tngoafavdnnsyils
nIzUBNgUIAB IR Jina i v R Saust s Y LasyilFonuR el awaugaun
u eifiudssavs iiinasTnuenasuRity_ uazauTsniiasesturludsyyndldls
woly

1.2 Ingussasnvasnuidy

1) Wieeonuuy uazyimssiassmsvheueeieseusane fasdslusunsy
solidwork LilemAnfulaiidwadonisyinauvensdeus

2) Weriun uazadsdoifiuinseduinduaiossudaneias sdaunuan

3) IilpifuanssousnsYh TR B URARasa

1.3 YULIAIUIAY

1) Fnvmdnmsvanuidesiureuadowudanedas

2) Fnvmdnnisvieureansessuianesas lusuaiudou Weannsodi
UsvanSnmuoauniey



3) AnwmannmsviinureuaIeseudaneiie lududanuids ieaiunsn
QI _ e A €
WANUTEANTAINVDILAT D98 UA

E7 dI & £ 2/ &

4) PBAKUU WAYES1ATOURAINDIEY AIUlUTINTY solidwork

5) F1@0INTNNNUVBUATBWURANDSAS AElUSWNTN solidwork liamIAI@?
7199 NEWanaUsE NS NNNITYINIUTDUATDIBUR

5 | 5 ca
6) VINABUNNTVINUTDLASDIEURALPDSHS
7) AATITNAUTIOULVDLATDIUURAALNDSIAS

A15197 1.1 LanItuRaunITITLaENITAELIUY

Yn1sfinw 2560 2561
LLANNTT AR N8 | AW | 5.A/] 4P, | NN ﬁ.ﬂ. LB | WAL ﬁ‘EJ.
AU

1iaualusda

2. AnwRannng
Y1914

3.00ALUVLRY
v &
ATNTUIU

4 Vindaunis
YUY

LATDIBUR )

5.3A518
AUTIOULVDY
LS DIBIUA

6.57U5YBYA
Javiguiay

a‘:i 1 /s
1.4 Uselevifiaininazlasu
o 9 A - = '3 a
1) Beugnisldanuldsunsy Solidwork luniseanuuuBudiuveniessuianeiis
LAYANTINADINITINUVDUATOIEUA
= 2 [ - - o
2) Geuinsldintosdionuaiona iendnduu
3) BouinTiaTeiida Thermodynamics Way nafand ielfiuuszdndnm
LASDIBUAN
4) @nunsaasesesuRanesdavuadn iotluussynalduselovisalUle



unil 2
= awv o o v
NV LAZITUIGNNYIVD

inTessusanesaniuniossudanufoussunda 2 foneldmnuouninansuen
warldfaliuansian Ussivstudueaiowusnlul 1816 Tny Robert Sterling Andtslu
Tssugpamngan eiessurameasisiudeniivinaidnasasadouasRaudufiunsmanslu
gaamnssuuIndniasauiudou wu Waew Snaduih wasedesguth danduttegduty
iroudaimedas Ignitaunierluldiuesesiudnliinunadn inseseusanasdiu
finaaasdludagtuiinnududonsiuaussauglussdviiumela 91nnslaTangdinuain
Sougs luilgymiawaudlfansanssaniuuindossunampsasliounumwuudenuidag
Tneaumdnaunavesdaiiioinssdudid iudissaurmaiindveseioswudaimesas o
fisouuaz srosEpTTLTERY

2.1 anwalnenilivasaTassunninuiauuasngeeunasiulauning

aneaizlnevaluvanial s e naa9L3aY (Heat Engine) Aansvalmdu fndnsnesiu
Tauniind (Thermodynarnic Cyclé) §aanduginsdania piinsass uvgiiviieniliiingy
i v - B [ i— | W % - a v
uvasufauniae eRTIAIma s uALTaL (eavinfige) SarmandulumsEad

o e a

NN TRIANATTEAN AR AR BUINEINAUT QMM SN 1N SFLILN TV LIRS

3

[

& e W) @ - a v
ninsnniuiusywgagtumlvidaduiulasnisenee i Sovaonulineemaiigumgives
zpaA SoutiuLarnIFlnuvasiva e (Heat Sinky viiegannuiavigumaiinmng

2 o)

NinsveNATEILUA (Engine Cycle) faendsuvaitaaTi¥ou (Heat Reservoirs) i 2

20 oJde

UVDINUANENAY

ngdef 2 vedwssiilguriin (Second Law of Thermodynamic) AaimninTaseud
(Engine) Aoanisunaniupatuiaudisaunit (Hotter Reservoirs).a@wsuiduuvasiuiag

1% P 1 & [ & ] I as
A1159U (Heat Source) LagmadnasumatnuAINuLEu-(Cooler Reservoir) iUULARISUAIY
v . ar v @ oo | i o e v ol
$ou (Heat Sink) n1sduaUindusslaifa¥oudadugvwuuvesuvadsiinaiusound
winlduagldanuldassduanudussaunaaiesgusonamauldlnansialrdinsiuang
wivaeSessudanansameauldannunasmuioulailiundsiuanuieuiivndudenny
LASDIUURRDDINIANUTIEINIARIINI DUNINWLUIVT DVZLaa1Y

'Y} ™ d [ A oA A ~ o
FnwurlaemldveanIessudainudoufafinnisiddsulyalsunnsinen1sueuei
waEMARIYBY working substance Geanaidiufrednswsefenauduainiaila

q' = = q‘ 4‘ L%l A:I 1 =) a’d' d'
MIasULUaIUSHINSANIINNSLAREUN VDI NFUNTTUANNIUIaLNTDgUNTIEUA W
fidnvgamaiunisiasuudalSunastuegiumaindounuinvesgnguuaynisiuasum
st 1lu 2 sedusznauvdnuesuTsesrysznoved i 2 Afeussdaussiinssnivile



oy = v = o4 o o v o _d
'53EJ5%'Nﬂﬂ@QWULkﬁqIULﬂﬁaﬁﬂuﬂnLﬂﬁnﬂﬂWiLﬂaauVI‘UUT@QQﬂ'&EUQNLu@Qll"m'lﬂﬂ'ml!muuﬂﬂ'ﬂ
¥ o ™)
AsTMULRUTATEIgNgUTULeN

Tudiunilseneiessudasiinisveefmionafisniunnintusadludndiuniag
finmsanuUiasviensdaintulunszuiumsveneiieiessusosdsnulugignauuarng
Unifiazdemeludisluie (Flywheel) selulummuduiudidnadudion futudomdowaruns
\Jeusie (Connecting Rod) aeslsfimulunngnisniauveaadossus (Working Engine)
nuargnrdatulunssuiuniseeedunnaireuiidosmsiteldlunssuiunsdasani
wanssvasis 2 miaremsldauiimnzaunionuansvesiginsvenuniowud (Engine

Cycle) tutes

Wukdduiugeindtnuifendsiunuieundsntiigrduniuiounnuvasiu
Ausou (Hot Reservoirn) gfvnninivdeslufiunduivninudn, (Cool Reservoir) uag
druiduizuainglugdpessduisniing 4o 1-veunesiulauadn ( First Law of
Thermodynanhic) s‘ﬁaam%’mﬂ%’mauﬁué’agnﬁwuﬂlﬁ’ﬁ’q‘ﬁﬁaqmqw%ﬁwﬂﬂam%wumﬁui’g
Snsianysal (Compléte Cycle) Aoparnnaisyninemsgadadmiaudnauvasriiiie
A58/ (Hot Source) kax n1stlaas Aa iy Sauduvs wiun11idu-Cool Sink) e
W =0, - 0, Baireasiinisganindauingusudesyrsdanlufisve wiuamidu (Cool

Sink) way wasuendanatsB iU U uieg

= [T =
2.1.1 Uszansamuasngden 2 vaumadlulauiding

[
=t 1

msTit3essus (Engine) zavaeliduiuagiuiniussanisandnn ay (Power) 1¢
iismeren smmAnnuldualnuEhazdeddngiiasminmns vudoniidoiovuinlny
Fomansnualraglssavinaumiteateundsnuannsaultidundondudesiiunnwg T
msfiansandavaiiaoidniaz Tuegfunsldadosuditnnsussgnslumiossusaln ni
pliddyamiuinissgunatedug wefidulfusiadeaumiaunnsiaiuszavsnni
awddgylifllasidenisgandetiumionsialvsifupanisndulseaviamaenisinia
pIossudarasalinueon IR TS U s WAL e unTothiufs udneusiufe

dnduvasnuinsouskdnsonLsaurIdn (Input) ildlunsunau

/4
oo (1)
)

lag fin £, dinuanslugy %
Tupmnuiiussaudlaifindesoudlnuiiaslviuszaniamle 100 % wiusgnguitivianr
faldanmsonin (Seal) Idedvauysalnmsdilvavesndmagmsifnusadonniu (Friction)
lunnuisiidinmsiedeufianumetuusindeunnsaanariifegnelingted 1 vounesluloun
finegsiliumaudiuinngded 2 Feansanufouuisdiululdeseeniuvduivaudy
(Cool Reservoir) Lauaﬁaﬂgmmu%au‘ﬁ’wumﬁ@mmmﬂwdmﬁumm%’au (Hot Reservoir)



1 A v 0’:’ ﬂll U 1 1 a ol
srldanunsadeuldidunuldimuadumneaauin B agliawisamiidu 100% amiu
\SDIEURlAAnI

l HEAT INPUT J

WORKING

f \ > 5

\ / il {-_), - QC
HEAT %) | HEATREFECTED _|
SINK ~

T

L

Jd i art k24 &) = '
UM 2.1 nawdsungsnuacrienlthiwutazinasaispaseuiintiu

) v oha A v oAl ¥ o \ = o
fupvaskUanlliipse o ue ln LA Ieseusiuganan (Ideal Engine) s u1saiudeu

2

b

s

3 ad e & Ve VoA ' 1 el
anufounigaduvimuelvilurldaanduldaungdoi 2 dlagen Er ndfiantu

9
@

a4 ' ar | aa ] [ i a A e . [ =
TuediuAI oM R IANA 14T UIENININISIRLLATEE A (Operate Engine) Faniulude
T _T- = 1 o a 3
carnot E; = 2—C " T, Wav 7. fagnvindasivdaiiianinifou (Heat Source) uag
' i
wiae¥umiou (Heat Sink) muaauiiviasiiuiaaiy (Kelvin)
INgN T kanaiiuIEY AT, wanwialihagield £ danddwihdudaiumind

e 5 = o o < | v o W 14 v 1Y Vs
\A3998UA (Engine) NGatRLLAIanguazis A sanlisuSautuladnvinlnsiug s
U & " - P a% 1 o A % 1w
Tie Eginfuiihduasvaonna sdduids AT, Wodmasinfaniuounazunadsiuans
v W 1w o M ' < o w ' o = PR
Sousneiunng widesdliianeireamot E, \ingeiiiandningendinsviniuaiui
Y 1 o o i v ool 1% 1 M 1 A Al v o § -
fuliiannsodiiganluliideunandeunndesilionmviniedlivenniossudiaidagly
audussuddnluiasguaoilaldung luvarinsosudvinnuielvladadiunisiu

<
(Carnot) Mitwunzay
& v ot a o a o 1 '
mmmn’lum-ﬂﬁmmmﬁmﬁmwmmﬂawmmwanLammschl,ﬁamwmauiﬂaL%Jm

Uselowil (Heat Waster) #39n15802995 (Short Circuit) Inonsellgywunardidulgymnily
- ¢ A @ A o v o | o v i
w3nsguAnIeluining (Cycle) Mibiaufeouiuanuvaaivaiuiou (Hot Reservoir)
ludaunaaiuanuidu (Cold Reservoir) IngUsiAanauiifinaineniadsegniely
wIeseuRluLAay cycle druvesnnuioufigaduainiaTossudsunduiionszuIuNg

@ U IJ a GyJ ¥ @ |3
118M9rlUguLaTaY (Warm Up) Taqusansyueniazludugavitevesmiversiiniiuiou
' o Y Y di v Y a
srgniaesludundsiuamuioumeniiiagmsnssuanigudas (Cool Down) wiesu



mnudouiiarlindnmlaglasiuazinudnlugdlanzveaniaseus (Engine Metal) wasnnu
oonlufisauAmsuanidsunudousvermeanelusiduiiesnliiAacnuliuonaniy
eioindudsiiliifvsslond (Waste)

2.1.2 fnunzvainiaswudanasae

\n3nduRaneta (Stirling Engine) la3susaneimianiosdnsamoias (Stiling
Engine) Aaiasassudduniumeuaniamisalfidomasdnarnuats voldilundmdsa
audou wiosudianunsavinauld Qna"iwﬁyu‘[ma Robert Stirling 1ila® e.01. 1816 lagae
fifwussgegnelunsruangy vinoulesendevdnnsion Weanufeulunsruenguifiniy
sgyhliemelunssuonguasied uasidoiiuanudulitunszuanguiunsetiuiogi
iernavas viliAnussiligngiindenfiaduliifiedartlunsyuongy nadundanu
navienuagielies InteTuieurrgnieuliiueiowuimamauladuniludnday
sonumTuTdaAsimmSeullavay Indesdnsasesiedian svinaitudnungulin
Bonin Tpdnsateeidddutlegdulriosudamatae dgnimuuioilldtuinieiuin
Iwfhaunidn Fodvdoisemenadnudisavsessogey W

2.1.3 auaudAvesmeminlfifinsmumnadisns

1) Fawiiussgeeielunssienguuedeieddnsamaias avgrninegarstu lal
annsniavasonils. Felidedanaleds indoutuesotinsiieleau vioniwn wazlis
nMaynsadavesiniiguns e tiudenas indesaaAuounn

2) WATLvBNESaInsaRe s AN TBuMBuenTusRgy 3eliinis
wilviiniglunssuenay

3) KiuRupsvediwiieglunsylengundd Weusattignmaiveafe ma
Furesfnaauiisiy

4) flinanufuesiertoglunstuenguae dlonmgrgulidsimlunszuen
quanas grumivesRIdIsRnIL

2.1.4 Jgdnsawmaias Tunseaund

inSesdnawmesasiinsvhaaiithidnuzluunaeliaamginuaras Sond1 3g-ins
Anosd Fallmuuanseaniedesinsdumumiely swolud

frafiussgegnislunsruenguusundeadnsamesas sregluszuulasgaislu
nszuengu blaunsodalvaseninld Falddesinidleds wdeutuindesdnsfeledu wio
fura warlsifimsynsvilavasiaiiouiathiudomas wiasdufuioun

wituveaiesdnsaesannanauiountsuennszuengy Jelsifinnsinlugd
melunszuangu

wasinsaneiadlugaund Ae luifinnuflavieusadeamugaiedoudiieuastudiy
findeuidiosinnaiur  UsgAvSammsvhauveaelessudaunsosuanldannusunin p-
v Vmnasnisluedoswudannsadnaldlegliudnnismanisluressunsasuada Tng
BuduararmtsnmanuiurossruuioiinnstuuaaussUiing (V) waavesfing (m)



wazAgumgll (T MAnudiu P vesszuuazanunsadnaldanmguifelugeunigauans
lanauns PV =nRT

Tpdnsililundessudamaias Ussnaulumegdnsdeunsuliuuugumgiiniiaes
N5EUIUNTT (2 Isothermal process) war ¥ insuluinsasfiananszuiunis (2

a

Isovolumetric process) 1uigdnsnfivszansamidnlndTginsanslud wanaununn p-v

s

mgﬂ'ﬁ' 24

JUH 222 Gemaan PV 1e4ininsainasas

nsruILMEii-2- fogaguiisiagitduiaudn 1ol duilfunsiinafautuenia
nvlunsguangulndaisinfeuiivevgdguld (Displacer piston) italoimedaulua/l
sauegnnideieu-samals surm nfauligmungiatuna e wiiutndupoud du
nszUaumshiFLSelTUSLRsAR (sovolumetric heating process)

1J‘I7|l 2.3 uamInNsyuIung Isovolumetric heating process

nszUIUNISH 2-3 Ae Weoniansduseuigumgliiududinavivlvinuduifiuiu \fin
a o w = < < L4 ! a s v d o

wseAugnguirdauefounluiguiniears emadiaslaiuanuieuvueivinnnsveseina

Wadu pnuduanadlasiguuglinga 4uf 2 JJu nsrurunisvenedifiguvg iaa

(Isothermal expansion process)



PA

b i el e e -

o i
gﬂw 2.4 LaAINTEUIUNIT Isothermal expansion process

<l < | . 1 & 0a v o ] '
NILUIUNITN 3-4 Aa HaudIrNANNE 90 senignauvisaemiilignguldindeunuagld
91ne Mnudpldvnssnduiiensrnusodlifvanindemiligangiivesenimanas
@ o @ 1l « 1 & o 2 o e
AINALARENAUMSDENANEAIBAIL BuT 3 LDUATEUNS ST UEATMTRUNUTIIRTAY

§ (Isovolumeétric cooling-procass)

gﬂﬁ 2.5 ugnInsElnnIg Jsovolumettic cooling process

nszUIuNTST 41 Ao gnauidndeulUTdudiauunmagndalviduiuasidnas uaz
svunsanudeuliivaanndendioguuginei navesanusiiana 90° vilvgnaula
wdouillaomannduBundulumeiudou wdiedeswudanestsindulug gadediudui
1 Fatuit 4 Silunszurumsdniigumgliasta (Isothermal compression process)



29

]
| ¥

| Air
o]

< ;
3UN 2.6 uaninssvItnasdsethermal compression process

v " & w o 2 o < P~
suilldoanumatninsifonus 1:2:3-4/ 164 PV diagram #5U%,2.1 Favnlaunis
AN ILAaAN# (Calculus)
19 Y v oa a S ¥ oo o as 1w
ULAINNATFURUNII I BHG Y I NR MG RAITIVAUUA TN WenE Ty

v wl e = &

KasmvestUmauNIsuEiLadnmTanmgliadinsaunsalmiuauni sladsl

WEW, 4 W, (2)

crp

< v w
lngdi— W, 7o dlannssvaun1sunes (J)

W, 10 suRlAInsEARuRTISRe. ()

LAZINNYADTHRALARA-Udeal Gas) PV-=nRT (3)
Jnguaunslalea P= i'f‘V—i-r- @

logaumglvasuidni.(sothermal process) asls

3
o= J‘V: Pdv (5)
wnua I asluaunis (@) agle
v, V
W =nRT j i~ ©
duiinsala
Vf
W= nRTln(—IT) (7)

!
= a v
loe?l ¥, Ao Usnnsgavine ()
=

v, fis nasaating (m’)

9N3UN 2.2 Guangan 2 ldgan 3 agle



10

Weg =nRT, 0| 2255 | <R, [10(Vn) -0 (V)] @
wazangadl 4 dagail 1
V.
W,y =nRT In| Z88 | = nRT, [In(V,,;, )~ In(V,...)] ©)

max

ntduunudn W, was W, adluaunis (2) wle

W sanR(L=T, ) I;f‘i (10)

min

_Qﬂ' L TH —Tz"
o 1

v lwl v o I - = a 1
lnewmileuiudg nseastusungdavn 2 ve wnaslutaulindvmaniin A unna19ve

. O,
efficacv-== (11)

"
-

gamniiinnlaazduiiiaauunTulyim

o

& o n}l P~ = =
g | Ofie Wagnunlvadlaiinnsueresneamnilng

'

ar

= o = A o < a
g, fo HENUR MAINaN AN 7R AN GUUTHAN

=) =i
(€

e duelviUsvaniamguvniniganivesame seedalvinunldeuiagrzpinuanani

== & vl =

uihddimaintaTetsudatne Fadibis ansamgituFee e uin mguiidaduidie
Irwdnnisvih e anissudanasanlundnnnsiddgamiuieoseudniiusou
NnIgensepunfive ATl RAmasalanA T uIgiudR AR A Ll
dodlassewirduneunisiedouivesgnauiagamuiionna uilgmnuiduatudnenu
msipdouiivesgnautassalauionmisauiulodaie@edwaliussavs amuas
fdswesedosudanaslpegUi 261 Juguinandiiiupatiunnsrsveanisdniiunis
sewihaAsessusameianie lauaiowusawedailuantadlaidunsinduusnuandlsl
WunsrurumseauARTeasadannuvndasaauazinaaluindnslidaudunsin dulu
Wudunsmiildanmsduiailasldlusunsudugiadu (Simulation Program) desaluie
miqmﬁﬂﬁﬁﬂﬁumﬂnsxmumsatﬁamﬁn (Adiabatic Process) n1siAsundasweaiunms
aghesiaiilas (Continuous Volume Changes) wazn sgayideiiiossinainudy (Pressure

Loss)



11

p [bar]
g

40

20 1 } } } I 1 : SUN— S

0

200 220 240 260 280 300 320 340 360 380
V [emT]

a ' o w a < ¢ a = < 3 a
EUV] 2.0 ﬂ??ﬂJLLﬁﬂﬁqﬂmﬂﬁﬂﬂﬂﬂiﬂqSﬂqLuu@quﬂaﬁLﬂiaﬂE}umLaﬁai\jﬂiﬂhaiﬂﬂ5@\18“@@?11]?1@]

= ar 3 b,
2.2 aspseundunIdnnguan (External Combustion Engine)

in3ossudinlvsinrduenvSownSe s uidunilntguennam-fawiesildars fanans
dwiudsumdsmerinseu Wilundunannmeuenas dimmeainady ey
wrlmineyennsenengu iy indesdnslati (Steam Engine) agtdinduans Mnans
\3psudanninsats (Hot Air Erging) LL-azm“‘:awuﬁuﬁamaﬂuﬁ"fg%’naﬂm (Clesed Cycle
Gas Turbine)asldennimbuansinarsingvillnSessudinininateninu iy Jeoq Ae
wiesiuialwilh solradoiy Wusy Arshsssiesatna manmulrsaseudduataiouen
fitudeutntdtn de iisansled-lau e liwunnudeuatinniudauasiinmnd
geluaziiondsouiuludtiemdsmudnanat esmunsoun Wedndanguldiannis
\ndoudl Gai fie wé’qmuﬂaﬁmawﬂmamnﬁa%’w \IasdusuUInIeaingdsledn fe
Aan 319138010 (Papin) 311l8e 350 Uoene 1690° %50/ U w.a, 2233 [®udtin fdeenn
Toarldnudaeisdies wiptwudidmeahiulssneudegnguiltuaiunszuenguile
Wianudouuria Guh ax%’au‘uguuaxﬂa'laL{‘Julaﬂxﬁwé’awﬁﬂﬁugﬂguﬁu%wwmﬁam I
200 laﬁwméuﬁqLLasﬂﬁuﬁa@ﬂ@u%zmﬂaa%’wéwmmﬁu ADINTIRBULLY B89Ny T
A.A.1780 (W.¢1.2323) Waw. [oud o6l anadenay ma 1900 (we, 2433) léaunaiosdnsle
thusngiamferhuay Waunalailirvaslieiesdnslediannsan muldediaiie



12

4 ?
nIivauun
il fumnlnwusn
i - - n3eudiaiunia mieaing i
wToauARi nioaowu N R P maoina
mivauwAIdn nn: Yori1
e ad 1l

N

) a
atun nuweu q

= ) o g
E‘UVI 2.8 flrveaAIo s uRdua U ouanLaz ey

2.2.1 \A3RIBUATILADERS YUALNYN
s ' a & Ly 4== L4 - 3 s [l |2
anearUTwwednIesuRalaeity | nllululsgduiasesupaneidainiaudsls
& = o b
Wu 3 JUuUY AaLUU daNTtun ) Lagunuin

A Piston - Compression space

B - Displaces E - Regengraup

C : Expansion spacc E - Hoe side heat exchanger
G - Cold sidc heat exchanger

(?ie.la_l (Gamuma) |
JUN 2.9 iATesElAAmD TR 9
WS DU URALNDTALNNNINAIIUARI8AEINULAT DI UAALADSAY Beta 8nLIWIN

displacer fifsuanmavnndnzilioudelngnssiugnaundsiu gnaumaiilasitieusieludde
\wienriu




13

HOT OLD
WORKSPACE WORKSPACE
DISPLACER
CONNECTING ROD
N

e A

FLYWHEEL AND
CRANKSHAFT

POWER PISTON
ECCENTRIC

DISPLACER
ECCENTRIC

DISPLACER DISPLACER [
CYLINDER PISTON 4

/ \
POWER PISTON -/ “POWER PISTON
CYLINDER CONNECTING ROD

POWER PISTON

2.3 d@nnzuarauna

#ANNY (state) wmaﬁaamwmmﬁwuﬁgﬂﬁwuﬂiﬂwmamu{fﬁ (set'of properties)
Y8935 UU 49U 9auuall Anud wesiiasyunedszuuiuiu Tndiaaingvieg audives
svuvagdiaafivantinnsl 36uduasan s io soeaiset Wl ez dedn sz uuiing
wisuutlasannzlUganmvlniiuil fhothasy Tunsdiifiuasiinai vy lunszueangu

' ke
- ]

dngnguiinisegeiiliusepsasglussyuiutuen 7 WOy v, svfiednseuudl

'
-

mswaguwaslvganslmilusns haakesguuiiiesiini

auna (Equilibiud) e antreilaifiussndnu (driving forcar daliiinnas
waguuawnsluszun leeseuuiieglumsanismedlylnundinddewdulumudeulvves
aunarslUTatiafio aumavnarhnason aunaving asiganidiad ez gl
aunamen et thermal equilibrium)vineda anviginelussutslgawniuvifuia
SEUU dnwnisessEUURAnaY IR e UaY T man 1A Lo

7 o, =t <f ) | w
#unani1ana (mechanical equilibrium) s @naaginelussuuiinnuduyindu

v 1

MesyuveelsininmuanAtveInenulisduUnaiaeinsyduaugedaduna

=

osannusalidudag walaeviltmaaTmwendaseanaiguesiaaun Jelddndudoainn
TN
dunani1aail (chemical equilibrium) nuteds dn1aznvesluainnuliiinig
P ¢ a
wWaguuUasesnusznounaall
oETL g va o @ a i
aunalna (phase equilibrium) WuaugafildRarsaurdmivssuuifuinndt 1 wa

= A ' | 1= = a0
Ingaugaamefisanziialudazivadigauganazbiinsaouwladndely

2.4 dauUsenauvoIAIatUAALNDSAY

=

m%aqaum‘ama%ﬁwummuu"nJ'sxna‘uﬁaagﬂquﬁamaawaéuaxgﬂguﬁﬁé‘a 719804

1
=l

a 1 5 AJ d 1 o
f‘li:ﬁ‘UEJﬂEjULLEJﬂ‘\]’]ﬂﬂU%Q’ﬁ]%ZJﬂ’]E@ﬂﬂLLUUQ"IEJ? I@EJWQE‘[ENH‘ES'UBHQ‘U‘LNSL‘U@Mﬁﬂﬁdﬂ‘u A9



14
wenfuresnsyuanguiinliiinnsueniusgwauysalsewinediuuandsuniuiou 7
Auadesfunszuenguiamaameiuazmuiifstusniunistudauazveasues gngu
ds Ingvhlunszuenguiiaimaaiesasivunaluninitnssuanguuesgnguidmaiowi
Huralfemansiiauunsmeduarinnninedassudamesduuuioarviowuuiug
wiHnszuenguresgnauaesiszusneananfuisasdifieenseuenguniavinduiides (3
anguidsagnielu) Youtunisth uenaniimsuenfurenszguiansdainligngurids
Unanntgriludesmsasaumsaioudsnalifimuuusunuiidusannuuanszuen
gutiesasiasanmsatimianmsvened nstaufunsiidavieniieiessuduindug
fuanidsumiuieuszgauansanannssuenguidusiarsnegiunseuenguiamas
wesduuslvgjnirdinsospuutilasmedmaaianagumiuioussnanaiiudoiiine

{3 ]

n1 vildaunsalddataniudsuanuiaurunive nintasdndiwazauisoldlununn

v v
Aoamsle
Twin flywheels <= = gruver pletom
: Power rod A
. | Power heatsink
>
: ! N Power cylinder
Displacerrod ~.— 2 2 Air pipe
T~ Bush

Displacer piston core Displacer piston

Displacer heatsink
Heater

A | o « fa P
gﬂw 2.11. @71USEnaUYDLAT DI URRLAD T AL YUALLALL

1NFUT 2.11 1nTeseudanesdsiaunuan anmnsautadiulsenoundnuesieiossud
eiotaid

(1) nszuangnauAamaaIwes (Displacer cylinder) o nszuanguillignguiamaa
wosegmuludasiiousefiusnmes (Heaten)

(2) gnaudiamaaies (Displacer piston) Ao gnguivihwinfidmivldenieanileiou
Tugailady

(3) B0dad (Heatsink) Aa dufithelunisssuisanuiounenniostudaneasas i
Musou uagaudy

(@) Bawnos (Heaten Ap druiifumuioulnunsainundsiniianuiouneltly

nsruunsiudauarveneivesedlnanelunssuangy



15

(5) wnugngufawmaaiwas (Displacer piston core) fin daudidglunisiunsnazds
wseldaugefainaaiyes
o . & o o @ o a AI 1 1 o < « v
(6) gngurinds (Power piston) fla gngudmiuduidunedewialudsdaifiosnseeu
N84
(7) nszuanguAnda (Power cylinder) fio nsruanguifigngurindsegnieludavzdias
Weuseiiunsyuanguiaiwaalwes
(8) TawigaRawaaiwes (Power rod) fie diudiveusefiuinugnguiamaaigesLa
daLdesiiie ongnenmas
(9) Mugnguids (Power core) fie dindrAnlumsiunssazdusdvivamisanau
AN
o o ) Qs o a A | o 4 i, 0/ R o w o o e o
(10) Foiviesd mIvgugtinigs Ae diuniennsfuiugnauiduasaeifesiie
f18NDANIAS
I ¥ 8w - { = Y st & 1
(11) doiiginsyaumeas(Flywheels) Ag gruntdlupisaraunasnuaatddionndu
RGBSR
-] o cl' 2/ J s Q‘J d‘ ] ¥V o
(12) ¥ (Bush) fia panld@amalesiunsizuesenaasglunsyuenguiieldlifia
nMsgeydenduduniglupssuangy
< ca - - | i) e o ¢ ¢
(13) swnsesdudameasay saunu fio dunlvianseuenguuediniedouianes
a a1 ) 4 - 1 - o 1 a <
delagnngluasiivienld@aunalanas .WaBNe 1N ASEMIINILUBAGUARING B0 T IaY
NIFUBNGUNAY
s e | Al et all e o o _as et v o S ¢
(14) srusudeiies Ao daufild@adaifgsnsusumdsiuiitevisfamaaivosuay

v <l o w
RR1Y%e! HQQﬂQUﬂTﬂQ

2.5 NuRMIEIsaAIans

Yan (Materials)\duaansnilnniaainnd gsazamsou iU slenilumusineg 1wy
Turilassadunmsnameiesiie gunsel viondnsasavaaanivesTaniy svuansdnune
anzdudiedusenevenians i w%aag}"[uamazﬁmmﬁ’u WU auLdaused(tensile
strength) 984¥an avanusa inlFanaT s SanledusAunnsin Wusu

Yaneanifife n1siinnuinidineimaniuagimnsslunsnyiiioiuiod
AuduRuSsE e UsEne U Lg WvesYan uarmsTacesilussiverouuazanTiives
San Fsmnudnlafenandanhluseudmmuiiiuded i unssuiunsanuds wdndos
filgoriiaussouglumaldnuegils armgidnunliduisiidnuus duaningnmsienisld
rwdlumansq wvuanuiulumsviieny wagddlutlagtuiifanmansla dluiiunum
adsnugluieuasnnuanie dadu Yageansluiligtuibssdedddamuilunans

I3 =

wauddn Liinasluanuineildnd wil Jeanssu 333nen Wi adinamans vienisuwnd

v 1 o a v 4 a a1 < o d v oo wa =l
Wdnsaufuieuddywiesduiedneg Msuliediuianuayandinals
Woswnysednsamlunisinnuvsuaiossudame Saaiulnaainguvgll

'
i Ll

nIEUANMINIIAIRTou MIanwinuew Asiutanivnnldludiusingvenaiessudsies



16

finandinimnuiounmanean i ansnsavnuaudouldgaazaemauioulad dnvs
fanasmilafnuauifvanamanisneiy 1wy ﬁmﬁﬂmaﬁaﬁgmﬂugﬂquﬁmm Wy
2.5.1 maenlyian
o I L4 v = L3 <y . alcdq - 1 W, @
Puluneadilatisesdusenauniodanildvdng doaudfvesian
< e P 2 | | &
wisliimnsiianuzluausnegseluil
1. wenldianlimunzauiunisldau leefionsananUszansam wazsim
2. \langAnssuvesiansevinenisldanu wazdaiinvoaian
P - ¥ | e wa o ) wa
3, Weanusafsvaiiedagivig Mflaaantfoudeniswie awnse YSudpaudd
VoI Tan inTu
2.5.2 Wuamedmsunsaenian
1. auauURvevddn(Material’s Properties) lunisa¥agituanislunisidenianiu
gudoyadan (materials database) Imyuinilyagarsosauisonguaiuuuiugiums
HonTannmngals saudeyadan asuszneuldmemininiaasiruaniinddgyvesiag
WU A1AIULENLsIRe-(tensile streneth) Annuidslhardness) tasauailivisniusou
Toyaviegudoyamaiianunsoauitaynmiidagiie (Handbook)4aiu Machine Design
; & s Il o =l q' L .&’ a q‘.‘r @ =
wa Modern Plastics 1Uunisdoniio Useint Tawansiona iuguyosian-uananiudad
P ) ' = ! - .
Metals Handbook #uiiudilafiaealng ASM (American Society for Metals) International
wioaunsavalan vl g
4 « R s r P v a ey
2. inailunasiiendwdAdditional selection criteria)upnaanteinaaintauURves
Tao Failgaennlumssndulodenidninanuiudi vy wrneanwuudedinaeinng

9

'
< =l

1 1 s 1 1 d - 1 i
Wenduq i mnueneplunn sIanT dnedansiuaBu YR aRaw AUlgene Aunm
uLazausInly p1IgeusuIangnat uwIliuraman fas (s
2.5.3 NeWnHa (Brass)

Ul 2.12 neawiios (Brass)

yauvios AslanenausilandanidulsEnoussnIaMaILAILasFInsd tnadadiu
@ & v Ty "~ @ = < &
Ypedanydlunauvdestu Tlasusiosay 5-45 USunavesdnsdmudsulylunounatiy



17

=t

dauvilsmosndsaudsunuluse Snvuclnoialuvamendosifviemiute Tu
drugedneidones

voumndasdianunumusioaty nuioynanIneINIA LarnuraTasTntiuainnisld
numesvdsuvind ilidenldvinduvesanudanielutu neundes Wulansaiiniu
uualusmasiimIndntuesiae Tnsnsuanneundeiverdonisuasuaral osening
nowunstussaatludds Sdunauvesdansdvinlildnoaniossnu neandosivansy
Usziav tawn Admiralty brass, Alpha brasses, Alpha-beta brass, Aluminum brass,
Arsenical brass, Beta brasses, Cartridge brass, Common brass, DZR brass, Gilding metal
High brass, Leaded brass, Low brass, Naval brass, Red brass, Rich low brass, White
brass Yellow brass

asmouvdes MinnldvingUnsaldywing gunsoinl sdingu Tedeneunias Toste
NOUNADY 2 N1y aRo o NUa D9 3 NN, 1848 90-94A7, ToRONTINDUNADY, ‘U%ﬂqm
VoUndDs, aNdIfumaumaes Ja Judy

- dofemenniaiiinogaA T

¥ a =)

ToAvgameundsinildognairni i VAo e InAosland e K an o
neuvdnsgiindoneudydaicimivunnuaza i by sudt dansoutalulddmsy
\3eadnsnART U sBuA gUNSallW Tudiudidevsefind nrswAngiis Uiy
waztherne i venamideiimsmesniowniilugUnsalous u eneamies
TorenawmaaindmaanaesivitlUidluszuuinuind wissuing 1ndadnensiuuag
LALOARNMNTTUE1LENA a5 THANTUAIANeY L8 Hananans waz utngauly
9AAMNTINY LA TV 0vEaTRUNAan e 508 ud DaannssuaSogldlnd fix
noundothududnilnia 1udnostdoln dvivgay atadln aauimda Connector
PAAVNTIUNAAT UM R WA Torouas Mana g dusevuihiafnduaylensodn

- AUANURYDINEDN

voundeadulansnanssmiameunardingd dedinsderazanslunowndls Tagl
asazanarduveuds Ui atesdiny aftamnnarany Gieel 3% voavdowudazyindivi
nsudneanunaziiviiulunisndifensdaslyumninaiumunnudesnisvestinde lag
nauauTBvesmoundesiinde faduufeuss vunu farmmies annsanudenisgnia
nfou uagynanneInia Snviesesdadiuainnisldulnfivemeundesdae dmiu
gnamnIsunsHanlawlaneamdes esenlu 2 Usziavlvglq Ae neandesszinniadu
wis videneamdesUssinniaidundu uavneavdosUssnmude neundessaassuani
aansauenANANLazAMaNURTInasenlanuseazidngile ASTM (American Society
for Testing and Materials) w3o JIS (Japanese Industrial-Standards) #iifiusnasgruntels
Formuaiinnasimiussiguaamoandoanslulse meuassissumeaiteiiunisadn
anudhlalsinsety sadosnmnin sUs1e dwtn sav fdauaunsovesuughifeaiu
vioudedldmuunasdonevoaniowily



18

2.5.4 azgiliilen (aluminium)

U 2.13, axgditiiey aluminium)

- J a u & a

avafitdvy Aesawelilunisismnidy dnva Al laviilaveynau 13 Uulanznal
e n DK L a o |

“a auTAy Ao Aaniunisoendndulluidey

(lessrnusagniaal passivation) Wiz wazLwing dnisliovgiidenlugnaivnssy
< v = can el a o 1o | Y = 1
VAU AN NOATNHARNMSIAN. ] 1 LasargEaltudddpidsvgialanetian

:J ar
NIMUBTUNTUITILA L 0DUA NG LAY

Fudlpseaduinannesgidond dgssand s sieanime hazdisnlusiudu o
UDINNIYUR LA N TAFTIDNANT LI BNITH AL A2 iU LS AT s

ovgliidondulanyivusnuinadsnlan Wusmimuinnduduivansesansg
Fanau AawyUsEaan 7.5% lnswra avgilidonlusssundedluguvesaistssnauviings q
Wi venlen(Al203.2H20) lastelas (NasAlFs) ustusssusfesaiideindluguuivented
Hundn ozgiltieniigvsiarnRuieremuatiy 2:699 ¢/cm 320.€ dalnleR uazuls
Aruilediauuiadidnte dawieslumsdasililviynsen delusiviu Indu uasys
sfuilddundesUssit uvaas dssanae Sudugnsinil Ao AlZ033sdlmuudssesann
s uasiAdafuwseTlsnBuiilusedusdudeiflasmeloonlsiuuogasiduumyiauns
dudendn stuiu Silndeuwanmdnosnlentuagasiaindudend iy wavdfimdn
ponlealuegsildmdausenit yasdy

- Jofl

Tanzosgiiondulavimsvgiafiddyumasinenmgn uazliusslovdliunnme wu
T,ammaa.,a on MvieTeadu s1ueania nasutsey widn wiedldine qanelutiu
wonan Tuergiidouddldvinanslnin viianvovedludnvurvesargidouusuundld
nszdoaindmau nsvloaded nszdenimaldl Fudiuvenedosing gunsaliniinazdu
158U (K2S08A2(504)3-24H20 Fuluansusenevvesezgiifionldlunszuiunisii
st nsvhnssay



19

- AENUR

ovgliondulaveiigouuariiifidnuurlidun iWewnidaniseoninduduus
q Miintundlodudatuoinia lansergdidouliifuarsfiv liduuimdn arlide
Uszmel exglliflonuTavdiussiunisiaUszana 49 Suuiana (MPa) uas 400 MPa &1
vilulaveran ezadiflownaruvuiwiudy 1/3 veandnnduaznoas sauanIdm
I awrsanfauasvdeuuuldie uarilnnuanansasesunsniouuazauvaiesnin
Fueanleditoiu ﬁuwﬁﬂﬂﬁmnmﬁﬁmasQiLﬁauﬁnﬁaaﬁauuaamﬂﬂdﬂawz?ﬁu q Tugas
AYNE1IAAY 200-400 nm (UV) uag 3000-10000 nm (IR 1na) dawlugasiiueadiuld do
400-700 nmlanzRuayviouuasldfnindnies warludae 700-3000 (R 1nd) Tanziiu
vesruaneas avviouugildinareseiiismdulavgiidaldioduduiu 2 (sesan
vosen) uareeuiiudusiuii6 orgfiduvaninsgthauoulda Sumunzauiingiudonsdy
RGP

2.5.5 winnnliaiiu (Stainless steel)

“awmutaa” niodeadradumsnas fe “minndlain” OU Asialuildgen
winly nguiidanuaraunisiandeuas anuiamiulansdalseniandnuasensuey
Faduusznavaziiviinnimsuouan lasdlen Dudauneuwdn Ussane 10.5 % iosn
Tanenaufananlifuatuiidavaamnmeduiisefusyving sendavlueiniefu
Tradleuluilewannél¥aiy Waduilduueqwiouiall vmdhiiundesnisifinay
emelituddowsnndlfaiulfiduediei Untosmsiandou warlitrsaviednnsou
fwedalaneinly dwiuluavizewsniuadlunasusea Tananylugaamnssansiy
fomZonTaveilin corosion resistant steel deliildsrydadndulanzuauviale uay
aunnszduln udluieanarnisiannsonuiiv mdnndl3adunge 18-8 uinian dadu
mysvyie swiideaduludemante Tasdounariiia auddu auauaaUssanidaiiy
Commercial Grade Aofildvialumaaliing dnlévinadoslévily Susramisadiuun
Ussamveamdnndil¥atuldinassiaiisiuuetiuniunasgiu Ash gy 304 304L 316
3160 usiu Fsdunauasndumimunnsaveandnndldain Salaudesmstunisidny



20

funnsetueonly wdnndl3alufumsiinaily Und Stainless steel atliifuatumeed
Avesiuasiifidulasfloueenled unaqaieviiegduidounannisviufasontusening
Cr lu Stainless steel v aan@iaulusinia n13vinly Stainless steel WWuatuAenisgn
vhareiaulasdoneanled Mindeviieenluluanned Stainless steel annsoiinaduld
AeuitidulasdisuoenlasorAestumndnaiadu dundnndliatugninlfiiasesiaroy
wrinnsestuiinuty fsanunsovilbAnys Asenfusigmantouiiiaylasdiouoenled
wrefituun fasnduaimgliinaiuiuls

madenldiaslumsusznoviunudmiudussneuns  feenuuuneldsindilend
vieudinsyisnsthiagun Wl thu fedudsddyiivnaussiinsantdefuaztoduves
Yaniiuq apunfinsangiuiawiaasedls

1) umusienasnnIou._ alauiasyndssanuniunomsfansou uaazuanmety
Wmnuduneanvadlats wu insaniilanswen igs ammsaduvu msfansevluusseinia
Wl luvefinse Aflaneaagsan safunauaTsiansen lunsa\ene arsazate
ussmanaglss IFAousiimm

2) mmﬁmmw\'aqmmﬁgaLLaszmQﬁﬁ?n AAUBEUNILNS AT IOV UAI U TOU
vie/uaganmiu Suiinmsastenaniinedunauldn LavtadmuARmlunsmila
lvdniahawnueglUlslugaavinssiauas aramnss- Ulasieil aeisungvens

3) wsnmilszney vIoulsyy etliaamulitawasasn ey Hgd puusions
na anfusu-Ausugushlfing MuzUsIe autR wavs nuaa Ty Tesaamaatbly dudn
snsmhanuedluilsznauiuianduqldiie

) Aauvuny guanifudauszanmilvesaniiaafeninuduwnsimuniu
awuiaaa 5o Rua TR lARIY AT tugUEY Bddioo onuu i Tatanaanamun
dvinuarsien aslugausinTrensiilumuiimpandetinst dnsinny VUM

5) AUAIBI ﬁmgﬂmmazﬁuﬁaﬁwmnwmag'uLtwﬁmmm VAGPRHERLRLIE]
NethgduawmueaiidmFeninmnedoy nsudsyuridovinaadied Wihannsailram
wwalliindnes vieud W Wruagddashlbiduisaden ystandldanuiadliogrmnning
uon9 Il AuLnaumes awuiaalugsdsay gunsalusvnauenns v wiedliaesvinly
Uugarernuaziiagdneay

6) ANUUaanNBuaYNFUANEME N1SVIAIINAZDIN MIRLATIYIRUGE Lazd]
audunansgeddligedusalag [WumgradAgiiamuaagnuuldaulumilss newia
e Mulavuimsuasiundunssy iesmnanumuniu dosmsnisquasnuios
wavAlgdreanfleseuiisuiussarnamsldou  nsldgunsalindesnraauaaly
UnuFoulirnuidnterudaenfowngly

7) rweyinvawndouamunaiutaniiausaindualdldluideu 100
Wesidus wagndy vesingAlslunisndnuinewman



21

2.6 N15UIAUN5aU

msimnufeufie Usingmsaliimdsanuanuioudiomnaluinguis 4 viesewing
Ingaostuiidusiaiy Tneiifiensweinsindoufivemdsnueuiounnuinaidenmgdl
Fadnuidaungimai lasfidanardlifinisiedeuiinisieuoudunszuiunis 4
iinduuutuesmeuveseynia Wuviklunssuaumsdemanudou ulave mminmteu
Wunamannsindeufivesdidnnsoudaseadonsiilaf luveunaiuasvesud i
anmnsiianaieudidunamnannisduvestuianathafios lufie nstheufeudatu
Wunnsduaziieusevindluanavionanfonisimnuioududnvasmsdemanuiou
f1u TnenseannSnguilslugadninguilalnentsduiady Taglaszimudouiviolsid Juey

o o

vEuUsEanSnsiausetkrasihanuseuildlundaseldasanne

f1519 2.1 dudseansnisieausan

eGl Juuszdvdnisinanuiou ((W/mK)

DINAA (AR UUSSEI) 0.026
asgililoy 237

NOILAG a01
Nodnaes 100

LN 2300

NILAY 0:05

1ol 0.1-0.35

Hu 429
Anulas 18

2.7 UEIUDN

NAURBINTNIRTRNR T U U Sn vas luwviamssnszuanueunal (Shafthd
-y < d o 2 ' vl a a v
viusuniigniegwai(tole) inadllduseloviluguuuusngg ludiussansam aneld

'
o a al

1 o aa b4 e‘u’ [l hd a 1 al c’: o ﬁl.’/
U0 ﬂ@Vl‘JWINﬂ’]iUQUG}G"I‘I.Jﬂi’l&‘ﬁ‘l.N']‘I.JEJE]JJlﬂENLﬂﬂﬂ’]ﬂi}'ﬁlﬂﬁ'IWLF’WﬁEIN‘UEN‘UN’]WUUQ']'Ll MUY

(4

o =

3aldfinsAndussuufisafienuanuduniodundnd foalunisimuatisvesdia
ﬂaﬂmtﬂﬁauwBQﬂuWﬂme‘vﬁagmeﬁaaﬂﬁt,ﬁﬂ%ulﬁ Tnormupaininasudnalidma
THUszansamvesdusiuanas Tnusvuuiidadefildlunisiansandimueainndeuves
guIniuuaAIsauU Ly 2 sTUu AssTuuTuaNaIAT Ltazﬁzuwmmgmmmﬁ ER
UL a1 S DA S TN M S UARAN A TLAG A LAG B LA LA T U
mudnwaensliould 3 Snvae fil numush numumed warsnumuAoy



22

JUN 2.15 L avlinuas sy U URA oY

ar T |
2.7.1 ‘awviewizrlussuunnaieTusiualy

A15199 2.2 wansdnvitawsluseuuRiaietusuaiy

AFNA A2 7MY
Zero line dtebsililunasseyruanvg ey
Nérmal size A gELN LTS yalus Teuiuy
WIOADAITL A L LDANAR
Upper.déeviation ﬁ'\ﬁlﬁizummﬂimﬁqmmgguawﬁﬂau%’ulﬁ
Ty many
Maximum Limit AguanEstauTagaiseniuldluny
GE
Lower deviation Ariildssyrnmdniianeestunuiloensy
Ialunueny
Minimum Limit Aavestunudnaniivonsuluaua
Tolarance L PN RN R GRS RRM | Y

danalUsEanSanvesiuauanas
lngA192909na198ilA1UN 1958131980

Maximum limit AuA1 Minimum limit




23

=" s I3 o oar dl' 1
A15197 2.2 wanadmanzluszuuiiadialusuaiy (fe)

Actual size PUINTIIBIT UL R UM eRDAN
A luN1UH YR Tnssuradananadesden
agluy Tolarance Jeaglasumsveusulv
aunsainlUldnulalaelddswaliusydns
YRITUNUANES

Tolersnce

=l ° & aw o
;jﬂ"u’l 2.16 UasA Mg TasAIAwvaNEluSE U UR A Rl U IE

2.7.2 YUAVNIUEIN

senE sl vhen mins e enldidu 3 v

1. uauagou (Clearance fit) ﬁaa’lumuﬁﬁé’ﬂwmzm*ﬂ%‘umm‘uaammﬁﬁnmf'l
vinaveginanSedswalvinan Nadludnwalziandaanisavem uazdoufilonaasunielus
wanlaaniew

=l )
E‘UVI 217 LANRN UL UEINAT DY



24

2. UIUNeR (Transition fit) Avsuaiuifidnwasnsidvuinvesnafilndifeedy
nvesgwaNIsdsalinaialudnvazfainanansomyuls

= Y =
JUN 2.18 L9 N WIS TUEINWDR

L7

e/ Jﬂ v d' 1
3. MauEIuen (Interference fit) Aavuandnilanwasnisldvuaveswaiilnnii
unavessivaidsdans imanliansavuuluginanle

=l @ 1y
E‘U‘Iﬂ 2.19 LamianwdsIuaIuen

2.7.3 szuumsnansannnaiielustuau
1. SEUUTLIANEIA ARTEUUNMIYUAlRIUInYadNaRldauivuInasfineg
HsaImATInYIgwa Avanauiunslday



25

Hole

< W oo o <
E‘Uﬂ 2.20 UFANIAN WL IYUUNNALN DL UUWAIAIN

2. sTUlIuInginaInei_Aeszuuiinmualvsuanvesginatail i wiivuinaaiug
RsanmAuInYe NN Y AN U Tl

Hole

|
r‘

v O

=l @ oo d =
E‘U‘Iﬂ iy HEAPNENBINSITEUVUNNALND LU UTLNAT AN

2.8 MsATEiiATasUiINuUUSaeRaNine s

lUsunsu Soidworks 9gfi#leAdu Simulation wag Flow simulation \ukuuinans
mauiImeINITIENTIATIEIMIA1AY Daelviauansanaaouialiousiald wazanunse
AnunanmuIndeudlmuiraufuuuudiasy Simulation way Flow simulation 3adu
yadendviliiuledwdndusivesnanireuldate WilowgRnssuvomansusivasaainl
woAnssuedlslunisvineuads ssesalunisveaeu wavnisadwdndue vinlinns
Wity Amnssurhlddewarsinidaiy

2.8.1 msUsziliudsEAnsnnvesninineinaaniginin1siinudensias e
nsiafaulng (Motion analysis) Ao nsitasizinisiadeuln: Tasfvusnisindeuln



26

dradefunat dwiuiymimaadmans waslguimidaunfin Ssanunsodasesildi
FLUU VSOMENKUUTIAaIATIwAN Uedunla

2.8.2 nannasmdinisderiuadufeuiiiianuliaiiateluvesuds do (Ju
wannsilflunsiassmsivaresanufeuiiinsdsuudasuisissosmatazina a4
wannisnananiauddgylunisirasanisdsuanudeulfifiananisneaesiiinim
In&AgernanuidusiannBatusoguil 2.22 uariisUuuuaums 1a

T e A RS i S s g
Lm

a v P = o e
gﬂw 2.22 uansmstavesrnuseunidmsiasuuladfuiisniiueiuasina,

8T L oc &T

| A0S e aad (1a)

Y, 9l = Ao
o) o v _of Pl Y o % ¥y ea o & w
FaansalnaunIsANT eadwaunissumld ddersdelunisdaanintsnaasatum
AUNTSN 2a

= nix

LT +ZC’ ¢ AR PG L ) (2a)

n
n=1

2.8.3 vannI1saEIUA N FOUHIUR YD INSE VBN wlueangauen Ao
nénmsililunisirasimsinevetsnudeudsddnvusmslnafivenanmsiva
Tunsyuenguudativiine uSeuundaindnsivar ufiameluvesnssuangueeng
Awpderaisueniidpuvpidinruaevanmsdussainsaldlinngesurmsina
vosn uieuianuvaseviuSourn Heater neuselviaifagnszyuengy faguil 2.23

< v i % 7
Eﬂw 2.23 LaAnIn ﬂﬁa‘uaﬂﬂ’lm'i’e]‘IJﬁl‘mLL‘HmWﬂN’mﬂ’J’lﬂﬁﬂu

P 1 | o 2 " oA vy
‘i]"lﬂ:a:‘l.]'ﬂ 2.23 LLﬂﬂﬁﬂWﬂMﬁ‘U@ﬂﬂ?WQJ‘SSMT\]’]ﬂLLWﬂQWﬁQQWUﬁ?qM3@UN']UN'J‘UEN Heater L‘U']ij
anrnelunszuenguuaznisivavesnauieusinernianislunsyuenguruiiaves

1 L 4 ke d o ke o ] d £ o
ﬂi%U@ﬂgUQﬁﬂWWLL'J(”IﬁE)l]ﬂ']Em?)ﬂ QNLﬂjU'ﬂ"’T.l'°Uﬂ‘n’l"ﬂ'1L%‘LlﬁQQNWMWWQ’WﬁU'}LWEﬂMﬂ']iﬂ']ﬁ‘ﬂﬁﬂ"l'i



27

noaeslananiialndifesnnuluaianndeliu Tnsaumsiugrunidensdslumsiiannis
naaouludsaunsh 3a

n

2 4
T(r Z) = T — qn‘}el' L _ l L 4 4QW(Z_ Ziﬂt‘eﬂ ) {38)
’ el B LR 4R pCou_ R

max "~ i

2.8.4 nénA19Eendnsnisuanenanmasafisuiuen de (Hutladeiidvue
Snvazraenimanuduiusseniimesatuiainasiianusde Weetuvesdmedauday
Fra3a10614ls Tneminiinisidenarsnsinisuanmananiulusvdealinswildidnveae
Hudulafiiinsdounlasediraiilasusmnadanymsidensninisuansaameiald
woRardwmalins i léiignendunsiidanudaifiesduiidiaisie uifdowanu
sremslinanlunisinaatnsvaasaiiuuB e

1 + T T o S T T T T
0.00 0560 100 150 200 250 300 350 400 450 500
Time (sec)

= - @ PR | o oy P | ¢ W .
JUN 2.24" udAasnasi@endmsantsuasras Seglansiatasdlnussenitmasaiunand
fnsidsusidasiueuulnaiiio

0 T T T T T T T T T 1
0.00 050 100 150 200 250 300 350 400 450 500
Time (sec)

-l < o = v o W o« ' ¢ w o
;J:‘U“ﬂ 2.25 LLﬁﬂQﬂ']'iLﬂﬂﬂaﬁi']ﬂ']‘iLLﬁﬂQNaij\i ‘U\‘]ﬂg‘]’ﬂﬂﬁqwﬂ?'}wﬂﬁJWUﬁ"ﬁg‘lﬂ'J"I\W]@iﬂﬂUL'Ja’W]lI
& ) ] P
AMsasLLUaINUILUURNDLLDY

2.8.5 NE)N15LHNANALIBEAYBINUTLAENISAINUATUIATDY mash
& & Al o \ & da < [ | o oy < =
Wunguf vgvinsudeiuniavesssuuiaulasgindivsuanisidndeanidy
1 a 1 o 1 ) Yo 1 & - €<l W
mash tetlagaziarsalinndunidlunis mash lasuAiuunsidndiaulavim



28

TPEnInaIN1sanue91uIu mash leunnlusunsufanunsafiazdiassuavasuSunumaiandy
finaunszieszuulaaitinnulndifesimnunluaianntunieatvanunsoasulsind
ANAZIEEATDITEUUNITINADINISNAADIUULUTEUNTITUTIUIU mash WANITUUSHRUT
I [] o & oo - v 4 4 [ q' - ) Vo
99U mash gagqrurunnifeasidaideninasidunisiiuniselunisimsieilvnu
P o [ | ' a ¢ Ao
lUsunsudsdawallunsdnaesnisnaasdddiiariuiuniinisiesiewssuunas uay mash
Uoonin dauandluguil 2.26 wazgud 2.27

JUM 2.26 UERISHUIANAR YRS LUve Ny mash Heq Tauiusn

JUN 2.27 Lammsuiswuiivesszuuaandu mash gegduaulainnn



unii 3
YUMNDUNITANLUITU

Tunseiunidelunisiivanssauseasadossusanesaswaunuun itTunauy

mssiiueusaselui
fumeuil 1 Anwilunquiiifedesiuietosusoudamesaaiaunun oy
duUsEneUiIrenASecLs warudnmsveurenaioseus Wy
Fumeudl 2 msvenuuuAsuFamesAiaunLFElUsLNTY SolidWorks
Fumeuil 3 msataudurisseudsuianesauasusznaunioteudanoSaiin

ol v P
WU AeE N
& = ° o P fa o a ¢
UADUT 4 DISIRDIN T NIUYDIATOLEUR a5 AREIUUTIa0IN19ADNRLADS

daalusun sl Solidworks
H P a e el s fa 2 ol &
TURDUT S NAARULETHATILINAS DI LR AR S A L PRI LAL AT U

| & =Y “ o 3
21 ﬂﬁiﬁﬂﬂ’]?“?ﬂﬂ‘i&’ﬂawﬂa\‘]Lﬂiﬂﬂﬂﬁﬁﬁmaiaﬂ VUALNNUIIINLATDIYUR

A0S AL ARNYUN AU

Displacern rod

Displacer pistonCore

Flywheels
" AN A \ Displacer heatsink

Heater

Power rod

Power pisten

Power heatsink

| I3 ' < 3 fa a
g‘lh'l 3.1 99AUTLNDUNNS UAATIYUATLABD IRITUALNNNN

INATANTLATDIWUAFADITAIVLALNLUNN LASOIPULUU NUINATDIEUAALADTA]

duusznounana sl
sufou : fudeusruseneuludediusineg feil
1. Heater udwsunnuiouninnieuen leeagiainauauias
2. Displacer heatsink Tanvine1nneamied YIuszu18ANTeU00NINNTFUONGY



30

3. Displacer cylinder 30 nszUsnguRawmanees Taninanvaanios

4. Displacer piston gnguindauiituuazasmelunszuengy Suusing wazdsids
Wgwarfemivslagihuiugu gnguiuddldfumnusou uasgungiifigeiigaiinseiey
AaeAAIaIEfovENsIAmUieN I usevgudunaruwgld gnaulasund viwn

o

nlavenanegilien Sdhhwiinuwasiivssdnsawlunsssuieanuiould
fudy : arudurzysenousmgdusingg fail
' ar [ o o = a a 3/ YVl
1. Power heatsink lag¥agynuinagiiiies duszdniamlunisszursainuieulds
3 0 o a d
2. Power cylinder w3 nszuaNguide A negiidiewy
3. Power piston %38 gagUiiaae

dusnoudug iuatos S

1. Displacer piston core/3afwgy, fuguinitidsegaguitiiandainios ua
dnevendsluginardemiss

2. Displacer-rod Visoiewieaaaunaaies sgapeguiugu iautdud ud oy
Tunsdshgussanmsludeuavgntdavonalunssvenguiainaawesludonumd

3. Air pipe visesiaann Inomatudaiinsyhidnaeausilaniuvioen e

4. Power fod w30gnguriay Mawiiniukdsfidsunainaiuieu Ingnauiid

\ReuTE e ssITude oty

5. flywheels iverRpRuiIA IggNATERUIN Power rod taw, Displacer rod lvivyu
atedaiileuAmbuindRsnisvinemeAatd

3.1.1 drnuuszneuauion

Heater

JUN 3.2 dudsznauniuiou



31

1IN3UT 3.2 Aedrudsznoudiuioureuniassudamasae viaunuin Fasznoudae Fo
wWad (Heater) nsruanguiawmaaises (Displacer cylinder) 0&9A (Heatsink) WazUziiu
(Gasket) viamelunszuanguiamasimes (Displacer cylinder) Sssvnoulusasgngu
wagviouny aneiae

AUENIAUSDUT VIR le,, : 139.20mm

gnned (Heaten) iWudruniuanuiouninateuen wevinldornalunsyuenguia
waawwas(Displacer cylinder) aeMuiia

s

SUTl 3.3 Bnimas (Heater)

NAAFUHUELENaNATeRandnes (Heater) d s 130mm
yunduEIuguinannaluBnnes (Heater) @y 4 25.80mm
ANULIEN RS (Heater) L,/ 61.20mm

nsruenguiaLaaIes (Displacer ¢ylinder)

B85

5UN 3.4 nszuanguiamaalyes (Displacer cylinder)



32

yumduugudnaanelunsyuanguiswadives de, gt 25mm
ANNYMINTEUBNIUAANAAL YOS lepa : 77Tmm
usuguUdnaseuendnded A 4 = 50mM
wurugudnatangludngen Ay ps : 25.50mm

Yatiy dmsuiug

weigudaanevanteiiy 50mm
wiushugudnansatulyiy 26mm

gngundnaatyas (Displacer piston)

d - .4 - L3
E"U‘VI 3.6 gnguadlnadLYes HETLNUGNFUATFNAEILYDS

Wurugudnaisesgnauiainaaies d; = 24mm
2
WUNUUIRAVRIGNEUNE L WAFLYDI A,=n o 452.48(mm)

AUEIVOILNUGNIURALNAAITDS Lipreq = 90mm



33

3.1.2 dusznaudiudu

v 1R

< i
JUN 38 doutdsznounielueuiiu

< & 3 = < - 2
NNFUN3T wae 3.8 Aodiulsynousnudute uaAsE i maseY Ysenabdan/ nszuengu
i1

ar

. 4 o w i 2 ]
aa(Power eylinder) Fpaglunsyvanguidsasiignau uadnsvuenudaussyegnely

2/ o
AUE AU MR [ =65mim
Ysunmsnalunszubagurings & AL, =

nITUBNgUANEY (Power cylinder)

wiushugudnanniglunssuenguing de,, =18mm

Cv.p
WUHNUANENA TR s 4s = 50mm

AINEIINTEUBNFUFIRY ley, = 60mm



angun&as (Power piston)
v U

WUk UdNa1ueseRguUAT thy, = 15mm
ANLYIVIGAFUAIAT l; = 2emm

& d 1
wuidnvesgnguniaa A, =7z(?"] =.176.718(mm)’

o
3.1.3 YaWNIBg
Y eE S s Rama AL Yas

< ¥ f @ PR TN 3
JUN 310 Betiesdmiviisfainadives

v 3 1 = a «
LﬁuN']U@JUEJﬂEI']\??JENE’U@ PAIERAALN AL YR T drod.d =3mm

1 1 o = g
UL IEMINVRIIG IR AT laia = 53mm

YoLIBdmMTURINS

s

GJ 27 A o [V o
3UN 3.11 Jomiesdmivianid

34



35

(=

WuruAUINATNTDgTaInIBaAY rodp = 3MM
Y b .p

l v i o
353353“']’]\13%@L‘W?8\3ﬂqaq ]J"Od,p = 66mm

3.1.4 vi9a1nd
47

P

T

: 4

gﬂﬁ 3.12 Wigaina

wushuaudnaaieuenuawiaann e Ao hpees 1208m
whugudnanmeluyateninag d., e = doim
AMENIVOINERIAA ' Lo =dTmm

3.1.5 ApAUAIAY

2

UK UAUENA1RDNTZAUAIA d e = 86.10 mm

v ¥ o ar l
AUVUIRNDNILAUNIAY heel = 3.6 Mm



36

3.1.6 wan

: 50 ;
k
©
'
<
3UN 3.14 1wan
ALY TIVBUWE 50 mm
WTUHUAUI DA D WA 6 mm

3.1.7 naugniu

sUl 3:15 dugniu

YUAEURNUAUINAN9] 6 mm
AU 5 mm

Wousynaudiunuyndiuiiesniuy meduneunis Assembly woslusunsy Solidworks Lite
#319FuuANlR awlanaguil 3.16



37

=i = ¢ fa =~
gUVI 3.16 LA URARNDITT VUALLNLLN

3.2 MSNANNALNAYaIRaNURIAS

msiiugiaunersden Al s jaiuse A rmamaeslndaseusaneasld
Aty dwaliiaSesediTaussausiigetu vedaudes patlumsinen Wiy

wdnnnsaadagnizsal fdmsudnseavsnmardiassave sdonudids Tnoasldndn
mudn W sspusgwinsrmdoruindd Tuuuss Wedinmivamae daalisuiiaussouy
ynanamnan TRt

lussuudonsedutianedsenousme denseduiids adugntiu-uaswaritndety Tasd
wdnmseuanz il seRLiis e RN DBy

JUM 3.17 uansmsiteunendUgntidnnumanlegldvdnnsaiusn

neluamadedudldldtinmslissuuitadenualumuamuunefinyadly
msieusioszuviensedurinds Feszuuitaienumuansaiunuszandldlunsiaszuu
donsyiumadliinuldedrsaunauudiugiuuarassansynueonisveoindgungd
vounanGiazdualiUssaninmmsiutenaiesudaeeiaanas lnglunddetudls
dszuviidniflesuauin saeit wanfusruuaumuriinauda Tnsn1sé1edeanmss
nuawingasi lumsamudatunumwatnua 6 mm feslifumunaiifivuinauie
6.015 mm s 6.021-mm



38

3.3 NseRNUUUIATEIBUAaIADTAY FliauANaN

AMseanuUULAIsBudaLrasas viauwnuu 14Usunsy SolidWork 2015 lunns
genWUUYIVIA 1131 SolidWorks Aelusunsa unsueenuuLITY 3D wie 20 Aignldasdluay
geamnssuvuelvg Yeqlundadnsilugaamnssueuialug lddresfugpavngsu
aurivilvu saoud sadnseueud gunsaliavdnsinienisuwnd viegaavnsiuvuinivg
Buq uiueuingnéndeudasnistsgnidulumsléauiiirauls uargudnualiuildom 3
SolidWork aw1sedasdeonuuulddibealunisdrononaudnasiassd fauauuusig
anadauuazamss unduiuuluea 30 Tdegnnng

vuidieatufifinng SolidWork Simulation Ae wewdu$ Aaslunisiinsizviaana
LU a9 AN 50098 UL (Part O Assemibly)}udnaiosdns wie waniue ﬁgn
paNUUUNIIY 30 CADANBTIEluNsUsH TRl Ye9T UM BapU Ut ssnnn Ay
wazadrauinnssuld Ailuynvos-SOLIDWORKS Simulation § gaatulsormunantzee
uazusansEiiey lumsnaaeuliuaiy Sl fudiusammAndiounnsuanadld Tng
aunsauLARanTIZ AN Adasntsnadeu iR mlaAst U seenwUU Jei i s uie
Toilana nupsuvy floumal nanaseld SedaelirmiundndngJemiou fannm wazan
snsansuviilun15KanTd Bais 9w Solidwork Simulation 1%ae Tum sads g A
fin voupTosudanesas

2% X
235 SOLIDWORKS | Prermium
2018

*

S T JDRASSAULT
LD SUSTEMES

5 3.18 TUsunsu SolidWork 2015



3UTl 3.19 #eg1ams Simulation vaslUsunsy SolidWork

3.3.1 matuldemilusunsy Solidwork Hugnu

Wolnlusunsy SotidWork 2015 Fuln A8wUnEIn 1 USIIATNLU UL

2
2 SOLIDWORKS

2015

2
2S SOLIDWORKS

[Ty

§Uﬁ 3.21 mihanalusunsy SolidWork 2015 (2)

39



40

- ainiduvthanlsunsy asusinglidennisinnuiisfeans

i l.f;-,m-,--,]Part N1583719%U 3D
2. auey Assembly N15UNTUIIUAINYES Part unUsEnauny
|

3. o Drawing NTAS19TWIU 2D

230 representatiorel a fngle deiign component

@30 arrangement of parts anc/or other assemblies

# 2D enginesring drav.ing, tyoically of a part or asembly

3UW'3:22 yiwhalusungi Selidwerk 2015 (3)

- lausafigamsaii e @or Part svusTagminfnsieulaveUnsalineg i
1ﬁi‘a%’na§uawuﬁagﬂ
duin 1 [Dud 1w dmdnvadysiinsy
it 2 Dudnidduaiosilonne dlddmsudisn
dufl 3 HudrunanessavBoRae uazdwumMsaiatuy Wewdly uag
RAMTUTUI

i a’ <1 1 d" o q' 1%
AUN 4 L\ UUaIUTDINUNNLENINUNETIY



41

- £] | Eeg) Lo e T p———
| &
e
dui 3
UM 3.23 wlisaelsunsy Solidwork 2015 (4)
- NOUAEAS1ATU R TuREdRIdons st U TURD Y
) O
[}
p ¥
s “Trimaiic

guﬁ 3:24 wihwndlU{unsid Solidwork-2015 (5)

- WeldensyuruNmunrauiuduau Avzaiuisnadestuauldaud oenis lae
wenldgunsallaainuaunsesile



42

SOUDWIPKY Prarmn 1) o blber 3 = = 3 Wine  Siliven See b Oveed ldaegleeis B M -

3Ui8.25Tenalusunsy SolidWork 2615 (6)

3.3.2 AslalusunTy-SolidWorks Tun1siiasnsiasesoudaine$as

uenindzgnldlunisednuliivsiuaudfvonainyeusanosaauda Tusunsy
SolidWorks' gilaaaiAgnet v sfidfaiie nas s Eaimei e Likdnas dudy
naman$ e filaundng wasn1sivavosvediveg ddlulpscmmavianiavinsinsy
wanseud Tudes

1) n1slvawesvssluavitounieliniosaus Lﬁ@@ﬂisﬁw%mwmamm%’auﬂuaq
LSBIUA

2) nawnand ilosiBavenesoseud (Torque)
TneiidunounisiLAseied o indanesan fa

- e Flow Simulation Weinsnsinas Lwaveseesinarhammaluinieseud

= =)

ma@ﬂisaw%mwwmm%@mmm%’mauﬁ
lunsinnyivedvavirniliiedsseusane sawiuasiminmeiioug
vowatlvatmelunszuangy savdnvasfianinisiug sauigamgives
\udulznesusupiasstidaeia lasiieminmlusunsised
1. pAnlUT “Flow SimUtation”. 1ntundn “New” iioasnsliidnisinsesivas

a

90N

fn
v
Tavigh

Tvatuun



mutabe S0ASM -

51326 smmalusunsu SelidWork 20159

WDV AaF

2, Aanvi - Input Data” W iden “General Setting”

B T

oo RIS N <z = ]

S N ER RGOS

T e L B IR R
Ll NS

3
SR O

IONOEM DN 3¢~ R W

Y St } L0 O

& Proweer
o Deinut
Prapectil)

5Ul 3.27 wiwhalusunsu SolidWork 2015 (8)



44

. A
3. fiaA1 Analysis type Ly Extemal wazadniden “Heat conduction in solids”
“Time-dependence” Wag “Gravity”

A

U 3.29 whenelusunsu SolidWork 2015 (10)

&z A Y o [ £ = =2 & ! ¥ o v 3 v
nansiiiluenansianubidmsunisidanunenisfinwvingu ldeygralnilulddssleviaunism

lddnsdileg viedu Bnveinudlvidaulasilonmuaziesdnsddiudiveenarsynasaninisluly



45

LoV ol

1
[ - - -

U 3.31 ulhwnsTusunsy SolidWork 2015 (12)

&z A Y o [ £ = =2 & ! ¥ o v 3 v
nansiiiluenansianubidmsunisidanunenisfinwvingu ldeygralnilulddssleviaunism

lddnsdileg viedu Bnveinudlvidaulasilonmuaziesdnsddiudiveenarsynasaninisluly



46

7. 91361 Initial and ambient condition laglua@iuves Thermodynamic parameter
I@ap1 Temperature 1391 “301.15K” uazlu Solid parameter fifiaA" Temperature 7
“301.15K” WAy mntunaanas

——— | O
% ”l
P 2
%:._ /._/...]: o T _i.
k1]

¥
]
-

-

W

g

SN — ra ——

ot
ST F i f=id 2 fi BB & =) - N
[T el

53,32 wisineTusunsy SolidWork 2015(13)

g ri €] < . P - c . P -
8. vavulnednuIl “Computational Domain” ianiaon “Edit Definition” e

AUUATEIA VT AL

AStrn s+~ f BTRE et e ke &3 a e

3Uf 3.33 wthwinelusunsu SolidWork 2015 (14)



47

o U AQ o = af
9. imunarlamulasaingnasiiia X Y uaz Z masfvualilaumuiienunediv
Funuldastungituluwszazyilinanlunisieseisiawan

d-%-9-5-0 <. PRECPOSRIOH oy 1 e R [F o vomwons ree 37 195 L)
) r ,‘ o ” »

i

30U 3.34 wilshalusunsa Solidwiork 2015 (15)

10. AeNA “Flow-Simdlation Features” uaaldan “Velume Source™

o et ot LT Gt TADM ¢




48

11. Selection Tildentufudiu“Fire”andudon Parameter \{uTemperature
Tnsimualfialdsuidasmunatlnenaniilonou “fx”

o X -8 - - Sasem rang eagente &V e s malele 5085 " [3 g Lol P e ok S

gﬂﬁ 3.36 wiwinslusunsy SolidWerk 2015 (17)

12 1den Dependencyitype A “F(time -table” antildranngfiinasig

*Isomatric
[ m ST

SOUDWORKS Premium 2015 64 Editicn

5U# 3.37 wihsnalusunsu SolidWork 2015 (18)



49

13. 9InUuiN1ImMuue Solid Material Tagluadnendl “Solid Materials” w&&an
“Insert Materials”

EEE o s s A, i MW i [ e sommom e 1] 90 5

Nwws (B M oA @, ViR e iy §
™ (6 oo |2 0 W A iosatmisss W |0 S 0o
& oonenen (B IR . s Bl . s

E‘U‘ﬁ 3.38 MumelUsunsy SolidWork 2015 (19)

- < = I ] & oY
14, \dan Material VRIUVUFIURN T muwaamwulmmﬂﬂmnaa

w4 B/ e o g eagep 4 M 8 ot A S -k NN LYo

DEroE ng

b E L = el

P
‘ Crestetad . |

Recognarg fud "eled
aam “lyometric
5 Model e ST T e S e 2
" .




Goals”

50

15. MuuA Goal v89MsIAsIZIleeAdn® “Goal” 9 ntiuldsn “Insert Global

o e P Y T =
"

Ui 3.41 wishslusunsu Solidwork 2015 (22)



51

17. A8n% “Initial Mesh”

$Ui 3.42 visisTUsinEn Solidwork 2015(23)

18. NIAAT “Level of Initial Mash? 1 Tusesu 8 Inuunnnnas

5Uf 3.43 miAalusunsa SolidWork 2015 (24)

U



52

19. 9AUUNA “Run” TUSLATUIEYINNITIUATIEN Iﬂawﬁwﬁﬂmaé’qgﬂ

o AL () T B Pt LM - ol

Towguershrn it T PS4SR 4o Ui e | - et S |0 Vare AL et
e L]

Jenn ¢

3

SUT 3.44 vinrslusunsy SolidWork 2015 (25)

2
=l L4

ey , 1 d o s a o r &
= I’U‘NQTT"UU Simulation [WRAAIZIRIIUATDIATDIEUN Iﬂ&u‘uumaumu

A e ST T ] Y| . s PA | v
1. dieinag: Assembly” umibhden “Moticn study  Aotfuaraveamth
ql o - = A
IﬂiLLﬂiﬂJ LW@'V]']ﬂ']5’3LﬂiqgﬁLLﬁqUﬂﬂadLﬂiﬁﬁﬂué

%o BENER T e SN TRV S 3 | [ e g ol i’ /. s
N - .i,uu_\'_""'rc-. .
L i R A N R, e

el Sl & = N3

3UT 3.45 nthsnslusuns SolidWork 2015 (26)



53

2. \donllu “Motion analysis”

[ EOETR R S (SO TR i T o s Al s | ——rl T

00 2P GRNRT Y gyl
g SR Y \. “\"5 Lo .‘l ' RSy o ey, (T, e

& 4

7UR 3,46 ufiw sl TunT SolidWork 2015 (27)

v o | - v 1| g 0@ = »
3. fawiiiasoseusnyuls lpenislduares Tnaiden, “Motor

o s o kbl o, 4 F

gﬂﬁ' 3.47 wihealdsunsy SolidWork 2015 (28)



54

| s v - < a aw o s = . a
4, ‘Lauamaiwaa%amsawum Tmaﬂaﬂwaa%mmiawum NLOU Motion taan
\Ju “Constant speed” uagldmnuiisouidu 450RPM vizomudesnts udinagn

[ N R e — e

3

LE
i
»
-
B
»
-
b d
*
-
>

gﬂﬁ 3.49 wianalusinsy SolidWork 2015 (30)



55

|
=l ey

6. aonunuusatumatuwnufs luidasuny “v”

ENE s 0 e S——— W=—=T3.ue

U 3.50 wiiwhaluTuns: SotidWork 2015 (31)

7. daninTTimsIgitiania ndidon  Resdlts and plots”

o

P @R e Cinun-
- -

5U 3.51 wihsalusunsu Solidwork 2015 (32)



56

© ) v £ .
8. MVUANaINSNREINTS kAR Tulau Results \@an “Forces” ,”Motion
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a (25mm)* (14)
4

2
=6,872.2339mm’ = 6.8722cm’

- AINUTIRINAvegnauAamanies ( Vgp) aanaunis
_ D5 ¥,

VSD - T (@)

B m(25mm)’ (18mn1)
4

=8,835.7293mm’ =8.8357enmt’

- AnaUEuesouesU3unsuen ( Ve ) 9anaunns

1
Vay =i Z(:frDj,.s[L‘,h, =Lyt L 4 2D = v % a))) | )

= :11:(11’(25;7”1‘1)2 [1 Immr—(14 +18 + 47)mm]) +

(7t Smm)’ [60mm = (14 +16+11.84)mm)
=18,917.1002 mnr’ =18.91 7 1cm’

- AMwnudENeIIRTeINsElanguftad (Ve ) 91nauais

nD;y
Vy =220 @
_ w(15mm)* (18mm)

4

=3.180.8623 mmi® =3.1809cm’

dAUinga1e anaunis (1) (2) (3) wag (@) ifuumaSesvey (Vp)

@
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- Awaliunsuene (Expansion volume) veadoseun (V) Idainaunns

Vi =—%(1—cos )+ Ve (5)
~ 8,835.7293 mm’

= (1-cos0')+6,872.2339 mm’

=6,872.2339mm’ =6.8722cm’
- AunuAUesiuse (Compression.volume) vaaadasaus (V) Idanaunis
VSD § V?P
v, = —2—-[]+cos€J—‘7[I—cos(f9— PV +V 5 (6)

_ 8,835.7293 mm’
2
+18,917.1002 mm’

3,180.8623 mm’
4

[1+cos(0°)]+ [1—ces(0°—90°)]

=28,548.045 b mm’ =28,548.045 lem’
= ma‘nmaaﬂ‘%mmﬁv’mm (Total volume) (e E (V'Y aasamuilaain
AUNTS

V= +7e @

=6.8722 c’ +28.5480 em*=35.4202cm’

o < ° a v P i & ' W1 e
Waunsi (5) (6) wagN (DAL IURAUNTDNILIA S AILA0-360 ar1 FelnA1AmIT1e
4.2 fiadl

| = < sal d o < '
A5 4.2 A5 1uansUINIRsvRLAIRtsud T s uudasunuLNamIEeweg

yudomieg Jsunsvene Ysunstiueon YIunssu
(degree) (Cm?) (cm?) (Cm?)
0 6.8722 28.5480 35.4203
10 6.9300 28.3428 35.2822
20 71387 28.0096 35.1483
30 7 4641 27.5586 35.0227
40 7.9058 27.0033 34.9091
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A7 4.2 9 euansSinesvenaiesuiidouulaumuyuderivsneg (o)

yudaimdea Usunsveny Ysuastuan YInnssu
(degree) (Cm?) (Cm?) (Cm?)
50 8.4503 26.3608 34.8111
60 9.0812 25.6504 34.7316
70 9.7791 24.8939 34,6730
80 10.5229 24.1142 34,6371
90 11.2901 23,3350 34,6251
100 12.0573 22.5799 34.6371
110 12.8011 21.8719 30.6730
120 13:4990 21.2326 34.7316
130 14,1298 20.6813 348111
140 106744 20.2347 34.9091
150 15:1161 19.9066 35.0227
160 15.4415 19.7068 35.1483
170 156408 196413 35,2822
180 15.7080 19.7123 35.4203
190 15.6408 199175 35.5584
200 15,4415 202507 35.6923
210 15.1161 20.7018 35.8179
220 14.6744 212571 350314
230 14,1298 21.8996 36.0294
240 13.4990 22.6099 36.1090
250 12.801 23.3664 36.1675
260 120573 24.1462 36.2034
270 1172901 24.9254 36.2155
280 10.5229 2576805 36.2034
290 9.7791 26.3884 36.1675
300 9.0812 27.0278 36.1090
310 8.4503 27.5791 36.0294
320 7.9058 28.0256 35.9314
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uudawiss Jasvene Yiumstudn YFunssu

(degree) (Cm?) (Cm?) (Cm?)
330 7.4641 28.3538 35.8179
340 7.1387 28.5536 35.6923
350 6.9394 28.6190 35.5584
360 6.8722 28.5480 35.4203
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YDIUATNUHDYN 35.4202 crri?

- AWFTVIEIIAR TN INATIRDALARINFIATS

€ & 1+ (V) (8)

o 8.8357cm’
6.8722¢em’

=2.2857

i 4 920 ) vo o
- @uwnsamAl A ezl & e ldiwinanuiuneglunsyuenguladail
wonT@veungll (1) lannaunis

e (9)
TH
_3068K _

= =(.5696
139K



- MERTEUVRIVTUINININ (xg) ThaInaunis

g Yo (10)
VSD VSD
_ 8.8357cm’ +3.1809cm’

=1.3600
8.8357cm’

- MonsIEINUIuInseeveslsuinsveney (V) lanauns

Vor
V.

SD

i (11)

B 6.8722¢cm’

= =0.7778
8.8357cm’

- EnTIEIIUILIRSeEaRsUIIRsTLER (g ) laarnaunss

9% 31
Voo

18917 1em’

= —=2.1410
8.8357cm’

- 91181 A lp9naunas

1/2

4 = (7 +2@<Dx, ®sa+ z -2y +1) (13)
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A= 1J(0.5696)" +[2x (0.5696=1)>1:3600]% cos(90°) + (1.3600)’ — (2% 0.5696) + 1

A=1.3091

- A1 B laanaunis

B= (y+2po+y, +2c+1) (14)
— (0.5696)+ (2% 0.5696 % 0.7778) +1.3600 + (2 x 2.1410) + 1

=8.0977
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- @WNSIAUINNAT A beanaunts ( WasuA A B)

A

A== (15)
B

= i) =0.1617
8.0977
- awnsafuamA § IWanaunts (wWasuen »)
S dund? (_Z_L] (16)
y+cose+1

d— (1.3600}sin(90%)
0.5969 + cos(90°) + 1

}: 40.4194

- MM UATO LR
d 2 d. 1 & ar { 3/
PyupIL wvINy 0° AwauhInvIanuiunslumsasudlaInanTg

]Dmetm N = A“;z

=l—/1-cos(9——5)

_1013kPa[1=(0.1617)°

o 1-0:1617 cos(0° 40.4194°)

(17

=114.0010 kPa

daumsi (17) aianausumituiamigutaoull dwe 0-360 o
LaLNgUAUUSLINSTINYDIAT0EUA (Total-volume (Cm>)) wanIndn1sen 4.3

A199% 4.3 anduniglusruviayySumsianunfisnuudeuwdo g

yudawie AUAY Yiunsvene J3unssu
(degree) (kPa) (Cm?) (Cm®)
0 114.0651 6.8722 35.4203
10 116.2169 6.9394 35.2822
20 117.8582 71387 35.1483
30 118.8907 74641 35.0227
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< @ ™ & =
#1990 4.3 ﬂ’)?ﬂJﬂUﬂ?ﬂlUizU‘ULLﬁ%UiNWWiWQVﬁJﬂWﬂ’]J{M’UBLW

7896179 (510)

10 119.2495 - 38,9091
50 1189114 — 308111
60 117.8983 — 30.7316
70 116.2739 S— 34,6730
80 114.1357 —_ 30,6371
90 111.6028 P 30,6251
100 108.8034 — 30,6371
110 105.8636 a1 1 30,6730
120 102.8989 gy 30.7316
130 100.0094 R 30,8111
149 972759 ="y 34,9091
150 90,7636 3171 35.0227
160 lo2.5200 N s 351483
170 905813 Arorss 35.2822
180 88,9703 | E-tin 35,4203
190 81,7037 > 35 5584
200 86,7916 dN|! 35,6923
210 86,2401 S 358179
220 86.0523 Lo 35,9314
230 86:2292 14,1868 36.0294
240 867699 13.4990 36.1090
250 87.6713 128011 36.1675
260 88.9274 12.0573 36.2034
270 90.5283 11.2901 36.2155
280 92.4579 10,5229 36.2034
290 94,6925 9.7791 36.1675
300 97.1974 9.0812 36.1090
310 99.9248 8.4503 36,0294
320 102.8110 7.9058 35.9314
330 105.7748 7.4641 35,8179
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A @ L= l‘: BI 1 14 lﬂl 1 1
A15797 4.3 AnuiunslusTuukas SR IiIIeRAyLTaLIBeseY (Ao)

340 108.7169 7.1387 35,6923
350 111.5223 6.9394 355584
360 114.0651 6.8722 35.4203
140
120
& 100
(=
Y
~ 80
&
a 60 —@— Pressure
ECS_:
[a

18
—
Ja=
o)
-
S
o
=]
% 60 —@— Pressure
et
g, 40
20
O s e —— e e - bt e i bt bt - s R R ——

34.4 346 34.8 35 352 354 35.6 358 36 36.2 36.4

Total volume (cm?)
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JUN 4.6 nsvimnuduRussErInauiunglueTeseud wasUSunsru

&z A Y o [ £ = =2 & ! ¥ o v 3 v
nansiiiluenansianubidmsunisidanunenisfinwvingu ldeygralnilulddssleviaunism

lddnsdileg viedu Bnveinudlvidaulasilonmuaziesdnsddiudiveenarsynasaninisluly



- URieIINnsYEIEveadiraineu (,) anunsamildainaunis

pmean V_S'.D‘?r'a Sn§
14+f1=42

_[(101.3x103Pa)(8.8357cm‘)xnx0.1617xsin(40.4194°)]

I+«/1—(0.1617)3
=14.8380x107 J

- unienMsdamvesvedivaineu () awrsemldanaunis

W, = $Pav, = (18)

VesmAy simo (19)

: p
w. = $pdy. = —Lnew
b = R, T+\1-4°

[ (013X 10°Pa)(8:8357¢emr’ Y X £%0:1617 x 0.59695 5in(40.4194°)
1+ JI=(0T617)
< /8.8568x1077

= ol s o
- uliviiasauining (7). e sanalaninaunis

W, =W+, (20)
= (14.8380x107 )4 (-8.8568%107)

=5.9812%10% J
o < '3 Y
- WIAEwIeeNTaNRINe U (P) lsiainaunis

a A o o sal ' a
WANTUIVITDUN TV THNIUUDIATDIEUAY. 450 5aURBDUN

Bs WEN (21)

(71646 %1072 /) (450RPM)
60s

=0.5373 W

o ll’:’ i ol d 3 1 1 ar
MumdnoonuedAIosuslavaiY 537.3 mmw

- UsganSnmnieauiouraumsaseus (1) @wnsamlaanauns

E
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~ 5.9812x107J
14.8380x107J

x100%

=40.3100%

- wssiinaINMsIRGouBIgngULarL Il ULLTRIM LI
=3 Py o ° = o 1 ve &
ANATITOUN 450 RPM WhanAnniunussinsevindagnaulesail

m,w.’r, cos 26 (23)

,
F,=m,w,r, cos6 +
p e 'p n

P

n=-+—

roo 0.90em ”

P

[ _ 4.50cm ¢

(0.0076kg)(?.:r%5§—)3 (0.009m)cos(10)
5

F, =(0.0076kg) (27 %)-‘ (0.009m )cos(10) +

F, =0.1785N

A o as o ab Y| -
e /) Ao Srurnninuetanguiiag , r, Ao Srflveinies

o = n‘ - : £ ar n‘l’
- AUIMVALS IR U IAe Il

=L (sin8+——-—s—1m—2-9ﬂ—J (26)
2\n” —=sin" @

' sin2(10)
= (0.009m(0,1785N j0)E
ri=(0:009m)( ){Sm( ) 2\/(5)2—sin:(10)J

7=0.3338N —mm

Uaunei, (23) ey, (24) TANIanREdonEwnasg, A 0-360 8971 IEl9RRs
A5 4.4

= a a < = o v < ] < o
M990 4.4 LIIMINAITINATTLATDUVDIGNFULATLINUANULNVDLWIEIAN T NAIIULIITOU

450RPM

Crank angle Force Torque Crank angle Force Torque
(degree) (N) (N-mm) (degree) (N) (N-mm)

0 0.1862 0.0000 190 -0.1205 0.1506

10 0.1785 0.3338 200 -0.1187 0.2956

20 0.1663 0.6070 210 -0.1160 0.4327

30 0.1450 0.7656 220 -0.1107 0.5413

40 0.1253 0.8495 230 -0.1033 0.6188

50 0.0927 prkoiegl 240 -0,0910 0.6370
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= | & & a W w "] \ o
M990 4.4 LLidﬁLﬂﬂ"\l’lﬂﬂ’iiLﬂﬂE)U‘UENQﬂQ‘ULLﬁSLL‘NUﬂﬂUﬂJﬁM‘UBLﬂ’JBQMN‘] ‘lﬂﬂ’J’TNL%?'iE)U
450RPM (si0)

60 0.0609 0.5225 250 -0.0753 0.5919
70 0.0287 0.2597 260 -0.0540 0.4612
80 -0.0025 -0.0229 270 -0.0300 0.2700
90 -0.0300 -0.2700 280 -0.0025 0.0229
100 -0.0540 -0.4612 290 0.0287 -0.2597
110 -0.0753 -0.5919 300 0.0610 -0.5234
120 -0.0910 -0.6370 310 0.0927 -0.7221
130 -0.1033 =0:6188 320 0.1253 -0.8495
140 -0.1107 -0.5413 330 0.1450 -0.7656
150 -0.1160 -0:4327 340 Q.1663 -0.6070
160 -0.1197 -0.2981 350 0.1785 -0.3338
170 -0.1205 -0.1506 360 0.1862 0.0000
180 -0.1220 0.0000 S - -

d‘ o d 4 a ! 124 Aﬂl o v
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faguit 4.7 uagnsmiaaduus sErinsuois wvisfin avlans iR 4.8

0.05 , ,"
"‘ ¢ @— Force

Force (N)

e -
0 50 @0 150 200 250 gf 300 350 400
-0.05 - -

< 1
g o

Yevwuwee”?

Crank angel ()
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- Fimisiseu 450RPM

os 4 ] TH-ARE ) ~ L

05 : . ; : : : - . ;
0.00 0.50 .00 1.50 2,00 2.50 3.00 3.50 4.00 4.50 5.00
Time(sec)

JUM 4.9 Ny mananduiudsenITauseda uaeilal NAInMTiATIEInenamans

10
r=FxR ;R=9mm

1.7N -mm=F x9mm.
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fMM315959U 450RPM LA 1uAIWSS (F) Taviniu 0.189N wagn1sA1uIaunss (F) ¢
aun159 (23) Ja1 0.179N FauanslsmuindalndiAeeiu ATunISAIUINM BWarNISALATIEY
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External flow Laminar and/| Working fluid Air
turbutence 7
Initial solid temperature, 1 302:00 K Materials Aluminum,

brass, stainless

steal, glass and

wood
Ambient temperature 302.00 K Mean pressure 101.32 kPa
Mesh size 1 mm x 1mm Gravity force 101,32 kPa
Heat conductioniif.selid {-Fime dependent | Turbutent 0.10 %

intensity

P S P / v as a " a S 1 A
Wanuualeulynds Flow simulation #ani1519n4. 3xlenan1siimseinisaldd

Temperature (K]

542.189 K
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Min=302 K Max=542.189 K
Time =1200s
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ﬁﬂme Time | Tempe ture” G ;nzi%r re
BT estia ,.-..,,f%atig)
0 302 110 4927761 820 5238771
10 446.4574 420 493.6766 830 5243775
20 447.7669 430 494.6762 840 524:9768
30 4504537 440 4955166 850 525.4776
40 4516632 450 496.6759 860 5259772
50 4529647 460 497.6763 870 526.5774
60 454.2661 470 498.776 880 527.2766
70 4554675 480 499.876 890 27167719
80 456.7683 490 500.677 900 528.0777
90 457.9695 500 5013745 910 528.5771
100 459.1681 510 502.1775 920 529.2769
110 460.4686 520 503.076 930 529.9764
120 461.0227 530 503.8766 940 530.5772
130 461.5742 540 504.5772 950 531.1768
140 462.7717 550 5052775 960 531.7764
150 464.7704 560 505.9778 970 532.4766
160 465.275 570 506.5773 980 5331761
170 466.4733 580 807.2173 990 533.8766
180 4677737 590 507.9777 1000 534.5761
190 469.172 600 508.8761 1010 535.0764
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Time | Temperature | Time | Temperature | Time | Temperature
[s] (Solid) [K] [s] (Solid) [K] [s] (Solid) [K]
200 470.2746 610 509.6768 1020 | 5352778
210 471.5734 620 510.4772 1030 | 535574
220 472.176 630 511.1767 1040 5359715
230 472.7764 640 511.8771 1050 536.3713
240 474.0742 650 512.4778 1060 536.8767
250 4753747 660 513.1768 1070 | 537.2774
260 476.5755 670 Sl 72 1080 | 537.6772
270 4776765 680 514.4779 1090 538.1767
280 478.6757 690 5150773 1100 538.6771
290 479.876 700 5158772 110 329.0772
300 480,9753 710 516:6764 NZ20 | 58777
310 4819768 720 517.4768 1130 | 5394776
320 483.0758 730 518.276 1340 ¢ 539.5782
330 484:1752 740 518.8772 1150 5398776
340 485.3763 750 5194776 1160 5402771
350 486.476 | /760 5200771 1170 540.5773
360 | 1487.4759 770 520.5778 1180 " 540.9774
370 488.4756 780 521007 Y90 N=54¢37F 3
380 489.5767 790 52201763 1200 | 542.0759
390 490.5767 800 5227768 = F
400 491.6762 810 SR & - -

79

Nndeyanmineil 4.6 aunsoUMWENATNANNFNLSTzN 10 Nve19nd1aded 1 fu

@ <
a0 uARggUTN 4.14



Temperature {Solid) [K]
W
S
IS
©

200

400

'
= &l

600

800

Time [s]

1000

1200 1400

a | | a ) v a
JUN4.14 uansehaqmgdniiag 1614y laeRseiandaedi 1

<
- N2

e |Te nj > er@uéraﬁe
| 351 . [s i) IK] Solid)

Q 302 410 477.338 820 508:1966
10 4117614 420 478.3042 830 508.7045
20 4203122 430 479.2818 840 509.2644
30 423276 440 480.2142 850 509.7855
40 426.5443 450 481.2373 860 510.2867
50 4289933 460 482.2392 870 510.841
60 4312372 470 483.2796 880 511.4707
70 433.3017 480 484.3365 890 511.9523
80 435.3041 450 485:2234 900 511.4707
90 437.1856 500 485.9895 910 511.9523
100 438.9771 510 486.7794 920 513.445
110 440.7596 520 487.639 930 514.0888
120 442.0802 530 488.4607 940 514.6819
130 443,1958 540 489.2047 950 515,2553
140 444.612 550 489.9223 960 515.826
150 446.5701 560 490.6339 970 516.4531
160 447.8229 570 491.2839 980 Sl7 1012

170 449.1578 580 491.9666 990 517.7523

80



d 1 ad‘ 1 v L= d 1
A9 4.7 WARIANGUNYLTNRE9 VDI9ND1N89N 2 (fD)

Time | Temperature | Time | Temperature | Time | Temperature
[s] (Solid) [K] [s] {Solid) [K] [s] (Solid) [K]
180 450.6285 590 492.6636 1000 518.4043
190 452.1629 600 493.4734 1010 518.9433
200 453.5307 610 494.2666 1020 519.2708
210 454.9336 620 495.0431 1030 519.5852
220 455.954 630 495.7603 1040 519.9651
230 456.8146 640 496.4551 1050 520.363
240 458.0351 650 497.0883 1060 520.8183
250 4593791 660 497.7545 1070 521.2367
260 460.6714 670 4984366 1080 521.6366
210 461.8787 680 499.0618 1090 522.0898
280 462.9966 690 499.665 1100 5235621
290 464.1944 700 500.3773 1110 522.9783
300 465.3636 710 501.1285 1120 5232619
310 466.4522 720 501885 1130 5234993
320 467.5666 730 502.6424 1140 5236718
330 468.6911 740 203/2865 77| 1150+ 523:9329
340 169.8679 750 503.8884 1160 524.287
350 471.,0031 760 504,4828 1170 524.6078
360 472.0578 770 505.0177 1180 5249677
370 473.0843 780 505:5864" /11904~ 5253453
380 474:1591 790 506.3987 1200 £25.8953
390 475.1915 800 507.0675
400 476.2579 810 507.6654
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Temperature (Solid) [K]
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1200

Aa1eae Imawmmwammaaw 2

g 5 ] ol 0 £ o udr;ti
0 424.3570555 | 820 508.1966
10 311.7536015' 4. 420+ 425.3823857 | ‘830 508.7045
20 322.3167268 | 430 |-426.3809884. | 840 509:2644
30 3931593254 | 4401 427.35695251 | 850 | 455.9631194
40 395.2426881 450 |'428.3191285 | 860 | 456.4726921
50 3972255568, | 4604292721778 | 870" 456.9747933
60 3991111478 | 470 | 430.2127993|, 880  457.4722778
70 400.8626191 | “480. |,431.1475202 |-890 | 457.9744181
80 402.5199777-.490 1 432.0700023 | 900 | 458.4560332
90 404.1391556 | 500 | 432.9557012 | 910 | 458.9213095
100 405.7136843 | 510 | 433.8112624 | 920 | 459.3893073
110 407.2364406 | 520 | 434.6552217 | 930 | 459.8690149
120 408.6927269 | 530 | 435.4864427 | 940 460.350969
130 410.101054 540 | 436.2971883 | 950 | 460.8314301
140 411.4710339 | 550 | 437.0845277 | 960 | 461.3081618
150 331.2716931 560 | 437.8499783 | 970 | 461.7837734
160 338.2414165 570 | 438.5961747 | 980 | 462.2692827
170 3444037202 | 580 | 439.3206355 | 990 | 462.7611031
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Time | Temperature | Time | Temperature | Time | Temperature
[s] (Solid) [K] [s] (Solid) [K] [s] (Solid) [K]
180 349.9703382 | 590 | 440.0353131 | 1000 | 463.2513693
190 | 355.0442159 | 600 | 440.7412592 | 1010 | 463.7415651
200 | 359.6892337 | 610 | 441.452793 | 1020 | 464.2127816
210 | 363.9674978 | 620 | 442.1536399 | 1030 | 464.6496626
220 367.9148352 | 630 | 442.8489237 | 1040 | 465.0692819
230 371.5753718 | 640 | 4435277945 | 1050 | 465.4821361
240 3749655038 | 650~ 044:1931281 | 1060 | 465.8902918
250 | 378.0679226 | 660 | 444.8431909+ 1070 | 466.297185
260 | 3809420108 “|. 670 | 445.4842686 | 1080, [466.6940858
270 /1/383.6735411 |- 680 | 446.1180644 |- 1090 | 467:0867901
280 386.282932 |- 690 | 1446.7319638 | 1100 | 467.4844493
290 388.6875098 | 700/ |-447.3443055 [~1110 | 467.8776716
300 3909749247 | 710/ {1 447.9588969 .| 1120_| 468.2573976
310 | 4127982917 | 720 .| 448.5806569 | 1130 | 464.6496626
320 7|-414.0832657. 730 | 449.1980264-| 1140 1.465.0652819
330 4153331074 | 740 1744981570031 1150 14651821361
340 | "016.5569835 | (750 -{450.4147118.( 1160 1,464.6496626
350 417.7568315 | 760 | 450.9981241+ 1170 {1469.9030495
360 418.9240353 |=770 [451.5718465 | 1180 | 470.2161874
370 " | 420.0591834 |. 780 |(452.1276073 | 1190 | 4705322715
380 | 421.1679112 {790+, 452:6906731-1200 J0470.8555307
390 422:2474399 | 8004532679598
400 | 423.31262037) .810 | 453834135
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‘I‘l[r:]\e Pressure [Pa] ﬂ[:;e Pressure [Pa] ﬂ[r;r])e Pressure [Pa]
0 101323.535 410 | 120815.6434 | 820 | 127541.3014
10 108234.8245 | 420 | 121030.4203 | 830 | 127678.7169
20 109300.5542 | 430 | 121183.2883 | 840 | 127797.6331
30 110797.8954 | 440 | 121390.2865 | 850 | 127922.3891
40 111241.2187 | 450 | 121640.5466 | 860 | 128028.8827
50 11161882467 460 | 1218441195 1870 | 128162.1296
60 W1972.1262- [~470 \ | [122005:0682 | 880 |.128286.5731
70 112304.301 4801222042632 | 890 | 128396.9431
80 112626.0073. 1490 |1224253817 | 900 | 128513.3754
90 112934°51 500/ (1226055137 1~ 910 | 128626.5742
100 1132341811 | 510/ | 1227925444 | 1920 | 128746.0041
1580 1135411558, 520.4| 122936.6381 | 2930 | '128873.0603
120 113810.3961 | 530.1.123126.1497|-940 |- 1289708785
130 114066.2486 | 5401 123350,0752+-850 1 129074,1689
140 114310:9249, |550 | 123519.9835"| 060, (1291919749
150 114623.8855 | 560 | 123673.3902"|-970. 1 129329.1654
160 1148863712 =570 | 123833:0254 | 680 | 129416.6673
170 1315125.5067 /() 580 - 123996 5103+ 990 | 1295525396
180 115394.4062 590, [ 1241713905 | 1006 |'129660.1534
190 1156465929 | 600 | 124347.6074. 1010 129774.1613
200 1159402523 610 | 1245156113 1020 | 129885.5972
210 116167.7821. 620 1"120660.6403 | 1030 | 129956.9487
220 116447.9026 | 630 | 124841.1273 | 1040 | 130072.9904
230 116637.8472 | 640 | 124997.3513 | 1050 | 130166.3436
240 116921.0717 | 650 125134.438 | 1060 | 130267.1434
250 117137.158 660 | 125319.4994 | 1070 | 130265.5967
260 117411.9432 | 670 | 125466.3735 | 1080 | 130447.244
270 117647.3528 | 680 | 125605.8435 | 1090 | 130551.0031
280 117895.5848 | 690 | 125724.6699 | 1100 | 130650.1032
290 118124.3509 | 700 | 125882.7288 | 1110 | 130737.7026
300 118331.9798 | 710 | 126033.0901 | 1120 | 130821.5043
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Time Time | Pressure [Pa] | Time | Pressure [Pa]
[s] Pressure [Pa] | [s] [s]
310 118581.5766 | 720 | 126191.4455 | 1130 | 130908.0848
320 118793.8205 | 730 | 126330.197 | 1140 | 130986.556
330 119052.1751 | 740 | 126470.9627 | 1150 | 131078.4775
340 119260.8442 | 750 | 126617.5513 | 1160 | 131149.1332
350 119474.6392 | 760 | 126752.8471 | 1170 | 131223.2828
360 119732.7373 | 770 | 126879.2564 | 1180 | 131317.4647
370 119955.2764.1-780.,.127002:8278 | 1190 | 131400.0955
380 120150:726 790, | 1271625751 =120Q | 131493.7195
390 120355.343 800 1272908672
400 120558.7808 |- 810 | 127416.2616
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Time Pressure Time | Pressure | Time | Pressure

[s] [Pa] [s] [Pa] [s] [Pa]

0 101323.535 | g10 | 120815.6434 | gpo | 127541.3014
10 108234.8245 | gop | 121030.4203 | g30 | 127678.7169
20 | 109300.5542 | 430 | 121183.2883 | gag | 127797.6331
30 110797.8954 | gqp | 121390.2865 | g50 | 127922.3891
40 1112412187 a50 | 1216405466 ~gso | 128028.8827
50 111618.8246~ g0, | 121844.1195 | g7 [W128162.1296
60 111972:3262 | 7o | 1220056:06821-gg0 | 128286.5731
70 112304301 1,480 | 122204:.2632-89¢. | 128396.9431
80 112626.0073 7 490 /| 1224253817 opg™| 1285133754
90 112934,51 500 |122605:5137 | 910 |.128626.5742
100 113234.1811 510 | 1227925444 | gop. [\128746.0041
110 1135411558~ /520 11:122936.6381 | 930 | 128873:0603
120 113810.3961" | (530-1123126.14977| oqg 11 128970.8785
130 114066.2486 | '5q0 | 123350.07527|- 950_¢" 129072.1689
140 114310.9249 [-550 | 1235199835 | 940 129191.9749
150 1146238855} 5g0 - 12361339027 g70 | 12932941654
160 114886.3712, | ‘5700 | 123833,0254 | ogq'y| 129416.6673
170 115125.5067 5807 123996.51037), "99g| 429552.5396
180 115394.4062. | 590 | 124171.390571 4000 | 129660.1534
190 115646.5929 | 00 "124347.6074 | 1010 | 129774.1613
200 115942523 | g10 | 124515.6113 | 1020 | 129885.5972
210 116167.7821 | gop | 124660.6403 | 1030 | 129956.9487
220 116447.9026 | g3p | 124841.1273 | 1040 | 130072.9904
230 116637.8472 | gqp | 124997.3513 | 1050 | 130166.3436
240 116921.0717 | g50 | 125134.438 | 1060 | 130267.1434
250 117137.158 | g60 | 125319.4994 | 1070 | 130365.5967
260 117411.9432 | g70 | 125466.3735 | 1080 | 130447.244
270 117647.3528 | ggo | 125605.8435 | 1090 | 130551.0031
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Time Pressure Time Pressure | Time Pressure
(s] [Pal [s] [Pal [s] [Pal
280 | 1178955848 | gog | 125724.6699 | 1100 | 130650.1032
290 118124.3509 | 700 | 125882.7288 | 1110 | 130737.7026
300 | 118331.9798 | 7109 | 126033.0901 | 1120 | 130821.5043
310 118581.5766 | 720 | 126191.4455 | 1130 | 130908.0848
300 | 118793.8205 | 730 | 126330.197 | 1140 | 130986.556
330 | 1190521751 f=745 | 1266709627 | 1150 | 1310784775
3q0 | 1192608842 | 750, | 126617.5513 %150, | 131149.1332
350 4/ 109474.6392- 750, || 1267528471 1170 \131223.2828
360 /| 1197327373 | 970 |(126879.2564-{1180-| 131317.4647
370 |“119955.2764 | 780 | 127002.8278-| 1190 |131400.0955
380~ 1 120150.726 {790/ | 1271625754 | 4o00 [1131493.7195
360 120355343 || gp0.+| 127290.8672 '
400 71205587808, g1 127416.2616
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Time Pressure Time Pressure Time Pressure
[s] [Pal [s] [Pa] [s] [Pa]

0 101323.535 | 410 | 120815.6434 | 820 | 127541.3014
10 108234.8245 | 420 | 121030.4203 | 830 | 127678.7169
20 109300.5542 | 430 | 121183.2883 | 840 | 127797.6331
30 110797.8954 | 440 | 121390.2865 | 850 | 127922.3891
40 111241.2187+4-a50 | 121640:5466 | 860 | 128028.8827
50 111618:8246 | 460, | 121844.1195"1..87Q. | 128162.1296
60 111972.1262. [~47Q\\| 1220050682 | 880 . 128286.5731
70 112304.300 -+ @80 | 1222062632 | 890 | 128396.9431
80 112626.0073 1490 | 1224253817 | 900-|.128513.3754
90 112934.51 500/ | 1122605.5137-|. 910" | .128626:5742
100 113234.1811 [ 510 | 12279215444 | 920 | 128746.0041
110 113541.1658 4| 520 | 122936.6381 | 930 | 128873.0603
120 113810.3961_ || /530: -123126/149T |, 9407 { 1289708785
130 114066.2486. | 540 | 123350.0752  '950. | 129074.1689
140 114310.9249\ 55011 123519.9835 960 4,129191.9740
150 114623.8855 | 560 (.123673:3902/ [.970- 1 129329.1654
160 114886.3712.| 570 |123833.0254 |- 980 | 129416.6673
170 1151255067 \{-580.| 123996:5103<] /950 |~129552.5396
180 116394.4062 17590 1 124171:3905 | 1000 | 129660.1534
190 115646.5929-,| . 600 | 124347.6074 | 1010 [7129774.1613
200 115942.523 610 | 124515.6113 |1020 | 129885.5972
210 116167.7821 | 620"124660.6403 | 1030 | 129956.9487
220 1164479026 | 630 | 124841.1273 | 1040 | 130072.9904
230 116637.8472 | 640 | 124997.3513 | 1050 | 130166.3436
240 116921.0717 | 650 125134.438 | 1060 | 130267.1434
250 117137.158 660 | 125319.4994 | 1070 | 130365.5967
260 117411.9432 | 670 | 125466.3735 | 1080 | 130447.244
270 117647.3528 | 680 | 125605.8435 | 1090 | 130551.0031
280 117895.5848 | 690 | 125724.6699 | 1100 | 130650.1032
290 118124.3509 | 700 | 125882.7288 | 1110 | 130737.7026
300 118331.9798 | 710 | 126033.0901 | 1120 | 130821.5043
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ABSTRACGT

This paper-presents-a rigorous investigation of many-objective (four-objective) thermeodynamic opti-
mization of a Stirling beat engine. Many-objective optimization problem is formed by considering
maximization of (hermal efficiency, power output,-ecological function and exergy efficiency. Multi-
objective -heat transfer search (MOHTS) algorithm is proposed and applied to obtain a set of Pareto-
optimal peints. Many objective optimization results form a solution in a four dimensional hyper
objective space and for visualization it is represented on-a two dimension objective space. Thus, results of
four-objective optimization are represented by six Pareto frontsin two dimension objective space. These
six Pareto fronts are compared with. their corresponding two-objective Pareto fronts. Quantitative
assessment of the obtained Pareto solutions is reported in terms of spread and the spacing measures.
Different decision making approaches such as LINMAP, TOPSIS and fuzzy are used to select a final optimal
solution from Pareto optimal set of many-objective optimization. Finally, to reveal the level of conflict
between these ohjectives, distribution of each decision variable in their allowable range is also shown in
lwe dimensional objective spaces.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

Thermodynamic optimization of any system is important to
improve its performance and reduce pollution caused by that sys-
tem [1]. In recent years, Stirling heat engines draw a lot of atten-
tions due to its high theoretical efficiency and energy conservation
[2]. A Stirling heat engine is an external cembustion,.closed cycle
engine, which uses external heat source for power generation |3].
Performance parameters of a Stirling heat engine like power
output, thermal efficiency, exergy efficiency, pressure drop etc. are
sensitive to various geometric and operating parameters such as
piston diameter, regenerator diameter, regenerator length, engine's
rotation speed, mean effective pressure etc. Further, the effect of
each operating parameter on various performance parameters may
not be similar [4]. Thus, optimization of a Stirling heat engine is
many-objective in nature and it is necessary to carry out simulta-
neous optimization of all objectives, so Pareto solutions provide
more insights into the competing objectives.

Earlier, researchers carried out an extensive work related to the
development of thermal model of Stirling heat engines. Babaelahi

* Corresponding author,
E-mail addresses: viveksaparia@gmail.com (V. Patel), vimal.savsani@gmail.com
(V. Savsani), anurag.mudgal@pdpu.ac.in (A. Mudgal),

http://dx.doi.org/10.1016/j.energy.2017.02.151
0360-5442/© 2017 Elsevier Ltd. All rights reserved,

and Sayyaadi |5] developed thermal model of Stirling engine for
thermal ‘simulation of its prototype. Hosseinzade et al. [6] also
proposed thermal-model of a Stirling engine and obtained its
simulation’ and optimization results. Araoz et al. [7] presented a
thermodynamic model for the performance analysis of a Stirling
engine.

Recently, researchers reported the work related to optimization
of Stirling heat engine using metaheuristic algorithms. Ahmadi
et al. |8 employed finite-speed thermodynamic analysis to obtain
an optimum power output and pressure loss of a Stirling heat en-
gine. Simultaneous optimization of thermal efficiency, power
output and entropy generation rate of a solar dish-Stirling engine
was performs by adapting finite-time thermodynamics and NSGA-
Il [9]. Thermo-economic optimization of a solar dish-Stirling based
on dimensionless thermo-economic objective function was
demonstrated by using NSGA-I1| 10]. Optimization of output power,
thermal efficiency and total pressure losses are reported using
NSGA-II and finite speed thermodynamic |[11]. Optimize value of
absorber and working fluid temperature was obtained for the
maximization of output power and thermal efficiency of solar po-
wer Stirling engine using NSGA-II [12]. Maximization of dimen-
sionless output power, thermal efficiency and entransy rate of the
solar-dish Stirling system was obtained using thermeodynamic
analysis and NSGA-II algorithm [13].

Li et al. | 14] analyzed and optimized mechanical power, thermal



630 V. Patel et al. / Energy 125 (2017) 629—642

Nomenclature

heat transfer area of regenerator (m?)
parameter for calculating loss co-efficient of
regenerator (=)

distance between wires in the regenerator (m)
diameter (m)

regenerator wire diameter (m)

co-efficient of friction (=)

heat transfer co-efficient (W/m? K)
regenerator length (m)

parameter for calculating loss co-efficient (=)
mass (kg)

rotational speed (rpm)

number of regenerators per cylinder (=)
number of gauges of regenerator matrix (=)
output power (W)

pressure (MPa)

mean effective pressure (MPa)

pressure drop (kPa)

heat transfer rate (W)

stroke length (m)

entropy generation rate (kW/K)

mthm‘o%én'uhg_;zzggh:%qbv W
n = o~
=5

T temperature (K)
AT temperature difference (K)

Greek letters

7 efficiency
&y regenerator effectiveness
A volumetric ratio during regeneration process
w factor depend on volumetric ratio
p density (kg/m*)
T temperature ratio
¥ specific heat ratio
Y kinematic viscosity (m?/s)
Subscripts
heatsink
c cylinder, related to Carnot cycle
ex exergy
£ gas
H heat source
h hot side
cold side
r regenerator

efficiency and entropy generation rate of Stirling engine using finite
physical dimensions thermodynamics and genetic algorithm, Fer-
reira et al. [15] performed a thermo-economic optimization of
Stirling engine used for micro-cogeneration purpose. The authors
optimized geometric and operational parameters of engine for
thermo-economic consideration. Multi-abjective optimization of
Stirling engine based on non-ideal adiabatic analysis [16] and third
order thermodynamic analysis [17]| was teported using NSGA-IL
Patel and Savsani [18] investigated a variant of teaching-learning
based optimization algorithm for maximizing thermal efficiency,
power output and minimizing total pressure drop of the Stirling
engine simultaneously. Duan et al. | [9} performed multi-objective
optimization between power output and efficiency of Stirling en-
gine with cycle irreversibility consideration. Zare and Tavakolpour-
Saleh [20] adopted genetic algorithm and presented an optimized
design of frequency based free piston Stirling engine. Campos et al.

[21] performed optimization of Stirling engine under different
operating and design conditions and reported the behaviour of
cycle efficiency under these conditions.

Punnathanam and Kotecha [22| optimized thermal efficiency,
output power and entropy generation rate of Stirling engine by
adapting NSCA-II. Arora et al. [23 | investigated NSGA-II for thermo-
economic optimization of solar parabolic dish Stirling heat engine.
The author considered power output, efficiency and economic
function of the engine for optimization. Hooshang et al. [24] ob-
tained optimized value of output power and efficiency of Stirling
engines based on neural network concepts. Luo et al. [25] per-
formed a multi-objective optimization of a GPU-3 Stirling engine
and reported an output power of more than 3 kW with 5% rise in
thermal efficiency. Many other works related to multi-objective
optimizations are reported by the researchers. For example, Par-
eto optimal design of stand-alone wind/PV/FC generation micro

p
Ty
T: 3 [9r2 4
f ] canr
'ﬁ | <
2 Va,, 1
Te

Vv

Fig. 1. Thermodynamic cycle of Stirling engine on P-V and T-S coordinate,



Table 1
Modeling equations for Stirling heat engine [5—7,32—34]
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Heat transfer rate to working fluid

Heat exchanged between source & working fluid

Heat loss during the regenerative processes

Temperature difference

Carnot efficiency

Second law efficiency

Irreversibility associated with the pressure drop

Irreversibility related with regenerative processes

Assaciated dimensionless parameters

Inlet pressure

Temperature ratio

Regenerative losses co-efficient & allied parameters
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grid System was obtained using particle swarm optimization al-
gorithm [26]. Multi-objective solutions for optimal allocation of
multi-type flexible alternating transmission system were reported
in Ref. [27].

Thus, it can be observed from literature survey that, works
related to thermodynamic optimization of Stirling engine are re-
ported either for single objective or multi-objective (two or three
objective) consideration. However, many-objective thermody-
namic optimization of Stirling engine is yet to be reported in the
literature. In order to fulfill the gap, present work reports many-
objective (i.e. four-objective) thermodynamic optimization of Stir-
ling heat engine. Further, as an optimization tool, heat transfer
search (HTS) algorithm [28] is implemented in the present work.
Heat transfer search is a recently developed meta-heuristic algo-
rithm based on the natural law of thermodynamics and heat
transfer |28]. Researchers reported the application of heat transfer
search algorithm for truss topology optimization |29|, optimization
of semi-active vehicle suspension system [30], sizing optimization
of truss structure [31] etc. In this work, a multi-objective variant of
heat transfer search (MOHTS) algorithm is introduced to address
many-objective optimization problem of a Stirling heat engine.

Main objectives and contributionsof the present work are: (i) To
develop many-objective thermodynamic optimization problem of
Stirling heat engine to maximize thermal efficiency, power output,
exergy efficiency and ecological function. (ii) To propose multi-
objective variant of the heat transfer search (MOHTS) algorithm
and using it to solve many-objective optimizatioen problem of Stir-
ling heat engine (iii) To compare and analyze the results of many-
objective (i.e. four-objective) optimization with multi-objective
(i.e. two-objective) optimization. {iv) To demonstrate the underly-
ing relationship of the decision variables during many-objective
(i.e. four-objective) optimizatien (v) To select the final optimal so-
lution from the Pareto optimal set of the many-objective optimi-
zation with the help of LINMAP, TOPSIS and fuzzy decision making
approaches and (vi) To perform the quantitative assessment of
obtained Pareto solutions.

The remainder of this paper is organized as follows. Section 2
presents the thermal-modeling and the objective! functions
formulation of Stirling heat engine. Section 3 describes the heat
transfer search algorithm. Section 4 explains propoesed multi-
objective heat transfer search algorithm. Section 5 presents the
application example of Stirling heat engine, Section 6 describes the
results-discussion. Finally, conclusions are presented in Section 7.

2. System description and modeling formulation

This section deals with the description of Stirling heat engine,
thermal hydraulic medeling, objective function formulation and
design variables involved in Stirling heat engine design
optimization.

2.1. System description

Thermodynamic cycle of a Stirling heat engine is shown in Fig. 1.
The cycle consists of two isothermal and two isobaric processes
with ideal gas as working fluid. The working fluid compressed
isothermally at temperature T; during compression process 1—2.
The isothermal compression is achieved by rejecting compression
heat to the heat sink maintained at temperature Tc. Then, the
working fluid passes through the regenerator and warms up to
temperature T, by extracting heat from regenerator through con-
stant volume process 2—3. After that, warm working fluid un-
dergoes the isothermal expansion at temperature Tj through
process 3—4. During this process, working fluid rejects heat to the
heat source at temperature Ty and thereby maintains isothermal

condition. Finally, working fluid undergoes an isobaric cooling
through the regenerator during process 4—1. During this process,
working fluid cooled to a temperature T; while rejecting heat to
regenerator and completes the cycle.

2.2. Thermal and hydraulic formulation

In the present work, thermal-hydraulic modeling of Stirling heat
engine is prepared with consideration of cycle irreversibility [32].
Table 1 shows thermal and hydraulic model formulation of Stirling
heat engine.

2.3. Objective functions

In the present work, many-objective optimization is carried out
between conflicting thermodynamic objectives. Maximization of
thermal efficiency, power output, ecological function and exergy
efficiency of Stirling heat engine are considered as objectives. The
power output of Stirling heat engine is expressed as [33],

Poue =0Qu

where, Qy is the heat transfer rate to working fluid and given in
Table - and n.is the efficiency of engine and given by Ref. [34],

(19)

(18)

= NNy

where, 7, is the Carnot efficiency, o is the second law efficiency
which takes into account cycle irreversibility and obtained using a
thermal hydraulic model given in Table 1. Likewise, the ecological
function of Stirling heat engine is expressed as [35],

054 o Pout =7 bsgvn (20)
where, Sgen is the entropy generation rate of Stirling heat engine.
Finally, exergy efficiency of Stirling heat engine is obtained by,

MG Ao (1 - o)

= o)

where, Tpis the environment temperature.

In'this-work MOHTS algorithm is used for many-objective
optimization of .a Stirling heat engine, many-objective problem
can generally be described as follows,

(21)

Maximise/Minimise [(X) = f1(X).(X).£(X). [4(X)

(22)

X = [X].XZ.....X;(—J

where, fi(X), f2(X), f3(X), and fy(X) represents thermal efficiency,

power output, ecological function and exergy efficiency
respectively.

2.4. Design variables

In this work, eleven design variables, consisting of geometric as
well as operating parameters, which affect the performance of
Stirling heat engine, are considered for optimization problem. Pis-
ton diameter (D), stroke length (s), regenerator diameter (D),
regenerator length (L) and number of gauzes of the regenerator
matrix (11,) are included as geometric parameters. Rotation speed of
engine (N), mean effective pressure (p;,), heat source temperature
(Tw), heat sink temperature (T¢), heat source - working fluid tem-
perature difference (ATy) and heat sink - working fluid temperature
difference (AT¢) are included as operating parameters. Lower and
upper limits of these design variables are given below.
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50 < D < 140 (23)
60 <5 < 100 (24)
20 < D; < 60 (25)
6<L<73 (26)
250 < ny < 400 (27)
1200 < N < 3000 (28)
0.69 < pm < 6.89 (29)
800 < Ty < 1300 (30)
288 < Tr < 360 (31)
64.2 < ATy < 237.6 (32)
5<Al- <25 (33)

Next section describes the heat-transfer search -algorithm
considered in the present work.

3. Heat transfer search algorithm (HTS)

Heat transfer search (HTS) [28]is a recently developed optimi-
zation algorithm inspired from the law of thermodynamics and
heat transfer. The fundamental law of thermodynamics states that
any system always tries to achieve thermal equilibrium with its
surroundings. In order te achieve this, a system transfers heat to
surroundings as well as to different parts.of the system through
conduction, convection and radiation. Therefore, the HTS algorithm
compose with the ‘conduction phase’, ‘convection phase’, and ‘ra-
diation phase’ to reach an optimum solation.

HTS is a nature-inspired, population-based algorithm [28]. The
algorithm starts with a set of solutions to reach at the global op-
timum value. In HTS, a population is akin to molecules of the sys-
tem, temperature levels of the molecules represent the value of
design variables and energy level of the system represénts the
fitness value of objective function. The best solution is treated as
the surrounding and rest of the solutions are part of the System.
Each phase of the HTS algorithm execute with equal probability
during the course of optimization. Equal probability is controlled by
a parameter ‘R’ in each generation, which is a uniformly distributed
random number, varies between 0 and 1. Working of each phase of
HTS algorithm is explained below for minimization problem. Here,
size of the population, number of design variables and generation
number are denoted by ‘n’, ‘m' and ‘g’ respectively.

3.1. Conduction phase

This phase simulated the conduction heat transfer between
molecules of the substance. In conduction heat transfer, higher
energy level molecules transmit heat to adjacent lower energy level
molecules. In the course of optimization with HTS algorithm, higher
and lower energy level molecule analogues to a population having
higher and lesser objective function value. During conduction
phase, solutions are updated according to the following equations.

X[gw = xeid _ payold  1¢ £(36Y S F(Xy)
i ki k. J K/ If g < Zmax/CDF
{Xi:,‘iw = X\ = R I £ > () o
(34)
{X}.'f‘” =XEP = rXEl VIO >0 o oo
Xif = XE = rXET U FOG0)>1(06) "”"
(35)

where, j = 1,2, ... ,n, j# k, ke(1,2,...,n) and i e (1,2,...,m). Further, k
and i are randomly selected solution and design variables. R€|0,
0.3333] is the probability for selection of conduction phase; r; ¢ [0,
1] is a uniformly distributed random number and CDF is the con-
duction factor.

3.2. Convection.phase

This phase simulates convection heat transfer between system
and surroundings. In convective heat transfer, surrounding tem-
perature interact with mean temperature of the system. In the
course of optimization with HTS algorithm, best solution is
assumed as-a surrounding while rest of the solutions compose the
system, So, the design variable of the best solution interacts with
the corresponding mean design variable of the population. In this
phase, solutions are updated according to the following equations.

X' = X0l L RA(Xs — X, s*TCE) (36)
TCF = abs(R 1) 1F.8 = 8max/COF (37)
TCF = round(1 + ;) f & > gmax/ COF

where, j— 1.2,...n,i = 12..m. X; is the temperature of surrounding
and Xp; is mean temperature of the system. R<[0.3333, 0.6666] is
the probability for selection of convection phase; r;€[0, 1] is a
uniformly distributed random number and COF is the convection
factor.

3.3, Radiation phase

This phase simulate the radiation heat transfer within the sys-
tem as well as between system and surrounding. Radiation heat
transfer takes place between the system and surrounding as well as
within the different part of the system also. In the course of opti-
mization with HTS algorithm, this situation represents the update
of any solution with the help of best solution or any other randomly
selected solution. In this phase, the solutions are updated as given
below.

Xjnfw :xﬁ:_'d + R* (X!?.'fd " Xffd) IfF(X) >f(Xe) _—

XIEw < X0+ Re (X0 - X)) IF FX) > £ (X;)

= Zmax/RDF (38)
X=X (XG0 ) UFOO)I | e
Xpew = XeH g re (XM XEH) I F(X0) > (%)

(39)

where,j=12,...n,j# k ke(1.2,...,n)and i€(12,....m). Further, kis a
randomly selected solution. Re[0.6666, 1] is the probability for
selection of radiation phase; r;e|0, 1] is a uniformly distributed
random number and RDF is the radiation factor.
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4. Multi-objective heat transfer search (MOHTS) algorithm

Multi-objective heat transfer search (MOHTS) algorithm uses an
external archive to store non-dominated solutions for generation of
Pareto front. The MOHTS algorithm uses e-dominance based
updating method [36] to check the domination of solutions in
archive, Pareto front is generated based on the solutions kept in the
external archive.

MOHTS algorithm uses grid based approach with fixed size
archive for archiving process. The best solutions found during the
update are stored in the archive. e-dominance method has used to
update archive in every generation, e-dominance method assumes
a space having dimensions equal to the number of objectives of the
problem. After that, space is converted in to boxes by slicing each
dimension in a e to ¢ size. Solutions are hold in these boxes, Next,
the boxes (holding solutions) which are dominated by the other
boxes are removed first. In other word, the solutions in those boxes
are removed. Then, remaining boxes are examined to contain only
one solution. If remaining boxes contain more than one solution
then dominated ones are removed from each box. Thus, enly-non-
dominated solutions are retained in the archive, the Pseudo-code of
MOHTS is shown in Fig. 2.

5. Application example

Effectiveness of a proposed MOHTS algorithm  for many-
objective optimization is evaluated by analyzing application. of
Stirling heat engine which was taken from literature |10,18]: A
Stirling heat engine operated by communicating heat with heat
source and heat sink is need to be thermodynamically optimized
for maximum thermal efficiency, power output, ecological function
and exergy efficiency. The engine is equipped with eight re-
generators per cylinder. These regenerators are composed from
0.04 mm wire diameter with a distance of 0.0688 mm between
successive wires. Specific heat and density of regenerator material
are 502.48 J/kg K and 8030 kg/m® respectively. Specific heat of
working gas at constant volume and constant pressure are 3115.6 J/
kg K and 5193 J/kg K respectively.” Other properties related to
working gas are taken from the literature [ 10,18]. So, the objectives
are to find out the geometric and operating parameter of Stirling
heat engine for maximum thermal efficiency, power output,
ecological function and exergy efficiency.

6. Results and discussion

Initially, single objective optimization of each objective function
is carried out to identify the behaviour of objective function with
respect to each other. Control parameters of HTS and MOHTS al-
gorithm used in the present investigation are listed in Table 2.
Results of single objective optimization are demonstrated in
Table 3. From results, it can be observed that when thermal effi-
ciency is maximum (i.e. maximum thermal efficiency consider-
ation) at that time other three objective functions are not at their
optimum values. Similar situation can be observed when other
objectives (i.e. power output, ecological function, exergy efficiency)
are considered individually. Thus, the behaviour of all four objec-
tives is conflicting in nature with respect to each other. So, many-
objective (i.e. four-objective) optimization is carried out in the
present work to obtain the Pareto solutions with the help of MOHTS
algorithm.

The concept of Pareto dominance is of extreme importance in
multi/many objective optimization, where some or all of the ob-
jectives are mutually conflicting. In this work, all four objectives are
conflicting with each other hence no single point yields the best
value for all objectives. So, Pareto solutions (Pareto front) are

obtained in the present work for the simultaneous consideration of
all four objectives.

For the considered example of Stirling heat engine, 250 design
points are generated as Pareto optimal points during many-
objective optimization. For visualization of the results of many
objective optimization (i.e. simultaneous consideration of all four
objectives), the Pareto optimal points of many-objective optimi-
zation are represented in two dimension objective space of any
two-objective together with the Pareto optimal points of the cor-
responding objectives. In that way, results of the four-objective
optimization of the present application example are represented
by six Pareto front in the plan of different combination of two
objective functions.

Fig. 3 shows the distribution of Pareto optimal points of four-
objective optimization in a two dimension objective space of
thermal efficiency and power output together with the Pareto
optimal. points.of the corresponding objectives. Scattered distri-
bution of the Pareto eptimal points of four-objective optimization
are observed as compared to two-objective optimization. From
Fig, 3, it can be observed that for majority of design points, four-
objective optimization results in lower thermal efficiency at given
power output as compared to two-objective optimization. Thus, the
conflicting behaviour between thermal efficiency and power
output is elevated in four-objective consideration as compared to
two-objective consideration. Further, two different parts can be
easily observed in the Pareto-points of the four-objective optimi-
zation, In one part, thermal efficiency is observed to be increased
with increase in power output. In another part, thermal efficiency is
increased with simultaneous reduction in power output. Such facts
would be very important to the ‘designer to switch from one
optimal solution to another for achieving different trade-off re-
quirements of the objectives, Optimal design parameters for five
sample data points (A to E) corresponding to Fig. 3 are listed in
Table 4, Further, it can be observed from Fig. 3 that there are some
points ‘that may leoks dominate with respect to other in two
dimensional objectives space. For example, X1-X2 with respect to
power output and Y1-Y2 with respect to thermal efficiency. How-
ever, these individuals are non-dominated when considering all
four-objective simultaneously as observed from the results listed in
Table 4,

Distribution of Pareto optimal points in the plan of thermal ef-
ficiency and ecological function is shown in Fig. 4. Here also, scat-
tered distribution ‘of the Pareto optimal points of four objective
optimizations are observed as compared to two objective optimi-
zations. Optimal design parameters for five sample data points
corresponding to-Fig. 4 are listed in Table 5. Moreover, X1-X2 and
Y1-Y2 (as shown in Fig. 4) are the sample design points looks as
dominate solutions in two dimension objective space. However,
these individuals are non-dominated with respect to many-
objective consideration as observed from the results listed in
Table 5.

Fig. 5 shows the distribution of Pareto optimal points of four-
objective optimization in the plan of thermal efficiency and
exergy efficiency. In this case, some design points of the four-
objective optimization are overlap on the Pareto front of the two-
objective optimization while remaining design points spread out
in two dimension objective space. Moreover, wide variation in
thermal efficiency and exergy efficiency is observed in four-
objective optimization as compared to two-objective optimization
which indicates elevated conflicting nature of both the objectives
during many-objective consideration. Optimal design parameters
for five sample data points (A - E) corresponding to Fig. 5 are listed
in Table 6. Further, sample design points X1-X2 and Y1-Y2 are also
shown to reveal that solutions are non-dominated with respect to
many-objective consideration.
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Set Population size, function evaluation

Define objective functions, Minimize/Maximize AX) = f)(X), f~X), fH(A). fu(X), A=[xp x2,...]

Initialize population, external archives

‘While (Function evaluation < Maximum function evaluations)

Randomly generate the probability ‘R to execute conduction, convection or radiation phase

Update the solution by any one of the phase depending upon the probability ‘R’

Apply the greedy selection between updated solutions and previous solutions

Initialize grid on the archive
For each box in the grid

If any box dominate the other boxes

Remove the dominated box and their related solutions

End If

If the box contain more than one solutions

Remove the dominated solution(s) from the box

End If

If the box still contain more than one solution

Keep the solution with less’ distance from the Jower right corner of the box (for

minimization problem). or upper tight corner of the box (for-maximization

problem) and remove others
End If
End for
End While

Output external archive as Pareto optimal set

Fig. 2. Pseudo-code of MOHTS algorithm.

Table 2
Control parameters of HTS algorithm,

Selection probability of conduction phase: 0—0.3333
Selection probability of convection phase: 0,3333—0.6666
Selection probability of radiation phase: 0.6666—1
Conduction factor: 2

Convection factor: 10

Radiation factor: 2

Fig. 6 shows the distribution of Pareto optimal points of four
objective optimizations in the plan of power output and ecological
function, together with the Pareto optimal points of the corre-
sponding objectives. Here, the Pareto points of four-objective
optimization are distributed in two parts. In first part (nearer to
left side), the rise in power output is observed with the increase in
ecological function. In another part, reduction in power output is
observed with increase in ecological function. Optimal design pa-
rameters for five sample data points corresponding to Fig. 6 are
listed in Table 7. Moreover, to reveal that solutions are non-
dominated with respect to many-objective consideration, sample
design points X1-X2 and Y1-Y2 are shown in Fig. 6 and listed in
Table 7.

Fig. 7 shows the distribution of Pareto optimal points in the plan
of power output and exergy efficiency. In this case, the variation
range of power output and exergy efficiency is more in four-
objective ~ consideration as compared - to. two-objective

consideration which indicates that the conflicting nature of these
objectives is elevated in four-objective consideration. Specification
of five sample data points corresponding to Fig. 7 are listed in
Table 8. Furthermore, sample design points X1-X2 and Y1-Y2 are
also shown and listed to reveal that the solutions are non-
dominated with respect to many-objective consideration.

Fig. 8 shows the distribution of Pareto optimal points of four-
objective optimization in the plan of ecological function and
exergy efficiency, together with the Pareto optimal points of the
corresponding objectives. It can be observed that majority design
points of four-objective optimization are overlap on the Pareto
points of two-objective optimization while remaining design points
distributed nearer to Pareto front. Thus, the conflicting behaviour
between ecological function and exergy efficiency is not varied
significantly in four-objective consideration as compared to two-
objective consideration. Specification of five sample data points
corresponding to Fig. 8 are listed in ‘lable 9, Moreover, sample
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Table 3
Optimal result with single objective consideration.
Objectives
Thermal Efficiency Power (kW) Ecological function (kW) Exergy efficiency
N (rpm) 1200 3000 3000 1200
P (Mpa) 6.890 6.890 1.332 6.890
s (mm) 60 60 60 60
T (K) 1300 1300 1300 1300
Te (K) 288 288 288 360
ATy (K) 64.2 64.2 64.2 2376
ATc (K) 5 5 5 5
ny 301.9 400 396.9 250
D, {mm) 50 50 51.6 50
D, (mm) 60 60 20 60
L (mm) 73 73 6 73
Thermal Efficiency 0.2013 0.1718 0.0011 0.1857
Power (kW) 7.081 15.056 0.208 5.068
Ecological function (kw) 27.155 67.679 144,815 20.490
Exergy efficiency 0.8290 0.8286 0.7958 0.8446
0.20
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Fig. 3. Variationof thermal efficiency with power output in both 4-objective and 2-objective optimization.
Table 4
Optimal operating parameters for sample design point (A-E) in the plan of thermal efficiency-and power outpur,
A B C D E X1 X2 Y1 Y2
N (rpm) 1200 2400.2 3000 3000 3000 1828.5 1804.6 3000 3000
Py, (Mpa) 6.890 6,443 3.714 2.672 1.379 6.890 6.040 3.542 6.199
s (mm) 60 60.2 60 60 60 61.3 60.9 60 60
Ty (K) 1300 1300 1300 1300 1300 1300 1300 1300 1300
Tc (K) 288 288 288 288 288 288 288 288 288
ATy (K) 108.3 1364 163.1 81 64.7 139 152.7 66.5 86.7
AT (K) 5.1 5.1 5 5 5 5.1 51 5 5
ny 250 368.5 298.8 309.2 3983 349.2 338.2 393.1 398
D.(mm) 140 95.4 50.6 118.4 50.3 121.7 76.3 50 55.6
D, (mm) 60 59.7 253 248 226 421 48.3 31.9 28.2
L {mm) 73 61 47.9 6 8.5 73 69.1 285 14.5
Thermal Efficiency 0.1997 0.1763 0.1004 0.0345 0.0051 0.1830 0.1830 0.0939 0.0861
Power (kW) 6.718 11.535 10.481 6.124 0.943 9.237 8.919 11.590 11.590
Ecological function (kw) 25.978 50.541 80.571 136.794 142.101 38.962 37.647 95.165 103.830
Exergy efficiency 0.8315 0.8334 0.8185 0.7975 0.7963 0.8328 0.8343 0.8105 0.8069

consideration.
Many-objective optimization utilizes different decision making

design points X1-X2 and Y1-Y2 are also shown to reveal that the
solutions are non-dominated with respect to many-objective
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Fig. 4. Variation of thermal.efficiency. with-ecological function in both-4-objective and 2-objective optimization.

Table 5
Optimal operating parameters for sample design point-(A-E) in the plan.of thermal efficiency and - ecological function.
A B C D E X1 X2 Y1 Y2

N (rpm) 3000 3000 3000 2765.5 1416.3 3000 3000 3000 3000
Py, (Mpa) 1.652 131 6,822 5.788 6.890 5.033 2.941 3.660 2,672
5 (mm) 60 60 60.1 60.4 60 60.1 GO 60 60
Ty (K) 1300 1300 1300 1300 13200 1300 1300 1300 1300
Te (K) 288 288 288 291.8 330.8 288 288 288 288
ATy (K) 1733 64.2 185.1 200.7 237.6 2258 728 82.2 81
ATe (K) 3 5 & 5 5.1 5 5 5 5
ny 391.4 400 400 395 250 3359.8 3749 355.4 309.2
D, (mm) 57 50 50.7 50,4 50 624 815 105.4 1184
D, (mm) 20 31.1 60 47.9 60 52.2 29.5 20 24.8
L {mm) 11.1 27.2 8.9 718 73 6 248 6 6
Thermal Efficiency 0.0079 0.0856 01171 0.1625 0.1851 0.0709 0.0707 0.0424 0.0345
Power (kW) 1.282 11.057 11437 11.446 6,127 8.449 9.766 7.530 6.124
Ecological function (kW) 124.762 99.594 75.394 54.354 25.154 91.926 106,526 136.872 136.794
Exergy efficiency 0.8003 0.8085 0.8221 0.8380 0.8436 0.8121 0.8059 07975 0.7975

methods in order to select best solution from Pareto optimal points.
Different methods used for the process of deecision making are
available in the literature [37]. In this work, three decision making
methods including LINMAP, TOPSIS and Fuzzy have been used. The
detail description related to working of each method is also avail-
able in the literature [37]. The final solutions selected by the LIN-
MAP, TOPSIS and Fuzzy decision making methods are shown in
Figs. 3-8 and listed in Table 10. According to results, solution ob-
tained by LINMAP and TOPSIS are approach towards each other.

For quantitative assessment of Pareto solutions, spread and
spacing of Pareto optimal solutions are obtained. Spacing and
spread measures are used for identifying the accuracy of Pareto
solutions, The spacing metric [38] is a relative distance measure
between consecutive solutions in the obtained Pareto solutions and
calculated using the following equation.

- (@-a)°

where P is the set of obtained Pareto sclutions, d; is the distance
measured between successive solutions and d is the mean value of

(40)

distance measured. Thus, spacing metric measures the standard
deviations of different d; values. Therefore, an algorithm finding a
setof non-deminated solutions having smaller spacing (S) is better.

Similarly, the spread metric [38] measures the extent of spread
achieved among the obtained Pareto solutions. Deb |38] suggested
the below menticned equation to obtain the spread metric (A) of
the Pareto solutions.

i=

y_ Zmadn+ 27 [di-d
Sn=1 dg; + [Pld

(41)

where, m indicates the number of objectives. d; represents the
Euclidean distances between neighboring solutions having the
mean value d and d%; is the distance between extreme solutions.
An algorithm finding a smaller value of A is able to find a better
diverse set of non-dominated solutions.

Table 11 shows the Spacing and Spread measure of the Pareto
solutions for the considered case study. From results, it can be
observed that reasonably small value of Spacing and Spread mea-
sure are obtained for the Pareto solutions of the present case study.
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Fig. 5. Variation of thermal efficiency with exergy efficiency in both 4-objective and 2-objective optimization.

Table 6
Optimal operating parameters for sample design point (A-E) in the plan of thermal efficiency and exergy efficiency,
A B AL 4\ D E X1 x2 ¥l Y2
N (rpm) 14163 1548 3000 3000 3000 3000 3000 27769 2294.9
P (Mpa) 6.890 6.890 £.890 5033 1349 b A 3.584 6,890 4,069
s (mm) 60 60 60 60,1 60 G0 60,1 60.9 60
Ty (K) 1300 1300 1300 1300 1300 1300 1300 1300 1300
Te (K) 330.8 288 288 288 288 288 288 288 304.1
ATy (K) 2376 100.7 64,2 2258 69.4 140.8 136.7 227.6 2313
ATc (K) 51 5.1 5 E 5 3 5 5.2 5
ny 250 250 367 339.8 3978 3164 3738 252.8 2719
D, (mm) 50 140 135.5 624 62 51,8 60.6 76.4 62.8
Dy (mm) 60 60 0 52.2 20,7 32.7 36.7 60 46.8
L (mm) 73 73 57.6 6 24.8 318 56.1 73 73
Thermal Efficiency 0.1851 0.1941 0.1299 0.0709 0.0105 01360 0.1360 0.1652 0.1610
Power (kW) 6.127 8.486 13.931 8.449 1.809 12.607 12.157 11.251 9,008
Ecological function (kW) 25.154 33.753 82,714 91.926 132,872 71,537 69.023 52,611 42,961
Exergy efficiency 0.8436 08313 0.8171 0.8121 0.7983 0.8251 0.8273 0.8410 0.8411
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Fig. 6. Variation of power output with ecological function in both 4-objective and 2-objective optimization,
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Table 7
Optimal operating parameters for sample design point (A-E) in the plan of power output and ecological function.
A B & D E X1 X2 Y1 Y2
N {rpm) 3000 3000 3000 29274 211077 3000 3000 3000 3000
Py (Mpa) 1.483 4.624 5.173 6.626 6.890 2,619 2.160 1.641 1.688
s (mm) 60 60 60 60.3 734 60 60 60 60
Ty (K) 1300 1300 1300 1300 1300 1300 1300 1300 1300
Te (K) 288 288 288 288 3143 288 288 288 288
ATy (K) 64.2 64.2 88.5 97.2 237.6 216.3 164.2 64.3 97.8
ATe (K) 5 5 5 5.1 5 S 5 5 5
ny 385.4 393.1 3919 37548 400 303.9 3923 399.6 381.7
D, (mm) 524 56.4 79.2 1134 50 50 76.5 50 50
D, (mm) 20 20.2 20.1 58 60 20 204 26.2 20
L (mm) 6 84 61.2 69.8 73 5 10.8 8.8 6
Thermal Efficiency 0.0075 0.0529 0.1189 0.1700 0.1655 0.0236 0.0228 0.0168 0.0121
Power (kW) 1.405 9.149 12.850 14,098 8273 3.659 3.663 3.029 2175
Ecological function (kW) 144.433 133408 83.406 64.033 38.241 119.667 124,056 139.061 138,969
Exergy efficiency 0.7959 0.7982 0.8167 0.8306 0.8428 0.8017 0.8005 0.7969 0.7970

Thus, the proposed algorithm had reasonably good ability to obtain

Power output (kW)

o Two-objective optimization

G Four-objectiye, optimization

14
082

Exergy efficiency

———
0.84

Fig. 7. Variation of power output with exergy efficiency in’ bath 4-objective and 2-objective aptimization,

non-dominated as well as diverse solutions.

To identify the underlying relationship of decision variables

0.85

with many-objective optimization, values of the decision variables

corresponding to four-objective optimization are plotted for all 250

design points.in Fig. 9(a)—(k). It can be observed from these figures

Table 8
Optimal operating parameters for sample design point (A-E) in the plan of power output and exergy efficiency.
A B (% D E X1 X2 b4} Y2

N (rpm) 1200 2091 3000 3000 3000 3000 3000 3000 3000
P, (Mpa) 6.890 6.890 6.524 5322 1.652 3.542 6.199 3.660 2672
§ (mm) 60.0 60 60 60 60 60.0 60.0 60 60
Tu (K) 1300 1300 1300 1300 1300 1300 1300 1300 1300
Tc (K) 307 288 288 288 288 288 288 288 288
ATy (K) 219.2 113.8 64.2 64.2 1733 66.5 86.7 82.2 81
ATc (K) 5.1 5.1 5 5 5 5 5 5 5
n, 250 250 293 397.8 391.4 393.1 398 3554 309.2
D (mm) 55 140 50 56.4 57 50 55.6 105.4 1184
D, (mm) 60 60 51 203 20 31.9 28.2 20 24.8
L (mm) 73 73 34.6 13.7 11.1 285 14.5 6 6
Thermal Efficiency 0.1929 0.1844 0.1627 0.0651 0.0079 0.0939 0.0861 0.0424 0.0345
Power (kW) 5.652 10732 14.806 10382 1.282 11.590 11.588 7.530 6.124
Ecological function (kW) 22.483 44.942 70.245 122.848 124.762 95.165 103.830 136.872 136.794
Exergy efficiency 0.8412 0.8321 0.8262 0.8008 0.8003 08105 0.8069 0.7975 0.7975
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Fig. 8. Variation of ecological funetion with exergy efficiency in both 4-objective-and 2-objective optimization.
Table 9
Optimal operating parameters for sample design point (A-E) in the-plan of ecological function and exergy efficiency.
A B C D E X1 x2 Y1 Y2
N (rpm) 3000 3000 3000 29949 14224 1385.1 1415.9 1200 2146.6
P, (Mpa) 1.450 6.101 4418 6.526 6.742 6.89 6.89 6.89 6.89
s (mm) 60 60 60 61.5 60.1 60 604 60 60.2
Tu (K) 1300 1300 1300 1300 1300 1300 1300 1300 1300
Te (K) 288 288 288 288 2889 288 296.7 307 288
ATy (K) 69.1 68.8 94.9 190.6 192.8 113.1 130.9 219.2 2271
ATe (K) 5 5 5 5 H 5.1 o | 9
n, 3845 386.9 320.4 2793 271.5 250 385.8 250 275.7
D, (mm) 504 54.2 67.1 78 69.7 140 105.8 55 140
D, (mm) 21 20 37.9 58.8 59.7 60 60 G0 60
L (mm) 6.4 19.2 201 187 66.9 73 73 73 73
Thermal Efficiency 0.0063 0.0778 0,1023 0.1471 0.1915 0.1964 0.1941 0.1929 0.1773
Power (kW) 1.162 11.368 11:875 12127 6.975 7.586 7.469 5.652 9.352
Ecological function (kW) 143.250 112,553 89,545 63.670 28132 29.829 29,636 22,483 40,747
Exergy efficiency 0.7961 0.8038 0.8132 0.8325 0.8383 0.8322 0.8336 0.8412 0.8412

that scatter distribution of design variable namely Py, ATy, 1y, B, Dy
and L are observed in the entire search domain during many-
objective consideration. Conflicting effects of these -wvariables
generate trade-off in the Pareto points during many-objective

Table 10
Decision making of many objective optimization results.
LINMAP TOPSIS FUZZY

N (rpm) 3000 3000 3000
Py, (Mpa) 5.490 6.176 4519
5 (mm) 60 50.1 60.5
Ty (K) 1300 1300 1300
Te (K) 288 288 288
ATy (K) 64.2 64.2 64.2
ATc (K) 5 5 5
n, 331.4 308.5 391.7
D, (mm) 50 50 1143
Dy (mm) 394 43.2 455
L (mm) 38.7 338 53.1
Thermal Efficiency 0.15 0.1544 0.1579
Power (kW) 14.325 14.55 14.302
Ecological function (kW) 73.704 72.725 69.922
Exergy efficiency 0.8234 0.8242 0.8265

consideration. Scatter distribution of the regenerator rotational
speed is observed for certain data point only. Thus, regenerator
rotational speed exhibited moderate conflicting effect during
many-objective consideration. Other decision variables namely s,
Ty, Tc and AT¢ are nearly constant over the entire Pareto point
distribution. Thus, these design variables doesn't produced con-
flicting effect during many-objective consideration.

7. Conclusion

In the present work, mathematical formulation for many-

Table 11
Spacing and Spread measure of many-objective Pareto solutions.
Spacing Spread

Thermal efficiency - Power output 1.06 2.11
Thermal efficiency - Ecological function 0.96 2.87
Thermal efficiency - Exergy efficiency 1.12 246
Power output - Ecological function 1.19 2.53
Power output - Exergy efficiency 1.38 2.78
Ecological function - Exergy efficiency 043 1.11
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objective optimization of a Stirling heat engine is developed and
investigated to identify the best combination of design parameters
that affect different desired criteria. Maximization of thermal effi-
ciency, power output, ecological function and exergy efficiency of
Stirling heat engine are considered as four different objectives in
this work. Eleven design variables which include geometric as well
as operating parameters are considered for the optimization. To
solve this many-objective optimization problem a new method
called multi-objective heat transfer search (MOHTS) algorithm is
proposed and experimented. Results are obtained in the form of a
set of Pareto-optimal points in a four dimensional hyper objective
space that cannot be visualized and analyzed easily. So, the results
are represented in two dimensional objective space where it is
compared with the results (Pareto front) obtained by solving cor-
responding two objective (multi-objective) optimization problem.
This comparison is very crucial to the designer to switch their de-
cision from one optimal solution to another for achieving different
trade-off requirements of various objectives. In addition, distribu-
tion of each design variables in their allowable range is also-pre-
sented. Results reveal the level of conflict between these four
objectives. Design variables namely mean effective pressure, heat
source - working fluid temperature difference, number of gauzes of
the regenerator matrix, piston diameter, regenerator diameter and
length are found to be important operating/geometric parameters
which has caused a strong conflict between objective funetions. A
final optimal solution is selected from Pareto optimal points using
three decision making methods including LINMAP, TOPSIS and
Fuzzy. Results obtained by using LINMAP .and TOPSIS are nearly
identical and is considered as the optimal solution available from
the Pareto points. Analysis is also carried out to quantify the ob-
tained Pareto solutions by finding its spacing and spread measures,
which indicate that the proposed-algorithm had reasonably good
ability to obtain non-dominated as well as diverse solutions,
Finally, it can be observed that many-objective approach leads to
more realistic thermodynamic optimization of the Stirling heat
engine as compared to multi-objective approaches.
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