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Title DEVELOPMENT ON DISPLACER OF GAMMA TYPE
STIRLING ENGINE
Student Mr. KONGKIAT SINTARASIRIKULCHALI

Mr. KHANEUNGCHAT SAENYOT

Mr.THANACHART MOONGPIENPHAN
Degree Bachelor of Science
Program Physics
Academic year 2013
Advisor Asst.Prof. Sarrai  Lekchaum
ABSTRACT

The objectives of (special problem) were to study and develop cylindrical displacer of
gamma stirling engine. Materials that were used to improve cylindrical displacer are glass,
stainless steel, and brass. The improvement of method for testing were divided into 2 parts;
thermodynamics test to find for thermal efficiency by measuring temperature of cylindrical
displacer, which was heated by alcohol burner, measured the temperature using contact
thermometer and compression ratio testing to find the conversion of thermal energy to rotational
mechanical energy. The results, of average temperature of glass, stainless steel, and brass
cylindrical displacer were is 260.53 oC, 192.13 oC, and 175.04 oC respectively and the thermal
efficiency of materials were 42.9816 %, 34.6807 % and 30.5910 % respectively. In addition, The
compression ratio of glass, stainless steel, and brass material were 1.9090, 2.2000, and 3.3999
respectively. In conclusion, indicated that high temperature could lead to increase the value of
thermal efficiency and in the same way the more compression ratio causes the more mechanical

energy.

Keyword : gamma type stirling engine, conductivity of material, compression ratio



=\ =\
naanssudsezma

¥ '
Tnssnuieefiansowiegaaslddediiiosnn 185umssemdouay mivayu

mﬂwwmﬁmﬁmwmmm W@nre oy ﬂﬁﬁmuzﬁwﬂ"ﬁﬂumN’?mmiﬁﬁmaammzé’a

]

@

wuaizdonadunie mldnuzdiamianuianud lezuuimangihisegaald

F
Tumsilassnuiiryiiaae
a 3 1 Y o Y Y 1
vovounm u1wliw aSdes grreddiusunisTsaldflandadinin

W = A Aq Y kA <3 a Y o 3/ = o
mmuaﬂmnmmuaw“lﬁmmguamﬂuﬂumuauuaﬂﬂﬂ,wmm'sﬁimmsmiﬁnmwmm
& o da Yo Ao Al o da
nIpseuAmeasaaz 1Ml nuna lumsmageussuumT oseUA AT A

o § W ' a
VDV UM HUIYNDINF LLﬂﬁl'JﬂﬁH H'IEID]JW‘[]’L’IU Ll‘Wﬁ']ﬁ LLﬂﬁﬁ‘"}WUﬂﬂ’lu‘l’?u?UNﬁﬁ

4 o

Y a A v d w % ! o
Bﬂﬂim mﬁ"lwwwiwwﬁm FIDHDUATAU T3HIAUDULUAU NALALATDIUIIAITNATAIN

] q U4

A o [ a & 1 o i o da a 1
amuidmivmsnansudIuglnsaiveunsessudmaeiae aeumaiinaen lunisly

¢ A ' o w e 3 =
gUnsalinToenalseanldedagndes uazldmaslendlumsih lassaudfiruu Tnoaaen

VDUBURY @'ﬁ)']itlﬁ'li‘ﬂ‘u ”Q’@']hlw Lm“‘ﬂ']i]"l‘iﬂll'i a"l ﬂ“h’E]iJﬁSN AN ’J“IfIEJ']ﬁ’lﬂﬁ‘E”Vlﬂ

1 o/

=q 9 as S ja wa A A A g o a
mu ‘ﬂﬂlwﬂﬁﬁu‘um;luamuwﬂgummtmzmﬁmmwm Tumsiinssnuiiesuas

kY
o =

3y
A o a o o
Al Tnsanumentidnse

1:; EJJ -] o { . 1 ) a
WuRSaumdounslimdalanfnasau suiludiudidn
qa29 1 1dde8

¢ =

y a ara o 1 Yo o
vavaunal Neuq s Inilandiszgndnnauilifinfsnu semdeuaz Idmasls

Ll q

Tunsmlnssnumain lasnaon

4 ' 9
gaMefl 18N 1VYOUNTZAMD1915INNNIY NAnIdAnsANYINIATIAUINES

1

v d

LY = ! 9 o 9 =]
ﬂi]"g‘uu AagaIU NITUYBUWISHWU VAT HITA1 ﬁﬂ@ﬂ‘lﬁﬂjﬁﬂﬁq G!T’Tﬂu‘ﬂiwmmzﬂﬂﬂlﬂu

o Y

usawsniu Iaazdiamisisalolumsih lnssanimsdadudmdidgyfigalumsfom

a

Vv
Hazn1s¥i1 las ey

o

wApURYsA AUsIIATNAYY

UIOATINA  Lau

= ' v
WWTUIA  YUNYTWUT



GRERIAY

unAatenI¥ ng
UNAAYDNIHIBINGY
Ananssulszns
M3y

M3170y(0)
GARSIGIRERN

M51J5yM1319(s0)

o a =

Q) )
1.1 aAnudluazanudiayuosnuie
) I's a
1.2 W9z eeAveauie
1.3 YDUIWAVDINUIDY
‘3,’, = Qs asy o =y
1.4 YUABUUDINIT IDVLALIDAUTI NI
£l 1 o
1.5 Y5z Tominaiadiog lasu
~ al av dd w
uni 2 ngEQuaznuIdenneIves
[ é‘l o da
2.1 ANYULUDUATDIIUATADI DY

§ '3 da  a
2.2 Lﬂ%wumﬁmasawummnm

2.3 NANMTTINUYDUATDIUUAADS BIFTT AU

2.4 NILUIMINTNINUUDURNT 00 UANA DT AIFTALALIN
a ¢ A o da a

2.5 MIWATIZHIAG DIUUANNDS AITHALALN

o w a o ! d dea
2.6 MIWINU NIDY LLE‘]&‘IJizﬁ‘lfl"ﬁﬂ']W”UENlﬂ%ﬂQUuF]ﬁ!ﬁl’f)‘iﬂxi

2.7 naufneingmans

11

11

v

VI

VII

VIII

IX

10

19

21

22

24



CRENIGE)

UNN 3 THABUMSAUTIUNY
= o a é‘ [ d:l 4 da = ) =
3.1 ANy NIAATUAVLAT DI8UANIA BT AT ALNLNIINAULLU LA
A g @
wazramalumsud ludiodl i amalunswamn
c? 1 ¥ e
3.2 N500NIUUFUEIUVDUNTOIUAIADS FIUVVLANIN
a8 T150n51 Solid work

2 ' Y y o da a
33 mm%’wmzﬂnﬂa‘uﬂfummi’wﬂmﬂ%awmmmamwummum

33

33

39

49

@ o W a o 1 = A o w
3.4 fAnvmanmsanuduiug lumsmaasuuazinnzimamimes ididy 58

) a d 1 a o
35 wmaumimﬁammmmswwmmﬂ‘izﬁmﬁmw
&4 o da a A o
VOIUATDIIUATIADIAIYUALNNUINWHUN
= aw a
Unn 4 Nﬂ?%ﬂ!lﬁ%@ﬂﬂ‘i’lﬂwﬁ

= Jd 4 a o
4.1 ﬂ'l'iT]ﬂﬁ@“]_luﬁg';’iﬂ'i’lgﬁﬂ']%ﬂﬂiIﬂJulﬂ‘l«!'liJﬂﬁ
.:; a q 3/
unns agﬂwmammwamummz

a o a a o ! ¢
5.1 ﬂjiﬂﬂﬁﬂﬁ!iagqlﬂﬁ'13Wﬂi3ﬁmﬁﬂWWﬂ’]ﬁﬂqﬂquﬁlﬂalﬂdﬁﬂﬁUuﬂ
° [y 1 o o w 4 o oo
5.2 Nﬂﬂ’]iﬂ’]u?mﬂqﬂﬂf']ﬁ]uﬂqﬂﬂﬂﬂﬂiﬂﬂLﬂ%@ﬁﬂumﬁlﬁ@ﬁﬂﬂ
a d
5.3 11T UHANTNATDU
Y
54 U0iTUeLUY
Y a
RRARER]

NIANHIN

63

65

66

106

106

109

109

110

111



AIUYAII

o
A13149N

1.1 HUINNANIUNS
o A ) 1
2.1 TuuAnnuRssuosingginsesie
2.2 aauAvesingyiianie
1A LY o o g
4.1 a1 ldnnmsdauazmuiavesSunsmeluranua
d'l J da [ d'l P
VOITTVUIATOWUATIADS AARZIATOINTLUE £, =9 mmuay r, =12 mm
o - &2 w
4.2 wamsmuaunsidasunlaslSuasvesiiunmsveorenaznstusanielu
& o o’ A 2 fa a ] - '
FTUVATOIWUATIADIAAUATOWUAMADTAININA 1By B NyudomIoamien
Plavnmsmunlaseaums @.1) uaz (4.2) 1 AG=90°
o : & A o
4.3 wamsmiuawnsasuulasfSuesvesiunnmsveoazmstusaniolu
A ¢ o A # da ~ ) o '
TZUUINTOWUATIADTDUATOIUANABTAININ C NUTDINIB9A199

o

A'ldnmsmuinTasaums @.1) uag (4.2) i AQ=90°

= gl 9/ =

4.4 mgaumiiduTond 189115720 thermometer type K A @M1

T [ = A o da
ﬁ’lﬁ‘]ﬂﬁgl"ﬂ 4.9 VOAATOIYUATADIAIYA A

i = 9y d Any v g o '
4.5 m'egmﬂnunmuwum“lﬂmﬂmnﬂmﬂ thermometer type K #MNAUIYI WY

1 [ a A o oda
W'l\‘i“’]ﬂﬁqi“]_lﬂ 4.10 VDINIDIVUATADIAIYA A

1 = a v Y o !
4.6 myamgiidmdond 1891015320 thermometer type K A e LiMile

" [ ::; y o a
ﬁ]’]\fl"']ﬂﬂﬁllﬂ 4.1 lﬂl'ﬁlam%wuﬁﬁm@%mﬁyﬂ B

Y

1 a g g 9 v Y [ 1
4.7 mqmwﬂumuwuﬂﬂﬁnﬂﬂﬁfmmﬂ thermometer type K ATUALIHHA

W

D

' @ 4 da
A199A931U7 4.12 vounT0soudaneSaYA B

Vv v 9

4.8 Mgungiauioui 1a11nn133AA1Y thermometer type K AT0A1LM1

£

' Y = A ¢ o
ﬁ]']ﬁ"]ﬂﬁ?:lm 4,13 %ﬂﬁlﬂﬁ@@ﬂuﬂﬁmﬂiﬁﬁ“yﬂ C

1 a gl 4 AN ¥ v g 0 1
4.9 ﬂ'l@mﬁﬂullﬂ'mwu‘ﬂ]lﬂ%'lﬂﬂ']i'?lﬂﬂ’JfJ thermometer type K ATH#LY U

| @ ~ A o da
ﬂ’]\?"‘]ﬂﬁgﬂ“ﬂ 4.14 VDAATOIUUATIADIDIYA &

o 1 [ ty Y 4
4.10 wamsiuurAaNvaumeluszuudulsuasmelussuvveunToaeud

g a P 9 A A
TADIDINIW A Ll B mﬂﬁﬂuuﬂmﬂmummmmw y = 9 mm

Vi

14

32

70

74

76

84

84

85

85

86

86



a3 UYNI1(AD)
ﬂ1'§‘|\1ﬁ

o 1 Q [ y o
4.11 wamsmuasmmanuaumeluszyusulSmasmeluszuuvouns o sous
da ~ - 9 Py -
MARTAININ C NulFonlasmuyudomlosi r, =12 mm
4.12 uanuSeuivulSuinsnounissaduazlSasndnisoanaay

LY ! o W w 4 (4 oda a
@ﬂﬁ'lﬂﬂuﬂ"lﬁx‘lﬂﬂ'ﬂJ'ENLﬂ%@ﬂﬂuﬁﬁ'm@ﬁﬂﬁ‘h’u@uﬂuu'l

Vi

95

105



a15051)

e qy

=b.

31

! :; e A o ’a
2.1 uaasminlseneundiagmeluniessudmnoi o
P ' da =
2.2 INTDBUATADI AT HALoanh
A d ’a a 9
2.3 INTDIUANAD T DAY LALLM
& I3 da
2.4 IATWUATADI AUV ULANIN
y o ia a a e
2.5 1T 0IUUAMIAR T BaUULNUIB AR Mg T
4 d o =Y
2.6 NTDIWUATADI AULLLANNIYIA Ringbom
1 3’, § o da )
2.7 LaAdIUILNOUNINNATOUAT DIBUATIADT A9 WAL
a o 9 & o Y 2 A A Ay =} =
2.8 1MgNYNNITMAILLTIRD T InngalianTomdeuna oG i
Y d’l :!' 9 Y 1 4=;A=| o
2.9 IMQIAADUNAIWOATIUT @ NUNANININNITNTZNIVDINATINVDULTIF
= = ' A = o
2.10 L3 AFIAMUNTNARDMTIANOUNUDI NG
2.11 LAAIMTINAB UL
vy
2.12 uanafiAnisuemesainamInAus LM T HIY
v g A Y ) o
2.13 uapdinginianisznoudieuianou@ng
2.14 LAAINTINAIY
2.15 IUVDUNA (Shaft Work)
2.16 UWHUATN P-V, T-S v09qinsanosaalugauad (deal stirling cycle)
2.17 aAINTEUIUNIT Isothermal compressionprocess
2.18 LAAINTEUIUNT Isometric heatingprocess
2.19 UeAINIEVIUNIT Isothermal expansionprocess
2.20 UaAINTEUIUNIT Isometric coolingprocess
221 NIEUIUMTTNUVDUATDIWUANIABS BIBTI AN
& o da =
2.22 INTOWUATINDI AT HALNLIN
2.23 uaAsBNINAvLIRUNgIAemIANIANNSouN T IAAL

2.24 UARIMTUVIIIAUTIFUY

VI

10

10

11

11

12

13

15

16

18

18

19

19

19

20

21

27

28



o T
GRRAIGTPHIG))

=h.
=
=
-

31

@ =1
2.25 LlﬁﬁﬁfﬂiﬂJEJWEIﬂ'J‘UﬂﬂL‘PTﬁﬂﬂé{HLﬂ$TI'€NL°H$E|\‘1 29

| 1 1 4 Qs ar Y o g
2.26 uanes s a Indesdugoshaielestumsvnedauiionsso ilgamaligein 30

2.27 uapamsihaauiou 31
2.28 ms Inavesnnmdouningungiige (12) lsgamgiid (1) 32
3.1 dununiseseudmaesaiiaunun 33
3.2 nazuonguideadniindedy 35
3.3 vavaudadunmesnelunszuenguammwamyes 35
3.4 mandomivsiideudetugnguiids 35
3.5 domssiideduuguicimamyes 36
3.6 wndmsuiatomios 36
3.7 8003 36
3.8 doifusnszdumas 37
3.9 NTEUATUAAINAMYDS 37
3.10 Yyydmsviloatumsta 37
3.11 PIund nssusanes aeriiaunuin 38
3.12 NTTUONFTUMAY 39
3.13 NTEUDAgUMAL (1), (2) 40
3.14 nIzvONgUATINaTYS (1), (2) 41
3.15 Fmines (1), (2) 42
3.16 deifesnszdqumda (1), (2) 43
207 uﬂuum%m (1), (2) 44
3.18 Tomes (1), 2) 45
3.19 JuBadeResnizdu (1), (2) 46
3.20 PIudanszuengu (1), (2) 47
3.21 PIuseuAseEUmABI AT (1), (2) 48

4 Y o
3.22 1A5 0N AITUFUINUUTTTUAT 49



m3iy3il@e)

=n.

31

LY A 2w o
3.23 IINIDINAYUTUY

3.24 UNUIAY

Y] d Yy

3.25 Suguiie
Y
3.26 szvuvilou
ﬁ’. =®R w ¢ a
3.27 1nT9eNAsdURUIYiia NC 1Az CNC
"
3.28 1A79991]
3.29 1030960 lane
) d a a o
3.30 ledawnanaziosiiesmatinles
3.31MINAABUTBLSINTEUBAGUAMNANIYDT
3.32 MINAADUIDYTINTEUINTUMAAA
3.33 MINAADUIDUTINOAINIUDINA
A 1 1 g o Yy A
3.34 N15AIATTEEEHITEN T DM IOUAZ AT
o v 9 A o 9/
3.35 T2UYVRUIUIMIBINUADINET NI LAY
A o da
\Y V, UDAUATDIWUANADTAL LLULAUIN

3.36 waasmmualsnng v, v \%

SE* ~ 5C* 7 DE?

3.37 uaneduniasmes v, uaz v,
3.38 LAAYAIMLIYDY BDC Liag TDC
3.39 Azifvaeansaen

3.40 Lﬂ%ﬂﬂ Thermometer

= = 9

4 o ’a Jd o
4.1 MW A Ltﬁﬂ\uﬂ?ﬂﬁﬂuﬁﬁmﬂiﬁﬂ‘gﬂﬂﬂﬁﬁﬂ@ﬂgﬂﬂfTLWﬁﬂL"}fﬂﬁﬂ'lﬂ']ﬂLLﬂ'J

D

y ¢ Ja a d o
NN B LLﬁﬂQLﬂgﬂdﬂuﬂﬂmﬂ'iﬁﬁsquﬂ‘ﬂﬂﬁxﬂﬂﬂQUﬂﬁLWﬁﬂl“ﬁﬂiﬂ']i]"lﬂﬂ'!mumﬁ
A 4 da t:i = d o &
DN C LLﬁﬂQiﬂﬁaﬁﬂuﬂﬁm@ﬁﬂﬁ‘gﬂﬂﬂﬁzﬂaﬂqvﬂﬁLWﬂﬁL“}J’@SW’W’IﬂW@QLWﬁ@Q
o 1 A 3 da A o o o
4.2 l!ﬁﬂﬂﬂ?i!ﬁuﬁﬂ]@ﬁl@ﬂ’]ﬂﬁﬂ’]ﬂiumﬁBQUUW?TWI@iﬁﬁﬂ“ﬂ’]ﬂ"ﬁ?ﬂlmgﬂ?u?m

4.3 yaraeiiniaedszez Nhms TaiemuindSuasaielusieg

50

51

52

53

53

54

54

54

55

35

56

57

57

59

59

62

63

63

65

66

66



CRENGTENI(G))

=b.

i

= o Vv

4.4 uarmsdumisszozdomlosvownugnguismamweiuudenoinszquiag

o S o A o Y o ' v <
yuﬂm&’mmmuu@mﬂuyu € = 0° Lag NN UMUNUITLOLUDIN TS
Y

o w o a =1 =
YDILNUYNZUMAUTUYY  LAZNITBINYUMWTLUINN
t:; g t:!' = 7 ci =
4.5 nuaasmsnldsunlanfsnesiunmsvasuazmsivoaninaany

Y o ~ A o /e
VDIUIYI N =9 mm VDUATDIYUATIHNDIDINIW A

Y]

4.6 naluanansasuudasSnasiunmsvegiasmstusaninavny

9 a4 A A '3 /o
VOLIHIUIN = 9 mm VDIUATOIUATADIAINTN B

o

i A‘ i 1 &
4.7 naluamsmadsuulasSinasiunnmsversiagmsiugannaingy
g o o ¢ da
T8N IL9N = 9 mm VOUATOIUUANNDTAINTH C
o : . ,
4.7 nruaaslSas s dountas llaudemlssvouniosnd

anpsaadUILLYA A, B LAz C

o o

] 1 ‘a = = d
4.9 memgmmﬁﬂﬂ g ﬂ@m‘ﬁﬂu‘h‘uuﬂiSﬂﬂﬂQ’UﬂﬁLWﬂﬁL‘D’ﬂi

@

4.10 AR LN UINAA

EE

UUYNLVUNITTUBNFUMNAS

@ W

4.11 nansdumiafinaiiagungiluunszuenguammamyes

v oo

4.12 paasunianaaiingungiiuunszuenguing

1 v o

4.13 weraadumisfinaiaingaingiuunssuenguiamanives

4.14 uarasiuniafidairingumgiuunszuengumds

4.15 Thermometer Type-K ju TM-9475D

4.16 ﬂsMuﬁmmmﬁuﬁ’uﬁsw'imgu%m"jmﬁmﬁiUuuﬂmﬁ'uﬂ?mmim (V)
wazanua () muluszuninsewudanoiaenn A fiffounas il

v v 1 o o
4.17 p5laNuduussen 19T nag I (V) nua1uaY (P) ﬂTchl‘Hﬁg’U”U

4 a A 4 d o a ) )
m’?mauﬁmﬂa%’amﬁam‘%mﬂummma‘imﬂizmﬂqmmwaawasmmﬂummw A

Xl

70

78

78

79

79

80

80

81

81

82

82

83

97

97



mM3vy3ilee)

=pn.

31

Y v d 1 g d.r d' dr Qs
4.18 Ay MuaanNuFuRU Tz Mayutassnanualanininass
o 4 Pl sa
(VagaNuaL@)MeluszUUIRT pUATIRDS A9 1W B
Aulaguulaslidle r, =9 mm
@ o I s o .d:l '3
4.19 AT ANUFUWUTTLH 19151105590 (V) AUANLAY (P)AeIUTEUUAT DI8UA
o A A o o a d o
aneine o r, = 9 mminTeswuAmaeinINnTzUINgUATNAMYDI N
ALAUBENIN B
v w o | a A | o
420 namluaasnnudNRussznInyudamIvanndsunasnuifSuass o
a Al o I
(Vuazanuau (P) MeoluszuunIpwUAFNDSAININ C
ffasuudasy die r, =12 mm
o w o 1 ] [
4.21 NANUFURUTTLH9UST VTN (V) PUANNAY (P)
4 ¢ da 4 y s da
Ao lUTZUUIAT DIBUATIND SRS 1D r, =12 mm AT OIUUATADT DY
4 s o o
ﬁﬂisuaﬂgmmwammmmmﬂmaamﬁmmw o)
[ w o 1 Y] o
422 AT MANNFNNUTIZHI9UTUINTTIN (V) AUANNAY (P)
ameluszuvvounIosammeiasfSouiiouiuga A B uaz C
o 0 4 a = o
423 UHUNWLERIT LTINS ADUNVBIgRgUATINAMYDT

o o do

911 BDC 914 TDC AdurusiudamIes

Xl

98

98

99

99

100

101



1.1 anuilnuazanumAgvesnuiae

Y] ad i y =y =
Togtiudszma nelimasssumaduumasdomaslumsnaanszua 1n#ht 65-70

d g & @ Y a A A = Y o A [y ] Y]
RIGHE W’]iﬁlﬂﬂﬂ?ﬁ“ﬁﬂ\‘mﬂ%Lﬂﬂ‘ﬂ’ﬂJu?i'l@']‘LlWﬁ\‘NTL! HB9NMFHTITHNAIANY UNAIY

1418 mua 11 (Non renewable energy) 3903 HINAINUNALNUTIDNTZ WA NGB 11

1 v Y
puAa WaivsaaNumIns Tunamwgilszimaved Inedeasegluadoulngd

U

s 3

< ' o a o a v o D
du guigasuazimmasnuuainnadmasaaudegelssuin 4.7 Aladna. 5 lug

o=

1 v 2 @ a  d 1 =< w § -
ADATITIUUAT AU WA HDINLDIDINAY (Solar energy) mﬂmﬂuwmamﬁmm:ﬁu %Qﬂ’lﬁ

{ [} [ = @ o a  dg as td
mzhmasnuinldegdean/aougindinmnandsnueasariadiundsanvdh ginsel

g
=

i w Y a 9 1 3 =N o & a
ﬁmwu‘mu”lmm FAAUAIDINGAY  (Solar cell) T19WITIUAATINLLE %]mmﬁauuﬁazmu

a . i ' ) . 4 o : @ =
W311UAA (Parabolic reflector) AsaldsiununToteuamnoing detfagiuldinis

]
=

o '3 a d o s A A o 4
1-11!,"]]'51m!vﬁﬂ'ﬂ"mﬂﬁlll']ﬁl%ﬂ']uﬂu‘luﬁﬁ?ﬂﬂLLﬁﬁ?ﬂiTﬂ?ﬁuﬂuﬂﬁ\‘l ﬂi%ﬁﬂ“ﬁﬂ'lwmﬂﬂﬂﬂl"b'ﬂﬁ

q u

.
= g a [ @

4 ' a A = VoA y
LENDINAUINDUVIIANIAENTEUIUNITHAAN 311Wﬁﬂ‘i51’|‘Uﬁ@ﬁﬂLlﬂﬂﬁjﬂﬂlﬁ'ﬁ‘]ﬂﬁﬂﬂlcﬁaﬁ

=) "

a d @ 2 o o y = s 4 d da A a a =
LLﬁQ@—]W@]Uﬂ%’TQﬂqﬂqaﬂﬂqiﬁﬂﬁau']!,ﬁ'ﬂﬁqUﬂﬂﬂlﬂ%@\jﬂuﬁﬁlﬁﬂﬁaﬁﬂﬂﬁgﬁW§ﬂ1Wﬂﬂﬂ'ﬂ“la3

v @ = o 9 ) YR o A o P
mwmmﬁﬂ‘ﬂﬁxmﬂa‘wmamm‘mummaaﬂﬂﬁﬂmmwﬂaimiawumﬁmasauﬂu

¥
[

s & ) Ja a o i sa
Qﬂﬂiﬂ!qﬂu'lﬁuclﬂ Iﬂﬂlﬂiﬂﬁﬂuﬁﬁm@ﬁﬂ@gﬂﬂﬁ&fﬂ'ﬂﬁ‘ﬂuﬂiﬁuﬁﬂiﬂEII?L‘U?G] o sad

i = & w o | w { =
(Robert stirling) 1ui) a.at 1816 &ordsndnnsvesomasauiueedl Tuvashonimiy

=

@ & o a gy <
raaImwlunszuenguaiausanlua ld lasnisiilinssuenguiiguvgiseunazion

v w g o w ~ 1w w a . = =l =)
ﬁﬁﬂﬂuLﬂUQQﬂﬂﬁ 13enNN 'J{]‘{]ﬂ'iﬁm'ﬂgﬁﬁ (Stirling cycle) Iﬂﬂlﬂgﬂﬁﬂué’ﬁmﬂ;ﬁﬁﬂgll 3 YURA
3 = = =
laun yHauoa(Alpha type) FUALUAT (Beta type) ¥UALUNUNT (Gamma type)

[

= a Y Y A o o a a A w
1uﬂ"|'iﬁﬂ}ﬂ?5]ﬂu@ﬁ]\‘lﬂ'\ﬁ'ﬁi'l\‘lilllﬂalﬂiﬁ]QEJ'LWIﬂLﬂ@ﬁaﬁ%u@LLﬂMNWﬂWWUWﬂWﬂ
v a A g = P A 7 a % ¢ w
ﬂmm“umm‘Wmﬂmmﬂmﬂumiﬁﬂyﬂmﬂﬁ‘i"lw'aﬂmiaﬂﬁlum lmﬁzﬁimuummsﬂiuﬂga

Y a d 9 o w a o =Y Al o F
deineinsgdumas InnzinavestTmasmeion luud lv neaoswensmnavesTuaa

[l
=

A s sa & @ 9 o Y
IATDIUUATIHNDI N Lm&i!ﬂJﬁﬂu?ﬁﬁ“ﬂi”ﬂ“ﬂ1ﬂ§$ﬂ@ﬂgﬂ1ﬁﬂﬂ?1ﬂ£ﬁﬂ13ﬁﬂ

q



I [ 1 S oA T 4 o e . =
VINHANMIAINATIRANYIIVBAATINIANY UAS 08UATIADT O3 (Stirling engine) HiiA
d‘ a q Y o 9 w e = i
unuuiowann I ausoih st uanuazdeuuaauunisi luaa (Parabolic Reflector)
I~ = = 2 = o W =Y o =y 9| A1 1 9 Y
witludnvilamaudenmimasnuuasorinouinaanszud Il uiesoudTynidiu

wasau 1dlueunnn

o d a o
1:2 'Jﬂi;lﬂﬁzﬁ'\iﬂ“llﬁﬁﬂ‘u’ﬁlﬂ

4 = = @
1. fnwazainluannioloudamaoi asriiaunuingaian,

b

=) 1

w @ a s ) @ . 4 oo
2 ?fﬂ‘ﬂWaﬁ@]cﬂla@ﬂigwj’N‘ﬂﬂﬁ!ﬂﬁﬂ\?ﬂll@$auluUa‘lﬁ‘]ﬁ5Uﬁ%13!ﬂ%@ﬂﬂuﬁﬁ£ﬁﬂﬁaq

q U

A a d a o A d da
3. L‘wamﬁammmmﬂwﬂsxﬁmmwmmmiawummma‘im

1.3 YD UIVAUD I HIVE

o § =) ) Y] @ o oda
L. ﬁﬂ“ﬁl1ﬂ15m1ﬂ’]um@ﬂlﬂ%'ﬂﬁUuﬁﬁlﬂ@gﬁqﬁﬁuﬁltﬂmﬂulﬁgwﬁﬂﬂ'ﬁﬁiﬂﬁ?gﬂﬂﬁﬁmE]fl'ﬁﬂ
= o A o I )
2. ﬁﬂ'HTLLﬁZW@JU“ﬂ'ﬁﬂaﬂuﬂﬁlﬂ@ﬁﬂﬂﬂ']ﬂiﬂ\]mﬁﬁuuﬂﬂ
A o da o
3. E]@ﬂu‘ﬂﬂlﬂ'ﬁ@@Uu@]ﬁlﬂaﬁﬁﬂﬁljﬂwwu"l

= o A A 4 o o
4. ‘V]ﬂff@‘ULLﬁV]Lﬂi'Ixﬁﬁ'llfﬁxﬁ‘ﬂﬁﬂ'lwmdﬁﬂﬁflu@ﬁm@iﬁﬂ

=y

1.4 VUADUVBINSIVLLAZIBAUUUINU

¥ @ 1 F §
Tasensiszeznalunisdayii saunadu 12 @ou lagFuad@suiuiny

< A v d 2 E o = @ [l ,:3’
WAL 2556 DUADUNUMWUTD W.A. 2557 clﬁlimimmmmmmﬁwm“lﬂu



AT 1N 1.1 UEUMITANHUNIS

PHUMIAUHUIIY

LIAUDIIUIY

=2 kY
2. AN NTRYA

3 ANHUATEIALLL

o G4 @
4.3avgUnIniunz ag

5. 0PALULLAZ TS

6.naaoUUTZANTNIN

1.5 Uszlavunmanozlasy

Yaos Y A Y o A o da
1185uanuilusowesmsaianzWan nseoudmnoiag
o aa oo o' @ =

2. IhanuimedilandnGeunnszgnalaiunus

o

9 A A a =) J 1 A A Y A o
3.Llﬁﬂ%’mS'EJ&Mﬂ?ﬂiﬂﬂ’l‘iﬁi?ﬂﬁ@ﬂ’)ﬂﬂ?"ﬁni'lllmﬂiﬂ'lﬂc]TILﬂEJ'J‘"U?N VAT DIUUA
o=
EREGE

Y q =2 @ o A o o o =
4.!&1'115]?!\114ﬁﬂﬂﬁ‘t’l’lxﬂuﬂﬂﬂmiﬂﬂﬁil&ﬁ]ﬂﬁﬂﬂﬁ?ﬁﬁiLlﬁzm'ﬂﬁiﬂqﬂuﬂjﬂﬁ



a
Unn 2

s

= av Ad g
NHHHHASNHIVWENINYIVDI

o v w 4

A 14 /o o I3 7 o a a o
wIoswuamaeiauiuglnsainenamanimihaumuiginsmaeias gailsyasg

2y " " )
Junswsnlae 1mrade 19dfa anesas (Robert Stirling) ¥1Ianeauaud ol a.a.1816

< 4 o A Aa LY w w = o w
Iﬂﬂﬂ_]ulﬂdﬁ'aaﬂuiﬂﬁgﬂ‘u‘ljﬂmﬂJﬂWﬁﬁuﬂ}ﬂﬂ']EJ‘H@ﬂ DIAIUANNITUUDALDESVIIURIVDIDINA

A @ A = 1 (=Y o 3 o =] w
UIDNIHDUN “Euammu‘l"ﬂrguﬂmumﬂfnmﬁswmﬂsmﬁummmmﬂumm'ﬂaﬂﬂmua:

U

Alﬁ a = ] ?J !

= ! 4 [ %’ = 3 Y] g 4 o da
NUUﬂTlLﬂ‘%'DQﬂﬂiulﬂu'] PIUNVSINATTIUAVUHUDYAT mu“luﬁwuuuum%wm’dmaim

s []

Tagawauuior U 1dsunTesduila I vunadauazdroma Tulad ludegiuri 14

U

A 4 da o a a dtg ) 70 Y o J 9 =
Lﬂi@ﬂﬂuﬂﬁlﬂ@iﬂﬁu‘ﬂﬁgﬁﬁ“ﬂ‘ﬁﬂ’]Wﬂ‘UullﬁgQﬂu?qﬂﬂﬁxﬂﬂﬂi‘ﬁﬂUlLﬂﬁQﬂ’J’]'JJ?@uﬁﬂ']U‘D'uﬂ

9

i 1 %’ @ j’ = )
1oun anudounnmam mfninveudodieq Widuiemds Malimuniadiuianay

a  da o v o a
auFounnuasnasdatanuniianladmsudlumudonlunsnaanszua T

o

) A a ¢ o ¢ a o a o
Tﬂﬂﬁﬁﬂﬂﬁﬂlﬂﬂ?%@\‘lﬁ@ UANNITNINNARATTRS “r‘iﬁﬂﬂ'l'i“u’l'l\‘]maﬁillulﬂu'lﬂﬂﬁ NITAUATIEN

[

J Al I3 a o Y w1
druveunsossuauaz Jagmimnld dwely

ZDe

o Y d da
2.1 aﬂymmmxﬂ%wuﬁmﬂama

A ¢ da d A v A o a v @ o a ~
LﬂﬁﬂﬁﬁluﬂﬁlﬂﬂiﬂﬁlﬂukﬂﬁEl\‘ifl]ﬂ'iWTIN’]HW']iﬂ’lf]ﬂg‘l]f)ﬂ’){]%ﬂ‘iﬂl,ﬂﬂiﬁﬁ IWEJ‘JJ

579U (Working  fluid) Miluvedvanonda1d wiu o1nma 8idon lelasiou Tulasiou

v
=

=] ¥ 4 3 = aa o 1
‘PT'EEJIIEJ‘H'I ﬂﬂ‘iﬁﬂ’t’]llﬂ?ﬂﬂiSﬁll'Juﬂ'l'i‘].]ill”lﬂﬁ'ﬂﬂVlnlu‘Um%VlNﬂ'lﬁllﬁﬁﬂlﬂﬂﬁ'lﬁtﬂ']ﬁ'luﬁxﬂ']’l@
1 1 =1 = i o 3/ @
ﬁ’;u%’auuazmuwmmsﬂssmumﬁ'qmﬁqwﬂﬁ?wmzﬁmﬁimmzmﬂmmsau NITVUIUDA
A

Y a ! o a 5 1 o [+ . (Y
Ltf’lgq.lﬂ’ltlﬂ'JﬂxLﬂﬂﬁﬂixUﬂﬂﬂiJQﬂgUﬂ’lﬁQ (Power piston) ﬁ?ﬂgﬂg’ﬂﬂutlﬂﬁ (Dlsplacer) WA

v 4 ! o 1 1 ' d o ' < { {
unaldindoun lundussninadudousin Snumediswes uazaudunlsuinsaan



1 & d da
2.1.1 ﬁ?uﬂ‘izﬂﬂ‘ll‘uﬂdlﬂiﬂﬂﬂuﬂmﬂﬂiﬁﬁ

= ! Ao o A o da
qﬁl‘ﬂ‘ﬂ 21 Llﬁﬂﬂﬁﬂuﬂigﬁﬂ@ﬂ“ﬂﬁW mnwiumsawummaﬁm

Usznouddiudinn 4 daunan q fe

' 3 3 o - ' 9/ . { "
1) gngula (displacer piston) ¥y lums laemadouldindounszninediuion
EY =1
uazAIgY
o w . =1 a Y a o o o .& o & = =
2) gnguas (power piston) ugnguine lfifamaininiewud Faaziivinaan
an gngula
a J 3 ! & & Pl =3 %
3) 319151993 (regenerator) 1udmlsznoUvD U 0 IF 1F IUMTIAUNA 1AL
Y ° . . ' v = ' o =
founnves Inarinu(working fluid)lusznienszuauuazmemaugued lvamauludn
& s 1y 1 9 a - 24 ¢ A ,3
ATEVIMMINIL N30T regenerator BgAIBz A IS ANTNINUDAATBIBUATNTY

3 = A ! o o q ¥ a ] N
4) INAVDIW VY (crank) AD ﬁ?uﬁ‘ULL?Q‘UWﬂQﬂ’Q’ﬂJﬂ'lclﬁLﬂﬂﬂ'liLﬂaﬂuﬂ tau

wasmaa 14w



2.1.2 ¥UAVDUNSDIUUATIND5 D
r=| = =
3 3 ¥ila Ao

4 o oda =
1) ineseudmmasasriaueay (Stirling engine type alpha)

=

sgnoudie aesgngulunszuenguiiuenainiuuaziimseenuunIiiidnym

ee

: 2 ¥ O < Yy 2 & o A 4
EﬂLLUUQ’]EJ”] GINQﬂgﬂﬂﬂﬁ'@ﬁuuﬂjﬁ@ﬁ]ﬂlﬂuQﬂgUﬁﬁﬁauL%'ﬂgwu Qﬂqu%ﬂﬁ@\?uNﬂTﬁmﬁ@uﬂ

'
) a o

v ' ¥
wriusiuluanvarihiigsnaes luszuund leenshannmuagndueglunizuen

€

quiReIny gnguwrilsezngauazgngurilezindeunversuazsamsau auldannms

v
= ol

@ 3/ =
YBAINNFUTOU Aaglh 2.2

= A o o a
g‘ﬂ‘lﬂ 2.2 nseuamaiasstanaan

4 o o =) . -

2) IS DIUUAADS AU AIN (Stirling engine type Beta)
a o i o o A 1
Usznoudan gnguamwamses(gngu lasnie) nazgnguidsioglunsyuongu

s @ A d‘ s o ) o g o
Laﬂ')ﬂ'ulmxf!ﬂ’]ﬁﬁ]ﬂﬁﬂ\‘iﬂﬂﬂﬂ%’]ﬂ“ﬁﬂ“ﬂ'fﬂu El“l—!ﬂ']i“lfnﬁ'luQﬂgllﬂﬁLWﬂﬁL%@ﬁﬂ$ﬂHﬂ1§ﬂ’N’]u

1 1 1 [~ T 1 1 = : o
sgninduiounazambunelunszuengu daugnguegludiubuvesnszuenguaah

Y A e A [ v J = o A o A ~ w 1 ¥ =

ﬁuTTﬂ@ﬂLﬂﬂﬂTﬁW’N’luﬂgiuﬁ'J“LJLE!'L!Llﬁg"’UEl']ﬂﬂ')lll@ﬁ"lﬁ‘ﬂ’lQWHLﬂﬁ@uWI’lﬂﬂﬂﬁquﬁﬂu“ﬂﬂ

° A ~ | Y ' o ! < ' 9 g
ﬁﬁmmumaauwulﬂmﬂm‘muﬁ'rauulﬂmmﬂmmxmna”mmuhlﬂﬂau‘iauumﬂmﬂ

= ¢ w {
MImanuiouvesdmnamens fagilii 2.3

- A d =) =) 5
E‘L‘“V] 23 INTONUUATIADIAIYUALLA



4 o =
3) 1T DWUATADS AIBTAUANIN (Stirling engine type Gamma)
sznevdls gnguammadimesiazgnguhaslunszuenguuonuaziimseenuyy
FY E )
\'i"lf.l‘]Iﬂﬂﬂﬁﬁ@\?ﬂi$Uﬂﬂgﬂu1%@‘hﬂﬂﬁﬁﬂulm$ﬁﬁﬁﬂﬂ’lﬁVI"NWHLGD'uWIEJ?ﬂuﬂU“UuﬂL‘]J'g’l L1

a o = = oW :i
UszANTMUMAFINagIganIunguy AegUn 2.4

A S e

H
[ ]
-

ivy

N

~ A '3 oo
g'ﬂ‘ﬂ 2.4 15090 UATIRDTAILDDLLNTIN

4 < da =
2.2 !ﬂ%ﬂ&ﬂuﬂmﬂﬂ‘iﬁﬂiuﬂ!!ﬂNNT

y o o = a a o w 2
Lﬂ%@ﬂﬂuﬁﬂm’ﬂﬁaﬂ‘]fuﬂllﬂllllWﬂigﬂﬂUﬁQﬂQﬂgUﬂﬁlwaﬁlﬁﬁﬂﬁLLaggﬂgﬂﬂWﬁﬁ NITo4
¥ ¥ Ed 1
ﬂﬁ%U@ﬂq‘UHUﬂﬁﬂﬂﬂuﬁﬂﬂ$ﬂ‘lﬂ1§ﬂ@ﬂuﬂﬂﬁ1ﬂ“‘] Iﬂﬂ‘l’l\?ﬁﬂ\?ﬂi$ﬂﬂﬂ€fﬂﬁﬂgl%@NWGSQﬂU
@ & s 1~ @ ' o 1 ! 1
ﬂ?iLLUﬂﬂu‘Uﬂﬁﬂﬁg’;ﬂ?Jﬂ'g]"ULWl’liﬁjﬁ\lﬂ'ﬁuf]ﬂﬂu@fﬂﬁﬂlﬁallﬁﬂlﬁ3ﬁ313ﬁ3u£1ﬁﬂlﬂﬁﬂu9?’]ﬂ%}ﬂu

P 9 o =y '3 A a 3 :%1’ ~ o [
NNEIVDINUNTEUDNFUATIWATLTDTUASITUNUNATUITNWUNTUUDALASVEIEAIUD

%

angun MGK Iﬂfﬁ’l'ﬂhlﬂﬂﬁ ﬂ@ﬂﬁﬂﬂﬁLWﬁﬁmfﬂ‘i% mumiwmmms ‘U?)ﬂﬁﬂ"’ll@ﬂaﬂﬁﬂﬂ'lﬁﬂ
1 9 a = a = 1 A o g
ﬁﬂ'IEJWI'lLﬂUNﬁGL‘?TI'ﬂﬂ'lﬁﬂ1ﬂﬂﬂﬂiiﬂ(ﬂ3Fl'IEJ‘HL!%2’,113J'lﬂﬂ’.l“ﬂiﬂ\ﬂﬂuﬂﬁlﬂ@iﬁ\ulﬂﬂllﬂﬁ“l/‘h

A v
NIDUUVLUAN

9 ) g o 1 | &2
Llll'ﬂﬂ'ﬁ%‘l!'l’)ﬂgil‘ﬂ'ﬂﬂQﬂZ:If‘UTNﬁﬂx‘lﬁ‘ﬂﬁiLLElﬂﬂ'f‘JﬂﬂWﬂﬂNLLW%%NLWUQﬂS%ﬂ@ﬂ@J’“U“ﬁl!\‘l

1 g’a 1:\; o ' 9| @ o & ! A o
IMUUNA i’]x‘l( Qﬂgﬂﬂ?ﬁﬁ@gﬂ’]ﬁliﬂ) UouAuMITITRIZLANA1IINAITDIGUALLULDAYN

o

3 Y 1
u'@ﬂi]'lﬂuﬂ'liLLUﬂﬂHﬂlﬂﬁﬂi%g‘U‘IfNﬁENENﬁﬂﬁﬁﬂﬁﬂﬂ'}ﬂx‘lﬂi'lﬁﬁJ'iﬂﬂﬁyWﬂuL%’E]Qﬂﬁﬁgﬁil

u El

Y] ' 9t - 2 EY A F
1’]’lﬁﬂ']']ll3@“ﬁ\1Wﬂi“ﬂllﬂ'ﬂl]uﬂ31J'§':Iu‘ﬂ!.ﬂur4ﬁi]’]ﬂsﬂu1ﬂﬂﬁgﬂ'@ﬂgﬂu@ﬂﬁﬂuﬂﬁﬁnﬂﬂjﬁﬁﬁ’N

E
=

A o Ui o & 1 i A A A o
HIDNIIVLIUA ﬂTiﬂﬂuﬂuﬂ’]ﬁﬁ’Ju51]351']f_lﬂ'}“ﬂi'ﬂ\?ﬂuﬁ‘ﬂuﬂ@uo]Iﬂﬂlﬂwqgiﬂﬁaﬂﬂuﬂ

o 9 [ & 9 3’) =1 9 =& a g e @
ﬁ'Lﬂﬂiﬁﬁm_lllla&@ﬁ“lf‘hﬂﬁﬂﬂﬂﬂuﬂTﬁﬁ?%@ﬁ@ﬂgﬂi@ﬂﬂﬂ‘hﬂ?TﬂﬂTﬂ']ﬂ m{f%ﬁ;ﬂuuumﬁﬂmﬂu

@ 1

& o 4 o o =Y b
15515 Mud1A0d19u1n 1UNITENULULIAT DIBUS TADS A AT AT I A D91

a



=~ as { 1 o 4 a - o
anunmzanuazuieeuiulasiansogonihnguiolssdnsniwnmsiiaiuuog
e o & A ¢ a A A o oy ' o Y A
INTOIVUA MIYATBETIVBUAT BEUAT AU ITREUAULA Iz hwn v ITdlunguyeuy

1 a o a 4 9/ ' o wa
Tunguiasn TuaauayhauedisniiosnnadieldheluienlfiiRen

ﬁ"Jll’dﬂLﬂﬁEJH?I'J']‘JJ%('EBHﬁ)$ﬂﬂllﬂﬂﬂ’€lﬂfﬂ’]ﬂﬂ3$‘]_l@ﬂﬁUﬁ']ﬁﬂLL@ifﬂ%ﬁ?ﬂ@dﬁﬂﬂﬁ$ﬂ'ﬂﬂ
a &~
ﬂﬁlWﬁﬁL"lﬁ@icﬁdéUu1ﬂ1‘ﬁ'mﬂ3’!°ﬂﬂﬂ’]i@@ﬂllﬂﬂuﬁ ZN1TTAIIA 'JLLﬁﬂL‘iJﬂEIHﬂ'J”I?J'i'E]u

I~ A o 1 R o Y Y @ ~ 9/ A " T = U
ﬁ]%ﬂ’ﬂ'lﬂlﬂuL‘i@ﬁﬂﬂ’]ﬂﬂ?’mﬁﬂﬂﬁﬁ"lﬂJTiﬂGL‘ﬂf@l’JLLﬁﬂL‘]JﬂEl‘Llﬂ’ﬂiJiﬂuﬂhﬂlu'lﬂnlﬁiyﬂ?'llmﬁﬂﬂ’ﬂ

v
=

9
wazasn 1 luiunnanems la

1 1 av w 0 4 < o =Y ¥
Tagaaulvaanudteinezaulundsseudaness swiaunuuuiioannanuazain
X ] T 4 o o a a N - .
TumsadredezliogananuGondn 1nT00uUAaADTUVAII 410 (Ringbom stirling engine)
A o sa a o i . A A 7
UAZIATONOUATIADTAILVUYUYAUAT (Low temperature strling engine) TaoiaTo0udA

da o 3 Aa ~ 1 ¥ w ] Y
mﬂ’t’JiNLLUUQﬁm Henaziluin fJﬂJiJ1ﬂ1’1q@uﬁgﬂaﬂﬂjqmﬂgﬂiaﬁlﬂumulluu




= : o da a
Eﬂ“ﬂ 2.6 m%ENEJLIﬁﬁLﬁﬂiﬁﬁLLUULLﬂﬂJﬂﬂiu@ Ringbom

T 4 o da I=Y
muﬂszﬂawuauﬂ?awu@mmmm FUALNLUN

{ U 2 y J oo a
E‘ﬂﬁ 2.7 memuﬂﬁzﬂaummwmm’%‘maummmm PHALNIU

4 a a Jd = i
1: Baed; 2: gnguAmWamas; 3: TNFAF; 4: Y 5: UNUGNTUAMINATYDS; 6: LVWNIB

= ) [ o
7 ﬁﬂlﬁ?ﬂ\iﬁ”lﬁﬁﬂﬁﬂﬁUaﬁLWﬁﬁL“H@i; g gngunNIal;

i) U

9 [ o
dmfugnguamnamaed;
9: NIZVONGY; 10: MugnguMIAs; 11: domlesdmsuguguiias 12: ymwardenides;

Y o o 3 2 o &
13: ADINYTNTEAU; 14: ﬂ‘luﬂﬂ%ﬂiullu?ﬁ@



10

23 Wé‘fﬂmsﬁNmmaam’%‘aaauﬁmma%ﬁwﬁmmum

2.3.1 ﬁﬁﬂﬂﬁﬂNﬂﬁﬁ]ﬁﬂ%

1) ngMsaao U ULAZITUTIAN Y

ar -7} y £

~ = 12 & 2 a0 w ]
ngden 1 “Taghegiisazasanimiiaiuniedagimdundouniuduasedae

aQ

Y
o

Y =] @ o A - 1 Y A v da [~ o o
’E]ﬂ‘i’]ti’mﬁﬁ’.]ﬂﬂ%ﬂﬂﬂﬂ??‘!ﬂ?ilﬂﬁﬂuﬂuuﬁﬂk]flJ Uﬂmummawwulmﬂugmﬂmmzm”

ZFzO (2.1)

"

Qs

- - o ¥ ] o q 9 A 4 A Y o ~
Eﬂ'ﬂ 2.8 ﬁi;l“l’lgﬂﬂi$1’l’iﬂ'ﬂf.ll,ﬁ\‘1ﬁﬂﬁlﬁ\‘iqﬁ\‘ﬁ]g‘ﬂ"IclﬁﬁquﬂiN‘lfTﬁ@mﬂﬂu‘ﬂﬂ'ﬂﬂﬂ??ﬂﬁ'ﬂﬂ\W]

.
=

{ y o o w < o 1w o o a  w '
ngden 2 «delinsedwsniia lumidugudinnsziaedag v ldiagRadasusg
a a v da o @ ' t:i’ at [ v
TunmAgidunsaansinnsghnazviavedns stz sHuATIT VAV LTI NT

uaztlsnnRUALLIAVRIINY”

(2.2)

L]
~
[
3
8

RRRRRRRRRRNR \é
* a#0;F>F
; e
N F = P4, W
* F,=PA,
S

i—xﬁ

= A Ay w ! A o
E‘lJ“V] 2.9 ﬁfq]mﬁ@uﬂﬂ'ﬁ]@ﬂﬁ‘lﬁﬁ a NUHANIINMNITNTZMUDIHATINUDAULTY F

= z:i' 9 d". c; a = o Y @ oa d‘i c;
UIUTUANTIU “UTINNLTUAUMTIAADUNUVDIINED UNAQTIVIUNUNANTIADDUNU D

q

o 1 < = 1
Jaguerue” mnsnutsoanidu 2 atia Taun



11

[

= =y = a a g o @ T A = SJ'
EIUTYAMIUTDA “m&m&mmuwmmuimmwwq a"lumaauw* W?ulﬂilWﬂﬁﬂJﬂ'lﬁ

fo=uN (2.3)

=

=) =
WAAOUNNDA [

(=]
Qe
)}
=
=
z
)
=
=D.
L)
)
Ep.
@
oJ
3
e
Do
-
De

&, max

¥
o

2 o = aa X = = A = ¥
LI nIvIau “LL‘NL’G’(Uﬂ‘ﬂmmﬂﬂﬂmluﬁjmzﬂ ﬂﬁgwﬂ']'ﬂﬂa@u:w,, w']hlﬂi]’]ﬂﬁuﬂnl'ﬁ

f.=uN 2.4)

N DR~ DDDDRRNNR

:!' = ci«:! 1 Aﬁ d' s
Eﬂ‘ﬂ 2,10 USAUTUAMUNUATADNITIAADUNVDIING

4 A a 4
2) mﬁmﬁaumﬂmﬂgmmxmiﬂmam‘:d
4 Aa
NIRRT UNLYINY
A A vy A A o 3 a a =) A
MTAADUNIPINNIS A PHUDNNITIAADUN DATUTUYIYHUASDATITIBINNNY

Qo o & a @ [~ = 9/ W L () Yo T dy
ANUTUWUINUIZE DATUITUVUTULDLDATUTUBITU %$ﬁ1u1§ﬂﬁ11ﬂﬂﬁﬂ81ﬂu

= A 4
gﬂ‘VI 2,11 BaedManaounuUUY Y

o o 1 o
ANUTNWUT TSV INYULUALTSUENITNTLIA “r‘i"lulﬁ‘i]"lﬂﬁwﬂ"li

S=rf (2.5)



12

AanuduLTsEn e NuE AU NuE wFadu

w

3 a SA = = 1
ANTULTUYIHY ﬂﬂﬂﬂ@lﬁTﬂ?ilﬂaUuUﬂﬁq Hy 1HWHQWH?UL?ﬂ1

do

=— (2.6)
dt

@

i & W ' e,k w S & ¥ nyw A
ﬂ’]ﬂg‘ﬂﬂ 2. 11131 T IR NUTUNUDITIEHUINN ﬂ'ﬂ’]ﬂJLﬁ']lﬁlf\u\JaJ N AL AUBIUTH 1ﬂ U

AN (2.6) 31 1dn

@ _ 7 ﬁ (2.7)

dt di
.é "o
FaNINY
V=wr (2.8)
anuduTus sz IR uFayuiuanws aFady

@

I a = = 4 a E ' =
AITULTIUYIYN ﬂﬂaammm'ﬂaElumjmmmrammyu“luwmwmanm AINTUNITN (2.8)

121479
d do
IS s (2.9)
dt di
& o
HIVELNIND
a=or (2.10)

NOSAUDILTI

EY
s

= o . o
E'IJ‘?I 2.12 LL'CWNV]T’W]’]ﬂﬂl@ﬂﬂ@iﬂﬁﬁﬂﬂ?ﬂﬂﬂﬁ$u1ﬂﬂ15ﬁi~gu



13

J o ' o Y Y
‘ﬂ@ﬁﬂﬁ%ﬂﬂluWﬂm@ﬂIﬂJLiJH?]EUf'JQLL'ﬁ\3 ﬂ’T]Wﬂmaﬂlﬁaﬂﬂ!ﬂﬂﬁ?ﬁﬂgﬂ\iﬂ‘]ﬂﬂqﬂﬂﬂﬁuuqﬂﬂﬁliuaus@

Flualfumnnmes

AUNITUDINDSA AD

r:ZFARSiné? (2.11)

'
= = (o o at

4 4 4 '
MnngMIsdeunden 2 vesiaudmiumanyuez Idaunisveaneialny fo

n . n " v i
r=ay mR} WoI=Y mR’ Ao lumudnnuion
i=1

=1

= o= 199 (2.12)
dt

3) TuusaNn oY

3| wa ' L2 a A Ao = = ~ A
Lﬂummﬁamaﬂmmﬂmummﬂq‘ﬁyu Wuilsuanuenanunealunisvyu

q

o

(Rotational Inertia) va9iaglumshagneteminmanmauvesnsnyen 13 Tasiagd

aQ

Vv
Y

o : =] o Y A a : d
TumuannuResun nagi i iagiunlfdsuanimvesnisnywan ldonde Tumua

q

g ar
A

AR BLUaIngNATuNuun UMY 3U519v09TguArANYULNISE0IAIUIIANI DL

q

TRy
1 [~
w18y 2 nadl

@ o o ) P o s A o o)
1) 'Jﬂqu‘llﬁlﬂi\ﬂ‘ﬂﬁgﬂ@ﬁﬂ’lﬂyﬂaﬂﬂumﬂ g INLNU@]?]’N?JLQ@?J?HU'Jillulﬂi]'lﬂﬁuﬂﬁ

m,
AN @
;
@ ® o
1
I, .:.
TS

= @ 4 =
519 2.13 uaasTagnisfidsznoudleuiadeuing



14

[:imm: (2.13)

o

@ o g g o = A e A o A
2) mqummﬁagﬂmﬁqgﬂmmmmmﬂ HWID INDNUUIANTEYADLUDINULTNDOU

q

= dgl’ a @ o ! o A w
Wuia@aanu ﬂ-lﬂqmw']ﬂ'lillllluﬁsua\iﬂ'ﬂﬂnﬂﬂﬂﬂ VBN

[= immﬁ =J‘r2dm (2.14)

o : o
TumudanuR oI Ing

~ 4 4 ) ' @
A15197 2.1 TuuAA NN 0va9 IR 1IN 30199 UAIAIT1

T L7 d’ d"
gﬂiw’mq UAUHYY gﬂ TuuuanNuR ey
- 2
ninaNAd v m | I=—mR~
S
@ ] a
SANR FOUUNUNIUIATUENAN o
2 3
NTINAUNAI WA m p e - I =ZmR-
o =i ! o (e ) 3
TR R TOUUNUHIUIAAUENAY \_/

SOULAUHIUFUINANS
g o T ) I =—mR?
AORINDULLHY 2
LHUNANUIE U8 m
o A
AN R ; s ]
FOULAUHIUAUENA1IDY J=s i

FEUULHY

NIINTLUBNAY WD Tt m?
" f T . | :
m Sl R 011 OUUNUNTINTZTAN

v ow =] 1 o
UNINYAN WA m FOULAURIUALENA N A% N I =t

y [
817/ HIA ARNINNVLUNIING L




15

4) IULAZMAIUDINAT

= s = [ [ Yo 3’; A ~
dm(Work) HUUDL HANLAADINLTT ﬂ531’]‘]9"!@3@@&@3‘”TG];ﬁrJﬂquumﬁﬂucl’]
] A 1w o A a A v & oA
Ulﬂklﬂiﬁﬂgﬁqpm X \'ﬂui]gllﬂ'uﬂ’]ﬂﬂwaﬂmﬂ]@QLLE\?ﬂUﬁnggWWQﬂﬂgﬂlumﬁlﬂﬂ'ﬂﬂuuu’ﬂﬂ
SW = Fdx 92181

W= .-dex (2.15)

X

%
cacmaafil--

¥

i
>

RN

7

-p
=
2

77 2.14 ueramsiAnaIu

AUUBDAUNAT (Shaft Work)

9/ o ~ o Y a a A a o 9 9/ =]
AR Filﬂ‘lﬂQﬂﬂ$‘Vl’lci‘HLﬂﬂLﬁQUﬂ (E, Torque) NUAIAIN Hﬁ$‘ﬂﬂ'ﬁlWﬁTﬂyuﬂ'wﬂ’ﬂNﬁ'ﬁ

59U N (RPM)

INAUNT(2.12)

r=Fr— F=—
.
x=2m (2.16)
W, = Fx = F}(zmﬂ) =271 (2.17)
&

LA MNITOMIMAINY P(W) iwan I8 ninaunis

P, = 8= Fy= Fro=| L | 280 |_ 2V (2.18)
‘ ! rjl 60 60




Torque = Fr

JU7 2.15 O1uvouNal (Shaft Work)

QJ [ 13
2.3.2. iaDMINMUND ‘ﬂiﬂﬂ‘l—ﬂﬁﬂﬂ

1) NRNNYUNW ammsa% (Thermodynamics)

£

w ) :
NQUBNNLIVDQUUNAMARS (First law of thermodynamics) “M3iasuui/asues

@ 1 1w Y ~ ) 3/ 9 i P =
’wmmumaﬂu Uamxmm‘uﬂ?mmmmaauwuumimu aume;ﬂ%mmmmmmnqmumﬂ

20NNV * A IiNauNINadadunaoy

@

v 4 & & o & Yo &
ﬂ{]m@ﬂ'ﬂuﬁuﬂ’lNTﬁQlﬁ]ﬂulﬂuﬁuﬂ'ﬁ”[ﬂ dH

dU = dQ-dw

Taef U AerSuimnswasunlasmwdsnumeluszyy

49 Foanudouiidhgssuy

dW AsnunnannIzuLy

(2.19)

& 7 . < 4
ngioaovosguynarnaas (Second law of thermodynamics) ™ mM3tinvLveeu Insilvie

3
wasnuaesluszuudase ” eansaesue ldAnaonuua

1 4 [ 9 é a oA Y
e lifimsesvnsanudoula q fezlszdnsnm 100 % » wnganunlisiszuulan

A [V = Y U £ Y a a
ﬁTTNTﬁﬂ!ﬂi\ﬂuﬁﬂ13‘?&uﬂﬂ3§]§]ﬂ‘i Tﬂﬂmammsaummmaﬁwmmmuﬂqmﬂ{}uﬁm

1 ¥ Iy
udlagunindeunmualiilununa MeT1neiiiFoni “Engine statement”

'
1 A

Fl | oA ca:: 1 ] @ =Y
o “anuiounnurasiiigungiid ldansoaemlidumasitigugiias

Alé

Taes358918” vanganu N liiszuumslafiansegenuanudeuannndun i

L =}c=;91 ' v 9/ = o L=y g 1 i
lidann3eunndenuesld vwiGondeduiein “Refrigerator statement”



17

d'. a 4%’ v a a é’ a ci o 3/ &
e “pszurumsnnarnldealusssuna aznavulufamenmldeulnstsinves

Ay A A griga X 1O
TLUUVHAIANIN ‘Hié)uluﬂ!‘wu‘lmmmu”

AS >0 (2.20)

@ o da e =
2) 19INIMABIA (Stirling Cycle) lunsgauna
A o da o T 9 a o P '
wnseTnameiasimhauiludnuazan uinwldgungidazges  Gona
o w da & a ' A o w o &
19InTMAeTA AelANuLANa NI B9Tns FuA M Ty AsaeTui
oY = 1 4 1Y da i ) 1
- Maussyegmulunszuenguveuniesinsmmesas sreyluszuvilaegnivly
1 & 1 - a ) 4 v o a
nszvengu lawisairnaseninld Telidealinad lode miousuinsoadnsia Tadu
A a = o/ [S) =) g o g =3 lﬂ‘ = =) =
vIoama wag luimsgaszidavesiuiounsoiudemds nsostauaulouin
[ 4 o ) 1
WAINUYBUATBITNI MBI AsNIINAIL T BN BuENNSEUang D9 Tiln1mn Tnd
mulunszuengy
A @ da a A 1 = A = A A 1
wTeeinsmaesaslugauad Ao lullanudanseusufsamuyandouiaiuaz
- 1 =i A Ay = a a o A 4 o Y
yugmdeundesiuIan  Uszininmmsvhauveunseseudausomuan 14n
4 3 o o '
uHun I P-v SinasneTuniessuaamnsosuon ld Tasldnannmsmainieluvesgins g
svndla TneGuduazamnsommanuauvesszuuielimismuaniveslinies (1) uaa
2] 1 = 1 @ o 9 = &
VOINIY (m) LATAYUNYN () ANNUAYU P YBITTUUITAWTOAUIN IAnInng e My

o Y o
QAUAATIUAAL IAAITUNTS

PY = mRT (2.21)

o

' o Al o o 9/ 9 r yé.l = :slJ
ﬂWﬂ'ﬂuﬂu"U@QLﬂ3@\351‘1@Eﬂgﬁ']ll'ﬁﬂﬂ'lu':lmulﬂﬂgﬂﬂqﬂgﬂ']Unlﬁlﬂﬂuuhﬁ]@QﬁiJﬂJﬂiﬂuﬂﬂu

1) Tufimsgadoanuaulumsuan/dsuanuiounas luianuunnasvesanuaunisly

= o a 9 a -5 = =)
2) Tunszuaumsiivgauazmsveneadnzdounarynnmaasunlasvesgungil

y o ¥ = o 4 73 =¥ £y =l
3) Qoulylumsrhauvesmminzdoutdondiutou lvvesmaylugaundninuanosiinig
o o A o
HUNTURaYIaLUY
o 9/ = 1 = o 23
4) m3vewiveafinasaezdoalimsnsiivesguugil lumsvnedaveana (7,) uaz
= = @ o [ ! © W
gaungiilunistusadivesmes (7,) 5eMI930UININT
a o @ ' a ' 1= o o

5) ganniilumsAunduvesiaszdoaiuaumfvszninsgamgilumsvesaavesmsy

a o W (1)
T:) Lmzqmﬁqﬂumsﬂuaﬂmmmﬂw (L)



6) I5asvesmisves (V,) wazil5iasvesmstuoa (V) wuldouuasauaumsidu
L3
TR ]
v o da a J ' [
IpinsmaesalugaunfvzlsznoudlenszuIumInsgurnamansiuana1eny
4 N3ZVIUMT AD Isothermal 2 AFZUIUMS HAZ Isometric 2 AIZTUIUMS FINTLUIUMT 1Y
v o Hqw < o d A o oy
Jpinstildomailuensdinaruaznnnszuiumszunszuiunsidoundy 1d

(reversible process) ﬁﬂgﬂﬁ 2.14

Q:J"‘\N

m()

| T;/f”f- S

31 2.16 wrUnIN P-V, T-S ¥0339nsciAn3 aelugaAunf (Ideal stirling cycle)

~ A o = o = ?.r =)
ﬁJ']ﬂE’LI"Iﬂ 2.14 WaHHAATIEHILUNTELUIUNTNINNA 4 NTEUIUNTAD

= 3 o w v o < @
ATYUIUNITIN 1-2: Isothermal compression process Qﬂgmmm%ﬁuaﬂﬂwwu“lﬂm

- J A = ) Yo o
anmoasouanasuanuionlvnunas

Eﬂﬁ 217 Ha@dnIEyUIUNIT [sometric heating process

AIZUINNITN 2-3: Isometric heating process §NFUMAINIANVLIBATDINNAIY

@ a ' 4 = o
aunwlu ifialasmsais Teumadounindnme i anmswivesgnguAmwamesn



19

31N 2.18 UAAINIZUIUMS Isometric heating process

= " w o 9 ) @ o
NITUIUNITN 3-4: Isothermal expansion process ANUAUNIYT DULNLAZHANAY 11

angumaufamsuneaIFziimaunngaluinins

gﬂ‘ﬁ 2.19 1FAINITEUIUNTT Isothermal expansion process

4 a o oy =1
ATZUIUAITN 4-1: Isometric cooling process §NFUATNATLYDTISWINIHLLUIINNIG

E a - o A s A = 9/ Yo &
33UUﬂ?1M§@uﬂ1ﬂ@’ﬂ“ﬁ§ﬂﬂlﬂﬂﬁ@WLW@?LW@%LﬁﬂLﬂﬁUUﬂTﬁJ?@uiﬁﬂﬂﬂ‘l“ﬁ

gﬂﬁ 220 Ua@INTEVIUNIT Isometric cooling process

o y d da =
24 ﬂ5&‘:"]]’J‘l«!ﬂ'lﬁ‘ﬂ'lﬁ11—&‘[]'0@!?]%@\151“?]@7!?]9‘5@Q‘]i‘h!ﬂl!ﬂil?ﬂ

o A o g = o [ 3’; & [~
mﬁmammmmawumﬁmaiawummml1mmmwmm1"lﬂ 4 Euuﬂaww%mullﬂ

v w I w =
MuININTAADIAIAIzLUN 2.19



20

Insulation  Wire mesh Gas flow

g :

Gas ¥ Cvlinders N
1 Piston l
Stroke /-2 Stroke 2-3

(a) Expansion stroke (b) Constant volume

L) i

Gas flow

T e % W %
) O
l Stroke 4-7 Stroke 3-4 r
(d) Constant volume (.C Compression stroke

ﬂ“?l 2.21 ﬂﬁw‘l_l’Juﬂ'lﬂfl'N"m‘U’ENLﬂ‘i@ﬁﬂuﬂﬁlﬂﬂiﬁﬂ‘ﬁuﬂLLﬂNMW

d' = ci a9

o . o oo o
(a) Stroke 1-2 AnMwluATaIBUATADIAINMIVOIBAINYUUYIAITN (RUNHYNTOU) AN
= 4 4 o/ 1 o o 1w i
AmwadwosATaUAIAAgNgUMaLgAUN
= = =y 4 o W a s v @
(b) Stroke 2-3 NJ511ATAIN gaInITOU WUAIAY MaTugnguAmNamBIUAD Magngy

U
AV IH

= oa o w
(c¢) Stroke 3-4 ﬂ@ﬂ?%iulﬂi@ﬂﬂuﬂﬁlﬁﬂiﬂﬂfﬂﬂ"I'ﬂ_]‘l_li;lQﬂamﬁﬂﬂﬂ\fﬂ QRN MLUH) anguniay

9

s

at 3 1 =) 1 {
mmmcﬂ'.mmmgﬂgmmwam%ﬁag ‘Uﬁ
d (o Pt ad oy A a ¢ &

(d) Stroke 4-1 nsunsnen PUNHNUITU TDUUINVY ﬂ’]"‘ﬂﬂluQﬂ'gUﬂﬁLWﬁﬁl%’ﬂﬁaﬂﬂ'lﬂﬂ’J

) o w o
MAFOTUNIAIVUIYA



21

- ¢ A ¢ P ey
2.5 MFAUAINEHIATDIEUATLINDIAIVUALDUN

Regenerator Expansion space
space (Ve, Te, P)
(Vn, Ta, P) < Displacer piston

Power piston

H. Heater |
Regenarator
C: Coolet

=l A o da  a
Eﬂ'ﬂ 2.22 1IN0 UA TN DT Y UALINUIN

o § o o =
El]"lﬂg‘lJ 2.22 !.Lﬁﬂﬁillmﬁﬂ']iﬂ"m?ﬂﬂlﬂﬂl'fﬁ?Jﬁﬂu@ﬁmﬂ'iﬁﬁﬁlfuﬂuﬂull']

P ) 3 Y A o oda = @ g/
aumsnlylumsiuiaadeiumiossudmaosasriasavhuaziud Usuasvew
(v,) uazliuasiuea (7.) sgaunsaeiuie ldmueuns (2.22) uag (2.23) woliuag
=) o 9/ = a o g = w
ANaveIgngUAmNamEeIAIMYeY (V) YTuasnnavesgaguammamyeiauiuoa
o a T U o
(Vi) mnasnnavesgngumag ,) uagy e (A@)ag‘ixquﬂqu?}mwtﬂmcﬁassmz
AAGAIAGE

V.’:‘ = %(1 - COS(Q) i+ V/);-_' (2.22)

(

V.. v,
V. = ; (1—cos(9)+T’(1~cos(9—A9)+Vm. (2.23)
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1o T =-% 2.26
=T (2.26)
VI
vV, =—¢ Glplnh
VSE
Vv
X g (2.28)
DE VSE
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Xpe == (2.29)
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VSE
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B
= 2.34)
T (
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1+\/I_—C2
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PV Csin(@) J1-C

=- (2.36)
1 #4/1=¢* J1+C
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2.3) M35 0U (Heat Conduction)
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A Taoauns @.1) uag (4.2) 7t AG=90°

A 4 da
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Lﬂ?@%ﬂﬂﬁﬁlﬂﬂiﬁﬁ‘]jﬂ B

Crank angle
(degree) Ve (em?) | Volem®) | Viem®) | Vg(em®) | Velem®) | V (em?)
0 4.9763 4.3543 9.3306 6.7858 8.1924 14.9782
10 5.010664 4.211908 9.222572 6.847655 7.978085 14.82574
20 5.112712 4.14257 9.255282 7.031341 7.893993 14.92533
30 5.279344 4.148394 9.427738 7.331278 7.942678 15.27396
40 5.505496 4.229202 9.734698 7.73835 8.122661 15.86101
50 5.784297 4.38254 10.16684 8.24019 8.428473 16.66866
60 6.107275 4.603748 10.71102 8.82155 8.850823 17.67237
70 6.464618 4.8860104 11.35072 9.464765 9.376878 18.84164
80 6.845467 5221031 12.0665 10.15029 9.990653 20.14094
90 7.23825 5.59835 12.8366 10.8573 10.6735 21.5308
100 7.631033 6.006598 13.63763 11.56431 11.40467 22.96898
110 8.011882 | 6.433369 | 14.44525 12.24984 | 12.16195 | 24.41178
120 8.369225 6.865698 15.23492 12.89305 12.92232 25.81537
130 8.692203 7.290447 15.98265 13.47441 13.66269 27.1371
140 8.971004 7.694711 16.66571 13.97625 14.36056 28.33681
150 9.197156 | 8.066206 | 17.26336 | 14.38332 | 14.99472 | 29.37804
160 9.363788 8.393645 17.75743 14.68326 15.54591 30.22917
170 9.465836 8.667079 18.13292 14.86694 1599737 30.86432
180 9.5002 8.8782 18.3784 14.9288 16.3354 31.2642
190 9.465836 9.020592 18.48643 14.86694 16.54971 31.41666
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A ¢ da = 9 = 1 =y v °

ﬂ’lﬂiu‘i&ﬂﬂlﬂﬁﬂﬂﬂuﬁﬁm@iﬁ\‘]ﬂ'lwA uag B ﬂl‘liJ‘lJGL‘H'JENWN"‘] ﬂulﬂi]']ﬂﬂ’l'iﬂ’lu'JmIﬂEI
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Crank angle 3puAmABTAININ A R BIUATAB RN B
(degree) Velem?) | Volem?) | Viem®) | Vp(em®) | V. (em?) | V (cm?)
200 9.363788 9.08993 18.45372 14.68326 16.63381 31.31707
210 9.197156 9.084106 18.28126 14.38332 16.58512 30.96844
220 8.971004 9.003298 17.9743 13.97625 16.40514 30.38139
230 8.692203 8.84996 17.54216 13.47441 16.09933 29.57374
240 8.369225 8.628752 16.99798 12.89305 15.67698 28.57003
250 8.011882 8.346396 16.35828 12.24984 15.15092 27.40076
260 7.631033 8.011469 15.6425 11.56431 14.53715 26.10146
270 7.23823 7.63415 14,8724 10.8573 13.8543 24,7116
280 6.845467 7.225902 14.07137 10.15029 13.12313 23.27342
290 6.464618 6.799131 13.26375 9.464765 12.36585 21.83062
300 6.107275 6.366802 12.47408 8.82155 11.60548 20.42703
310 5.784297 5.942053 11.72635 8.24019 10.86511 19.1053
320 5.505496 5.537789 11.04329 7.73835 10.16724 17.90559
330 5.279344 5.166294 10.44564 7.331278 9.533078 16.86436
340 5.112712 4.838855 9.951567 7.031341 8.98189 16.01323
350 5.010664 4.565421 9.576085 6.847655 8.530425 15.37808
360 4,9763 4,3543 9.3306 6.7858 8.1924 14.9782
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fM1519N 4.3 Nﬂﬂ’l‘i'ﬂ'ﬁnﬂ!ﬂ'1'5L‘LJﬁU’thL'LI'ﬁQ'LIS‘JJW]S‘UﬂGW‘L.!‘V]ﬂ"IiﬂJtl'IEJLiﬁgﬂ']iU‘Uﬂﬂﬂ'lfJELH
& o o A ¢ 7o - v = 1 dn v °
TFEUUATOIUUATN DTN LATDIUUATINDIAININ C NPUVDIHIOIATNG ‘Vlvlﬂil']ﬂﬂ'l‘iﬂWU’Jm

Tawaums (4.1) uay (4.2) i AG@=90°

Crank angle (913 D9UURTABT AN C

(degree) Ve (cm?) V. (em?) V (em?)
0 4.9063 4.9783 9.8846
10 4.995744 4.699697 9.695441
20 5.26136 4.608448 9.869808
30 5.695075 4.707325 10.4024
40 6.283713 4.993325 11.27704
50 7.009388 5.457757 12.46714
60 7.85005 6.086509 13.93656
70 8.780156 6.860478 15.64063
80 9.771446 7.756146 17.52759
90 10.7938 8.7463 19.5401
100 11.81615 9.800854 21.61701
110 12.80744 10.88777 23.69521
120 13.73755 11.97401 25.71156
130 14.57821 13.02658 27.60479
140 15.30389 14.0135 29.31738
150 15.89252 14.90477 30.7973
160 16.32624 15.67333 31.99957
170 16.59186 16.29581 32.88766
180 16.6813 16.7533 33.4346
190 16.59186 17.0319 33.62376
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dl 1 o Ei = g t:i =) o
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NI lAsaNMs (4.1) uay (4.2) 1 A@=90°

Crank angle 3 pseuR Ao Asya A

(degree) Vi (em?) V. (em?) V (em?)
200 16.32624 1712315 33.44939
210 15.89252 17.02427 32.9168
220 15.30389 16.73827 32.04216
230 14.57821 16.27384 30.85206
240 1373785 15.64509 29.38264
250 12.80744 14.87112 27.67857
260 11.81615 13.97545 25.79161
270 10.7938 12.9853 23.7791
280 9.771446 11.93075 21.70219
290 8.780156 10.84383 19.62399
300 7.85005 9.757591 17.60764
310 7.009388 8.705019 15.71441
320 6.283713 7.718102 14.00182
330 5.695075 6.826825 12.5219
340 5.26136 6.058271 11.31963
350 4.995744 5.435792 10.43154
360 4.9063 4.9783 9.8846
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U TM-9475D

¥
C%

w =) =1
TUABUMINATDUIAYUNYIA U DULZAUITY
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o a0 4 ! a d o
wamsingangihnumsesudgainsyuenguadmamaeihainudinin A

= ' ay oy Ay v ) o T
MT1NN 4.4 Llﬁﬂﬁﬂ1@51”4QNW’]US@U%“@Q’]ﬂﬂ’]T)ﬂﬂ?U thermometer type K ATNATLHUIA TG

”aq,ﬂ‘ﬁ 4.9
Y 4 T, (€
ATIN
91 102 03 104 i

1 191.7 206.2 332.2 293.3 255.85

2 209.7 231.3 310.6 343.9 271.375

3 199.6 203.2 3225 297.6 255.725

4 206.2 212.9 318.4 299.1 259.15
260.525

3 1 a ] | Y o .
M19199 4.5 uerAsAIgan IR ILEUN 1d91nA159AA 0 thermometer type K ATNA1IMLA199

%

Aag1i 4.10

= T.(°C)
ATIn
91 702 93 94 InAY

1 27.5 27.5 32 31.9 29.725

2 31.2 31.7 30.8 30.8 31.125

3 324 32.7 31.2 1.2 31.875

4 333 33 311 31.1 32.125
31,2185

Ay @ o oy oy 1Y) g v Y
‘U"Iﬂﬁﬂ‘i"lﬁuﬂ'ﬂ&ﬂ’mulﬂﬁ]']ﬂﬂ’]iﬂﬂQmﬁQNQTH‘iﬂuLLﬁgﬂTHLﬂuﬁ?U thermometer type K fllzllﬂﬂ’]

o/

gungiaail
T, =260.53°C =260.53+273=533.53 K
T. =31.21°C=31.21+273=304.21 K
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HamsdagangilvhauaseswudyainszuongammadreihnnduauadnIn B

A15199 4.6 waasAgunia1uioun 18a1nn15 3R thermometer type K ATNA1M6199

YagUit .11
3.4 T,(1C)
ATIN 1

791 02 03 04 Ry
184.2 191.8 201.8 209.4 196.8

2 183.2 185.0 205.4 197.2 190.2

3 183.3 191.1 210.2 198.7 196

4 180.5 183.5 190.5 187.5 185.5

192.125

{ 1 = < { 1Y [ ! !
AINN 4.7 uarasaguniauiun 169105 3Ae thermometer type K A1N@LIML 6199

19317 4.12
(G
ATIN r

901 792 93 04 may

1 30.8 319 32 31.9 31.65

2 30.2 31.8 30.8 31.2 31.25

3 30.1 29.6 31.2 30.5 30.20

4 30.1 30.0 30.2 30.1 30.10

30.80

sy v

1 o = ]
11AA1T1UAAIMN [da NN TngungliauseuuazaubuRe thermometer type K

u

e ldmgungiiaadl
T,=192.13°C=192.13+273=465.13 K
T.=30.80°C =30.80+273=303.80 K
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wamsiagamgiiaumniewudyaiinsyuenguammadeshnnneuniosmniv

= ' ay gy dAny v g o (1)
A1719N 4.8 LLﬁﬂﬁﬂTﬂqﬂJﬁQﬂJﬂTui'ﬂH‘ﬂqﬂ%"lﬂﬂTi’Jﬂﬂ’JEJ thermometer type K #TUA LY HINTE9

Y31t 4.13
2 4 T, (0)
ATIN
A1 902 03 104 v
1 198 166.8 164.8 185.2 178.7
2 180 152.7 174.9 186.5 173.525
3 199.1 155.4 162.4 179 173.975
4 197.4 148.7 168.5 181.2 173.95
175.0375

P ! = 4 o @ [ ! '
A19199 4.9 ueraamgun s uaudi 1891nn159ARY thermometer type K A1MaLN1I96197)

Aegn 4.14
g T {C)
ATIN

91 02 93 04 Ay
1 32.3 30.6 38.4 38.8 35.025
2 36.8 37.1 37.9 38.3 37.525
3 40.1 40.5 38.3 38.8 39.425
4 41.1 40.9 38.8 389 39.925
37.975

1an v =9 o Yy 3y P
nAMIaInIi ldanmsagaungiddeuuazd1udndie thermometer type K 9z 1A

T,=175.04°C =175.04+273=448.04 K
T.=3798°C=3798+273=31098 K
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4.1.4 mymnamnmanuaumealuszuutiesnnifFuiasneluszuumIoea

da A
anvIadN b= O mm INANMT

Pmean\/].—cz _ ijn(1+ C) _ Pmax(l—C)

:1—Ccos(t9—a)ul—Ccos(H—a)_l—Ccos(Q—a) S
vinmisnaaes Taoldnaengda Uneluussgiee1d Alme = Alm
w @
P — P max— P min = 2Pa+ pg(Ah max- Ahmin) 44)
2 2
Yoy Prean = 101.3250 kPa

1NMI1T19 4.1 Lﬂ‘%@Qﬂuﬁ{ﬁmﬂgaﬂéﬂﬁﬂﬁﬁﬂﬂﬂQUaﬁLWﬁﬁLcﬂﬂgﬁWTﬂHﬁ’? A
Ve = 4.9763 cm’

Ve = 3.3364 cm’

Ve = 4.5239 cm’

Vg =4.5239 cm’

Vg = 2.0358 cm’

V= Vg + Vg, =4.9763 cm?® + 2.0358 cm? = 6.5597 cm’

T. =31.21°C=304.21 K

T, =260.53°C=533.53K

MNINIA oA T Iugungil ldninaunis

Tc _ 30421

(=—= =0.5701
Te 533.53

DAIIFIUVOILTUINT TLOLB 1N v IR auNIs

3 3
V_\.:Vs_czm= 1.4500

Vse  4.5239cm’

oAUVl TumImed uvee v ldanaum

_Vor _ 4.9763 cm’

- =1.1000
Vse  4.5239 em’®

XpE
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daTavesSuesmedudusa  wilaninaunis

Voc  3.3364cm’

= =0.7375
Vse  4.5239c¢m’

Xpc =

VINUUENIOAUIUNIYN @ TRIINTUMS
. —
=ttt Vssin(A@) )= tan"'( (1.4500)sin(90°)

) =50.1566°
T +cos(AG) +1 (0.5701) +cos(90°) +1

asoMuIMnIY S Tdonaums

4T\ Vr
1+Th

S =T1+2TXpe+ +2Xpc+1 (4.5)

S =0.5701+(2x0.5701x1.1000) + (2x0.7375) +1

b
v W

IUY S =59558

ansomumnyy B ldanaums

B :\/Tr2 +2(T, —1)Vscos(AB) +Vs* = 2T +1 (4.6)

B= \/0.57012 +2(0.5701-1)(1.4500)(cos(90°)) +1.4500° — 2(0.5701) + 1

B =1.5123

HAZITMNITONI C 1AneyNg

1.5123
5.9558

=0.2539

Cmig—z
S

Y i ] ]
autnzannsomanuaunoluszuyldnvaaunish @.3) Ayudemiv 6 = 0°

2 3 - ¢
_ _Pronl1-C* _ 1013x10°Pay1-(025397 _ oo\

"~ 1-Ccos(f@—a) 1-0.2539cos(0°—50.1566°)

anuauneluszuufiyudomise g = 10°

/_ 2 3 \/ﬁ
PueaN1-C _ 101.3x10° Pa4f1 (02539) =121.5717 kPa

h 1-Ccos(f—a) 1-0.2539 cos(10°—=50.1566°)




anuauneluszuuiyudonies = 20°

2 3 \/ﬁ
Purear\1-C 101.3x10° Pa4/1-(0.2539) =125.5413 kPa

= Ccos(@—a)  1-0.2539 cos(20°-50.1566°)

uazyuton eI aIn1s19i 4.11

INATTN 4.1 m’%"muuﬁmma§ﬁafgﬂﬁﬂisuanguﬁmwamma%ﬁwmmmumfrmw B
Ve = 6.7858 cm’
V. = 6.6020 cm’
Vg, = 8.1430 cm’
Vg =8.1430 cm’
Vg, =3.1808 cm’
V= Vet Vg, = 8.1430 em® +3.1808 cm®= 11,3238 cm’

SP SC

T. =30.8°C=303.80 K

T, =192.1°C =465.13K

TN Sas 1INl IReINTNNIS

Tc  303.80
| =—=
Te  465.13

=0.6532

a1 IUV9 51T T2z 9%n v lanauNIg

3 3
v :Y&: 11.3238cm — 1.3906

Vse  8.1924cm’

é’m1ﬁ’suﬂ1mﬂ‘§mmmﬂﬁmww m"l?fmnﬁum

_ Ve _ 6.7858 cm’

Xok = = ~=0.8333
Vse  8.1430 cm
daaiuvefsiasmeduiuda  wldvnnauns
3

Yoe — Voc 3 6.6020cm _0.8108

Vse  8.1430cm’

¥
VINUNTDAIUNIYY a TRInaUNS



—_—— Vssin(AG) s (1.3906) sin(90°)

Ti+cos(AQ)+1 (0.6532) +cos(90°) +1

) =40.06°

ansamuInyy S leanaunts

4TV

1+ 1T

S =T+ 2T Xpe + +2Xpc+1

§ =0.6532+(2x0.6532x0.8333)+(2x0.8108) +1

¥
o W

U S'=9:7539

ansasunyy B lannaums

B= \/Tf +2(T: - 1)Vscos(AQ) + Vs* = 2T +1

B = \/0.65323 +2(0.6532 -1)(1.3906)(c0s(90°)) +1.3906" — 2(0.6532) +1

B =1.4332
HAZIZANITONT C lADINETUNT
_5 182 5400
S 5.7539

¥
w [

wduszmsamanuaumeluszuy Idenaunsi @.3) iyudomaies @ = 0°

_ Pmezm\il C _ 1013X10 Pa ]. (02490) =1212091 kPa

" 1-Ccos(@—a) 1-0.2490c0s(0° —40.06°)

anwauneluszuuiyudomio g = 10°

2 3 — a
_ Puean1-C* 101.3x10° Pay/1-(0.2490) ~125.0614 kPa

- 1-Ccos(f-a) - 1-0.2490cos(10°—40.06°)

anuauneluszuuiyudemies g = 20°

s 2 3 - :
Pmean\}]. C _1013X10 Pa+fl (02490) =1280625 kPCI

“1—Ccos(@—a)  1-0.2490cos(20°—40.06°)

= Y o )
HAZNHYHUDIUITIANIAINITINN 4.11
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4 o da = = d o
INATN 4.2 Lﬂ%ﬂﬂﬂuﬂﬁmﬂiﬁﬂ;}ﬂﬂﬂSxﬂﬂﬂQUﬂﬁLWﬁﬁl“h"ﬂfl‘l’l']mﬂﬂ@ﬂﬂﬁ@ﬁﬂ'lw C

Ve = 4.9063 cm’

Vo= 2.8588 cm’

Vg = 11.7750 em’

Vg = 117750 cm’

Vg, =4.2392 cm’

Vo= Ve + Vg =11.7750 cm?® + 4.2392 em’® = 16,0142 cm’
T, =37.98°C=310.98 K

T, =175.04°C = 448.04 K

AWNTANIA1 BATIAIRUNYT IR9INAUNT

_Tc 31098
Te  448.04

=0.6940

DRI VDIUS UM TTZULH 9N M IFnaNnT

Vee 16.0142cm’

V= 25€ = - = 1.3600
Vse  11.7750cm
da1auveITuasaeduee v laoinaum
3
Yop = Voe _ 4.9063 cm : 04166
Vse  11.7750 ecm’
dnsamvealSuinsmeduiudn  mldnnaums
3
o Voo _28588cm’ _

Vse 11.7750cm’

¥
nnduannsefwIanIy o 1dnnauns

a=tan

1, Vssin(AG) e S (1.3600) sin(90°)
Ti+cos(Af)+1 (0.6940) +cos(90°) +1

50U S 1RaInaNns

91

) =47.33°
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4TiVr
1+ T

S =T+ 2T XpE + +2Xpc+1

S =0.6940+(2x0.6940x0.4166) + (2x0.2428) +1
iy S=4.1179

TsofIINTIYY B ldninauns

B =T’ +2(T: - 1)Vscos(AG) +Vs* = 2T, +1

B= \/0.69402 +2(0.6940-1)(1.3600)(cos(90°)) +1.3600° —2(0.6940) + 1

B =1.3940

HAZITTINITONT C Ulﬁ?i)"lﬂﬁllﬂ']i

b
Lo o %

winvgansomanuauneluszunldnnaunisf @.3) iyudomos o = 0°

— 2 ; S ’
_ anwr\/l C _ 1013X10 Pa 1 (03385) :1236982 kPa

" 1-Ccos(@—a) 1-0.3385c0s(0°—47.33°)

anuaumeluszunyudemios 6 = 10°

Puea1-C?  101.3x10° Pay1-(0.3385)*

“1-Ccos(@—a)  1-0.3385cos(10°—47.33°)

=130.4236 kPa

anuaumeluszuuyutomes = 20°

= 3 \/ﬁ
_ Puan1-C* _ 101.3x10° Pay1-(0.3385) —136.3093 kP

" 1-Ccos(@—a) 1-0.3385c0s(20°—47.33°)

ﬁ. Y d‘ 1 (-7 a:;
HAZNHNUDIVIUIN T AIA1T 19N 4.12
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A1379% 4.10 HANTFATUIMI AN AN AUNTE T UL UL NNATN18 s UL TR LATRIEIWE

ra P y o
ALMDTAININ A LR B mﬂmuuﬂmmwmmmm

ﬁrp=9mm

Crank angle (degree)

& ¢ o
IATOIUUATINDIOININ A

A 4 J/a
ATOIUUATRDTOINTN B

¥ (cm?) P(kPa) V(cm?) P(kPa)

0 8.3127 117.0155 14.9782 121.2091
10 8.396892 121.5717 15.10191 125.0614
20 8.646911 125.5413 15.46928 128.0625
30 9.05516 128.6423 16.06916 129.9758
40 9.609235 130.6269 16.8833 130.6383
50 10.2923 131.3233 17.88698 129.9914
60 11.0836 130.6689 19.0497 128.0923
70 11.95909 128.7225 20.33613 125.1029
80 12.89218 125.653 21.70718 121.2593
90 13.8545 121.7064 23.1212 116.8322
100 14.81682 117.1643 24.53522 112.0899
110 15.74991 112.305 25.90627 107.2712
120 16.6254 107.3747 27.1927 102.5707
130 17.4167 102.5729 28.35542 98.13499
140 18.09977 98.04849 29.3591 94.06629
150 18.65384 93.90446 30.17324 90.43025
160 19.06209 90.20592 30.77312 87.26466
170 19.31211 86.98946 31.14049 84.5877
180 19.3963 84.27182 31.2642 82.4049
190 19.31211 82.05711 31.14049 80.71461
200 19.06209 80.34239 30.77312 79.51201
210 18.65384 79.12179 30.17324 78.79187
220 18.09977 78.3893 29.3591 78.55037
230 17.4167 78.14062 28.35542 78.78614




A15199 4.10 (M9) HamsAmuImIAIANuaUMeluszuusulSunsneluszuuves

A ' da A (A 3 A4 A
ATDIUUATRDIAININ A LRy B mﬂauuuﬂaqmwmamww FP =9 mm

94

Crank angle (degree)

& s o
IATDIUUATIFADIAININ A

A ¢ P
IATOIUUATIADIAININ B

V (cm?) P(kPa) V (em?) P(kPa)
240 16.6254 78.37418 27.1927 79.50052
250 15.74991 79.09147 25.90627 80.6973
260 14.81682 80.2967 24.53522 82.3817
270 13.8545 81.99585 23.1212 84.55857
280 12.89218 84.19483 21.43101 87.22962
290 11.95909 86.89673 20.05996 90.38942
300 11.0836 90.09773 18.77353 94.01999
310 10.2923 93.78161 17.61081 98.08383
320 9.609235 97.9125 16.60713 102;5157
330 9.05516 102.4263 15.79299 107.2138
340 8.646911 107.2215 15.18511 112.0321
350 8.396892 112.1505 14.82574 116.7767
360 8.3127 117.0155 14.70203 121.2091




A o U s o
A19199 4.11 HANTTANUIUNNAN AN AUN e luszuUA L BRNARTAe luss U LT

- - ok ol o
iTaEuAaIesanIN C Milfsuulasmuyndewmiesd r = 12 mm

Lﬂé@ﬂﬂuﬁﬁmﬂgaﬁﬂ'lw C
Crank angle (degree)
V (em?) P(kPa)

0 9.8846 123.6982
10 9.695441 130.4236
20 9.869808 136.3093
30 10.4024 140.8244
40 11.27704 143.4961
50 12.46714 144.0167
60 13.93656 142.3239
70 15.64063 138.6175
80 17.52759 133.3062
90 19.5401 126.9069
100 21.61701 119.9414
110 23.69521 112.8612
120 25.71156 106.0105
130 27.60479 99.62383
140 29.31738 93.84154
150 30.7973 88.73318
160 31.99957 84.32016
170 32.88766 80.5945
180 33.4346 77.53267
190 33.62376 75.10522
200 33.44939 73.28304
210 329168 72.04125
220 32.04216 71.36155
230 30.85206 71.23349
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A1319% 4.11 (@9) WamsmuariaaNuauneluszuurulSunasmelussuuveg

A o o 1 9/ A A
INTOWUANADTDINN C Mauuuaemuyudomisen r, =12 mm

Crank angle 3 090udmAD AN C
(degree) V (em?®) P(kPa)
240 29.38264 71.65505
250 27.67857 72.63281
260 25.79161 74,1815
270 23.7791 76.32316
280 21.70219 79.08529
290 19.62399 82.4978
300 17.60764 86.58796
310 15.71441 91.37244
320 14.00182 96.84558
330 12.5219 102.9629
340 11.31963 109.6201
350 10.43154 116.6292
360 9.8846 123.6982
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140

120

100

o]
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(e}
o

Pressure : P(kPa)

S
o

[l
o
|

== Pressure

=@=Total volume

60

120 180 240

Crank angle(degree)

300 360

total voluma : V(cm?)
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~ o w o ' | 1 ! o =
517 4.16 nsmlugmennuduiutszn NayudeamdseidonudasnulSuassw

) wazanuau () moluszuumiessudmaeiainin A Mldouutlasliiile

r, =9 mm

160

150

130
120
110
100 -

Pressure : P(kPa)

140 ———

90

80
70

60

10 15
Total volume : V(cm?)

20 25

a

519 4.17 nalanudunussenaelsuiaisy ) duanuey @) meluszuy

A o s A A o i a J o
IATONYUATHNBDIAL LD 7y = 9 mm INTOIWUATIADIAINTIZUDNFUATLWATLHDI N

AUAINN A
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120

100

80

60

Pressure : P(kPa)

40

20

=—@=Total Volume ==e==Pressure

|
| |
T

60

T

120 180 240 300

Crank angle(degree)

360

total volume : V(cm3)
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=i v w ' 9/ ci A (a o =
N 418 namluaasanuduiuisznayudomlssinlaounlasinlinessu

5 4 o sa s |4 1
(MuazanuauP)maluszuumiossuamaosasnin B Nnlasuuilasliliile

r, =9 mm

140

130

10

15

20 25
V(em®)

30

35

a

5UN 4.19 A5 AN FURUTIEnI5uassauMiuanuau@nteluszuy

4 o da A A % S A = ¢ o
IATDIYUANLNDIAL LD rp =9 mm Lﬂiﬂﬁﬂﬂﬂﬁlﬂ'ﬂiﬁﬂﬂﬂiﬁﬂﬂﬂgﬂﬂﬂLWﬁﬂlcﬁ@'ﬁ’ﬂ

VINTLUAURDTNIN B
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160

140

120

100

[on)
o

Pressure : P(kPa)
oo
o

total volume : V(cm?)

B
o

=== Pressure |==@==Total volume

(o]
o
wu

o
o

0 60 120 180 240 300 360

Crank angle(degree)

w d 1 £y P ~

JUN 420 asmluaasnnuduwusszrnayudomissinfoun)anulSuessy

q

" 4 & da { d
(MuazANUAUP)INEIUTZUUIRITDUA A a9 C Nnlfeunilasliife

rp=]2 mm

160

150 +——171- - R 0 I S o

140
130
120
110
100
90
80
70
60

Pressure : P(kPa)

5 10 15 20 25 30 35 40
Total volume : V(em?3)

.

a w d 1 a o @
519 421 ﬂﬁ']?‘lﬂ?'lliﬁﬂwu'ﬁigﬁﬂ’]ﬂﬂﬁﬂﬂi5'33J(V)ﬂ‘1_]ﬂ’J'I‘JJﬂu(P)ﬂWﬂnluiﬁﬂ?U

U

A o da A A 2 o A a 4
WAIDIYUATLIADTAY LUD P = 12 mm INTOWUATADIAINDTEUONTUATINA LY DT

MIANDUUADININ C



160

140

120

100

Pressure : P(kPa)

[}
o

D
o

= ENginge A =—=@=Engine B

40

Total volume : V(em?3)

5 10 15 20 25

35

s 422 aswlanwduiutsennalsuassannuanuan@Eneluszunves

A o ~ o
Lﬂ‘iﬂ\‘iﬁlﬂﬁ]ﬁﬁ%lﬁﬁmmﬂﬂﬂu‘yﬂ A Bung C

o a | < da @ s
4.1.5 ﬂ]‘iﬂ]uim‘ﬁ]d11]‘53E’T‘Vl%ﬂ1W!ﬂ%ﬁ)\‘]U‘I—!ﬂﬁl’kﬂﬂﬁﬂﬂﬂﬂﬁ]ﬂlﬂ%ﬂﬂ

wut Nsgoedomdng r, = 9 mm uazr, = 12 mmazaunsadunamilszdniamnn

ANNII
n=1-T x100%
Taud;
]"(.
T s
{ T‘.'
32181

U=]—£XIOO %
TI;'

E
@ ar o

a a A el
ﬂauummmmﬂﬁmmmwmmmsmﬂuwswz Ty = 9 mm
A < da o a d o Y
C Lﬂ'ﬁﬁlﬂﬁluﬁm@lﬂﬁﬂﬂ‘ﬂﬂ‘i%‘ﬂ'ﬂﬂg"ﬂﬂﬁlWﬁﬁL%”ﬂﬂ’ﬂLLﬂ’Jﬁﬂ']W A

awld

(4.10)

(4.11)

(4.12)
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304.21
533.53
=42.9816 %

n=1- x100 %

4 o da A a o o
5 Lﬂ%'ﬁ]ﬂﬂuﬁﬁm@iﬂﬁ‘l’]ﬂ'ﬁgﬂ@ﬂg‘]_lﬂﬁLWﬂﬁi“lf@'ﬁ”ﬂ"lﬁ]']ﬂﬁlmumﬁﬂTW B
wla
303.8

n=1-
465.1
=34.6807 %

x100 %

kY
@

o aooa : ot
QUUﬂ"Iu'JmW']ﬂﬁgﬁﬂﬁﬂ‘]Wﬂl@\iLﬂ?'ﬂﬂﬂNﬁﬂﬁ& & by = 12 mm
A o s A a d o A
- Lﬂi@@ﬂuﬂﬁm@ﬁaﬁﬂﬂﬁ&’ﬂ@ﬂquﬂﬁﬁﬂﬁﬁﬁh’@iﬂ’li]‘!ﬂ‘ﬂ@ﬂﬁ’i'ﬁ@ﬂ NN C
wld

| 310.98

448.04
=30.5910 %

x100 %

=

a d v o W W 4 d d
4.2 fnT’ﬂﬂﬂ'ﬁl‘]J!!'C!g'J!ﬂi’ﬁ’i‘l’?"lﬂﬂﬁ'ld?ﬂﬂ’lﬁﬂﬂﬂﬂlﬂQ!ﬂ%@ﬁﬂuﬂﬂ!ﬂﬁﬁaﬂ

Ve

TDC BDC |¢r_'°,|
/% /'//////////'//////,f,{////////a | |
Z | Y b
7 | / kel
= _— L

[ |
Z , | Y TDC
s s s s s s f 7 s SN 70 s st s 0 0 7 7

I |
7////%///,»’/////1//////’//////////;
7 | .
7 | ‘ BDC
g | | |
% | | ﬂ
7 | ’
/// I8 CIII I N 0P VTP I PP PP IIPIIIIS

Vs

A o T N ~ = -4
JUN 423 upunmuaasumansAfeuNYIgNUATNAMY3T 910 BDC 79

Y

= o 4
TDC NEUHUTOUTDH IO
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nngalii 4.23

TDC: Top dead center

BDC: Bottom dead center

V. : Compresstion volume %30 Clearance volume

V, : Stroke volume 130 Swept volume

= A a 4 a I3
Wi]’l‘jim*ﬂﬂﬁzﬂ?JﬂijUﬁﬁLWﬁﬁL‘ﬁ@g(Displacer cylindentilaa9INNYNGUATINANITD
o iy = 4 . . i
(Displacer piston)wmff 19 laemadou NNNTTVONYUANWATIYOT(Displacer cylinder) W11
. l i i 5. W 4 H [ =1 [
neweoude ldinszuonguiidapower eylinderiiauanalasuanudousuermendurir iy

y d' ‘?.4 o ! o w a
Lﬂﬂﬂ?ﬁLﬂﬁﬂuﬂﬂﬂﬁgﬂQUﬂﬁﬁﬂﬂ Iﬂﬂlﬁ']ﬁ']iﬂ'iﬂﬂ']'ﬂﬂﬁ'lﬁﬁuﬂ']ﬁﬁﬂﬂﬂ"lﬂﬁllﬂﬁ

Compresstion ratio(CR):VSTH/C- (4.13)
C
m dSmasnna v, 910
2
8
Vs = (”4 )y, (4.14)

y ' s '
o D e dudugudnatanszuengumtae mm
v
i

o @

L fie szuzdngnguriordniindouiiiuassendne TDC fU BDC (2r,) 1196 mm

uazn1USNIATHAINMSORAT V. 910

(4.15)

Wa X Ae suzveafiuinsane

TaohifSinasneuniseadafie V, +V, (4.16)
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MIMUIUOATNTIUADIOAINTOT A

1NAUNITN (4.14)

_(zD?)
T4
_(m)(24mm)* (10mm)
- 4

= 4523.89 mm’

= 45239 cm’®

Vs L

LAZINANNITN (4.15)

xD*X
Ve =V = D4 =

_ (7)(24)*(11)
4
= 4976.28 mm’

=4.9763 cm’

dI- el g’-‘ ! o/ ar
VINTAUNITN (4.16) AU IR INBUNITOAA D

Ve+V.= 4.5239cm’ +4.9763cm’
=9.5002 cm’

¥ . P
%ulﬂm compression ratio 19

Vot Ve
VC
~9.5002cm’

 4.9763cm’
=1.9090

Compresstion ratio(C,) =

MIATUIUOANTIUMAIDAATI B

NNAUNTN (4.14)

_ (D%

4

N (m)(24°)(18)
4

=8143.00 mm’

=8.1430cm’

Vs L
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HAZAINANATN (4.15)

Vo= Vg R'DDZXDE
4
N (m)(24 mm)* (15mm)
- 4
= 6785.84 mm’

= 6.7858 cm’

dl. i g-’ 1 7 o/
INTANNITN (4.16) AIUU UTUIATNOUMTOAAD

V, +V.=8.1430cm’ + 6.7858 cm’
=14.9288cm’®

Y1 g |
1w lamn compression ratio 19

Compresstion ratio(C) i (-
(&
14.9288 cm’
6.7858 cm’
=12.2000
o s | 0 as ar =
NFATUIUAATIFIUNAIBALATRS C
MINAUATT (4.14)
2
Vs = (D) L
4
. (7)(25%)(24)

4
=11775.0mm’
=11.7750cm’

Lmzmﬂﬁnmsﬁ (4.15)
2
Ve =V = ZDp X
4
B (7)(25mm)* (10mm)
4
= 4906.30 mm’

= 4.9063 cm®



d' v g’-’ 1 a s
INAUNITN (4.16) AUY 3119579UMTOAA

Ve +V.=11.7750cm’ + 4.9063cm’
=16.6813cm’

Az &A1 compression ratio Ae

Compresstion ratio(C,) =

VetV
VC‘
16.6813cm’

49063 cm’
=3.3999
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~ = ' v o @ @ o @ ]
AT NN 4.12 Llﬁﬂﬂl‘]ﬁEJ‘TIJW]EJ‘UIE?LI']FIﬁﬂ@uﬂ'l‘iﬂﬂﬁnlmt‘lﬁllWﬁ"r’fﬂﬂﬂ'li@ﬂﬂ?!itﬁﬂﬁﬂﬁ'}u

o s

° y % fa &
1 <1ammm%aauﬂmﬂasawummum

auls reUSmADIAY | M3eswudaIAnsAY | IntedousaAniAg
M A N B AN C
V(em') 4.5239 6.7858 4.9063
V(em) 4.9763 8.1430 11.7750
VetVilem)) 9.5002 14.9288 16.6813
&y 1.9090 2.200 3.3999
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ABSTRACT

The need to improve the performance characteristics of the gasoline engine has necessitated the present research.
Increasing the compression ratio below detonating values to improve on the performance is an option. The
compression ratio is a factor that influences the performance characteristics of internal combustion engines. This
work is an experimental and theoretical investigation of the influence of the compression ratio on the brake power,
brake thermal efficiency, brake mean effective pressure and specific firel consumption of the Ricardo variable
compression ratio spark ignition engine. Compression ratios of 3, 6, 7, 8 and 9, and engine speeds of 1100 to 1600
rpm, in increments of 100 rpm, were utilised. The results show that as the compression ratio increases, the actual
Jutel consumption decreases averagely by 7.75%, brake thermal efficiency improves by 8.49 % and brake power also
improves by 1.34%. The maximum compression ratio corresponding to maximum brake power, brake thermal
efficiency, brake mean effective pressure and lowest specific fuel consumption is 9.The theoretical values were
compared with experimental values. The grand averages of the percentage errors between the theoretical and
experimental values for all the parameters were evaluated. The small values of the percentage errors between the
theoretical and experimental values show that there is agreement between the f;’reofenca! and experimental
performance characteristics of the engine.

Keywords: Compression ratio, brake power, brake thermal efficiency, specific fuel consumption, brake mean
effective pressure.

INTRODUCTION

Improving internal combustion (IC) engine efficiency is a prime concern today. A lot of engineering research has
gone into the improvement of the thermal efficiency of the (IC) engines, so as to get more work from the same
amount of fuel burnt. Of the energy present in the combustion chamber only a portion gets converted to useful
output power. Most of the energy produced by these engines is wasted as heat. In addition to friction losses and
losses to the exhaust, there are other operating performance parameters that affect the thermal efficiency. These
include the fuel lower calorific value, Oy, compression ratio,r and ratio of specific heats,y [7].

Compression ratio is the ratio of the total volume of the combustion chamber when the piston is at the bottom dead
centre to the total volume of the combustion chamber when piston is at the top dead center. Theoretically, increasing
the compression ratio of an engine can improve the thermal efficiency of the engine by producing more power
output. The ideal theoretical cycle, the Otto cycle, upon which spark ignition (SI) engines are based, has a thermal
efficiency, 1., which increases with compression ratio,reand is given by [5].
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N = (1 - =0 (n

%
where, y is ratio of specific heats (for air y=1.4)

However, changing the compression ratio has effects on the actual engine for example, the combustion rate. Also
over the load and speed range, the relative impact on brake power and thermal efficiency varies. Thercfore, only
testing on real engines can show the overall effect of the compression ratio. Knocking, however, is a limitation for
increasing the compression ratio [5].

Yuh and Tohru (2005) conducted a research on the effect of higher compression ratios in two-stroke engines. The
results show that the actual fuel consumption improved by 1-3% for cach unit increase in the compression ratio
range of 6.6 to 13.6. It was concluded that the rate of improvement was smaller as compared to the theoretical
values. The discrepancies were mainly due to increased mechanical and cooling losses, short-circuiting at low loads
and increased time losses at heavy loads. Power output also improved, but the maximum compression ratio was
limited due to knock and the increase in thermal load. In addition, the investigation covered the implementation of
higher compression ratio in practical engines by retarding the full-load ignition timing.

Asif et at. (2008) conducted a research on performance evaluation of a single cylinder four stroke petrol engine. In
the research, the actual size of the engine parameters like the bore, stroke, swept volume, clearance volume,
compression ratio and engine speed were recorded and computed. Based on the actual size of the engine parameters,
the indicated horse power, brake power, and friction horse power were determined and were found to be 1.54, 1.29
and 0.25 respectively. The mechanical efficiency and the thermal efficiency were also calculated and were found to
be 83% and 20.5% respectively. The fuel consumption per hour was found to be 0.8 litre/hour while the fuel
consumption per distance traveled was found to be 60 km/litre.

This paper investigates for a four stroke spark ignition engine (The Ricardo variable compression ratio engine), the
influence of compression ratio on the brake power, brake thermal efficiency, specific fuel consumption, brake mean
effective pressure. The theoretical performance characteristics for the engine, obtained from derived equations, were
also presented.

i) Basic Theory:
The engine torque, 7'is given by [4]

T=WR, (2)
where,IW is the brake load in Newton and R is the torque arm in metres.

The actual power available at the crank shaft is the brake power, Bp, given by

By =2 (3)

where, Nis the engine speed in revolution per minute.

The brake mean effective pressure (BMEP) is the mean effective pressure which would have developed power
equivalent to the brake power if the engine were frictionless, and for a four stroke engine is given by [4]

BMEP= 222 @)

VghNn
where, » is the number of cylinders and Vis the sweplt volume.

The brake thermal efficiency,ngy is the ratio of the brake power to the power supplied by the fuel,Q;, and is given
by
Bp

Nr= B (3)
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And
Qi = mpQry (6)
where, my is the mass flow rate of the fuel and @y is the lower calorific value of the fuel.

The specific fuel consumption (SFC) is the total fuel consumed per kilowatt power developed and it is given by [4]

_3600mp
Bp

SFC (7

ii)Torque Gain:
Increase in compression ratio induces greater turning effect on the cylinder crank [6]. That means that the engine is
getting more push on the piston, and hence more torque is generated. The torque gain due to compression ratio
increase can be given as the ratio of a new compression ratio( newr.) to the old compression ratio (old 7;)given by
(8]

newre ) 0.4 (8)

Torque gain/loss = (——
oldre

MATERIALS AND METHODS

i) The Test Engine:

The Ricardo variable compression ratio engine with direct current electric dynamometer is a four stroke water-
cooled single cylinder petrol engine. It has a 76.2mm cylinder bore and 111.1mm stroke, giving a swept volume of
506,399mm?. Variation of the compression ratio was achieved by raising the cylinder head up in order to decrcase
the compression ratio and by lowering it down to increase the compression ratio.

ii)Theoretical Determination of Performance Characteristics:

In the cylinders the combustion process takes place, and converts the chemical energy in the fuel to mechanical
power. Ideally, all the heat stored in the fuel may be converted to power; in that case the delivered power is given by
taking the product of the heating value of the fuel, @y, and the fuel mass flow, m;, through the cylinders. However
there will be losses during the energy conversion, thus it will be multiplied with the brake thermal efficiency, ngy
[2]. Thus,

Bp = NprQuymy 9

If equations (3) and (9) are equated, an equation for the relation between the engine torque and mass flow rate of the
fuel is developed as

30Qrym
T= Ner— ' (10)

If the whole process is approximated to an Otto cycle multiplied by a constant, the brake thermal efficiency can be
calculated by [2]

1
Mar =k (1 - =) (1)
Y
K in equation (11) is a constant and it is introduced because in equation (1), energy losses due lo incomplete

combustion, heat transfer from gas to cylinder walls and timing losses have been neglected. Thus, equation (10) then
becomes

30 Qrymy (12)

s
szn_(l _r;:_l) N
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The values for K (from 1100 to 1600rpm in increment of 100rpm) were determined experimentally for a reference
compression ratio of 7 using equation (12). The theoretical torque gain for compression ratios 5, 6, 7, § and 9 were
calculated by means of equation (8). The theoretical brake power, brake mean cffective pressure, brake thermal
efficiency and specific fuel consumption were calculated by means of equations (3), (4), (5) and (7) respectively.

iii) Experimental Determination of Performance Characteristics:

The brake load was measured through a dynamometer by the following procedure:

The engine was motor-started when the transformer was switched on by a switch gear (lever). The motor at this
point becomes the load to the engine and it absorbs the engines power (as a dynamometer). The torque arm was
measured; the brake load and time taken for 50ml of the fuel to be consumed were taken and recorded. The
experimental values for the engine torque, brake power, brake mean effective pressure, brake thermal efficiency and
specific fuel consumption were similarly calculated by equations (2). (3), (4), (5) and (7) respectively.

iv) Error Analysis:
The percentage errors in the performance characteristics were calculated by the following equation [2]

Theoretical value—Experimental value
Error = x 100% (13)

Experimental value

RESULTS AND DISCUSSION

Figures | to 4 are the experimentally obtained graphs for the brake power, brake thermal efficiency, brake mean
effective pressure and specific fuel consumption from the Ricardo variable compression ratio engine test.
Comparisons between the theoretical and experimental values are also shown graphically in figures 5 to 8 for the
various compression ratios of 5, 6, 7, 8 and 9 for each of the performance characteristics. The graphs presented for
the comparisons are for an engine speed of 1500 rpm.

From figurel, it is seen that the engine brake power increases as the compression ratio increases. This is due to the
increase in brake torque at high compression ratios. Increase in compression ratio induces greater turning effect on
the cylinder crank. That means that the engine is giving more push on the piston, and more torque is generated.
Equation (3) shows that the engine torque is directly related to the brake power.

In Figure 2, the maximum thermal efficiency occurred at compression ratio of 9. By compressing the available air
and fuel mixture into a smaller space, with the heat of compression, causes better mixing and evaporation of the
fuel. Greater combustion efficiency from increase in compression ratio means that the combustion of the fuel pays
greater dividends by more energy release from the fuel. The net result is that the increase in encrgy available is
greater.

As the compression ratio increases, the fuel mixture is sufficiently compressed thereby increasing the thermal
efficiency, so that less fuel is required to produce the same amount of energy. Fuel consumption is reduced at higher

compression ratios between 8 and 9.

Table 1.Grand averages of the percentage error

Tc | Bp | nar(%) | SFC (%) | BMEP
(%) (%)

5 1075213 257 0.75

6 | 1.64 | 1.36 138 1.63

7 | 0.18 | 043 0.69 021

8 | 229 | 367 3.86 230

9 | 1.85 | 9.89 K .85

As the compression ratio increases (up to 8 and 9), the theoretical brake power increases beyond the experimental
values (figure 5), which is understandable due to practical losses. In figure6, as the compression ratio increascs, the
theoretical thermal efficiency decreases below the experimental value. It means that the theoretical thermal
efficiency was underestimated for compression ratio beyond 7. Similar trends are obtained for the specific fuel
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consumption and the brake mean effective pressure (figures 7 and 8). Increase in the compression ratio up to 8 and

9, increases the fuel consumption and brake mean effective pressure increases beyond the experimental values.

The errors in the theoretical performance characteristics of the engine were evaluated and are shown in table 1.

Tablel shows that the percentage discrepancy between the theoretical and experimental values ranged from 0.18 to
2.29% for the brake power, 0.43 to 9.89% for the brake thermal efficiency, 0.69 to 11.17 % for the specific fuel
consumption and 0.21 to 2.3% for the brake mean effective pressure.

Brake Power (kW)

5.2

5
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4.6
4.4
4.2

4
3.8
3.6
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3
2.8
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—»—N=1400rpm

L 1
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Figure 1. Variation of brake power with compression ratio for different engine speeds.
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Figure 2. Variation of brake thermal efficiency with compression ratio for different engine speeds.
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Figure 5. Variation of brake power with compression ratio at engine speed of 1500rpm
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Figure 6.Variation of brake thermal efficiency with compression ratio at engine of 1500 rpm

Specific Fuel Consumption (g/kVh)

4.5

700 i
650 ;
600 :
550/
500}

4501

5 55 6 6.5 7 7.5 8 8.5 9
Compression ratio

aotfeeccraay 1 . 1 f 1 . L . 1 a R

T T T 4 T T T T 4 T v T e

—m-—Experimental (N=1500rpm)
—i—Theoretical (N=1500rpm)

5 5.5 6 6.5 7 7:5 8 8.5 9
Compression ratio

o L I A SR ——

il

9.5

Figure 7. Variation of the specific fuel consumption with compression ratio at engine speed of 1500 rpm

8.3
T 82
3 81

8
g 7.9
D 7.8
o 7.7
£ 7.6
o 7.5
2 7.4
*g' 7.3
E .2

7.1
c 7
E 6.9
= 6.8

8.7
% 66
@ 6.5

—=-—Experimental (N=1500rpm)
———Theoretical (N=1500rpm)

1 L L L 1 1 . L n 1 " 1 L 1

L

lo)]

5 5.5 6 6.5 7 7.5 8 8.5 9
Compression ratio

9.5

Figure 8.Variation of brake mean effective pressure with compression ratio at engine speed of 1500 rpm.

Pelagia Research Library

1921



Aina T ef al Adv. Appl. Sci. Res., 2012, 3(4): 1915-1922

CONCLUSSION

The general conclusions drawn from the results of this research work are as follows:

e Increase in compression ratio on the Ricardo variable compression ratio engine increases the brake power, brake
thermal cfficiency, brake mean effective pressure and reduction in the specific fuel consumption. It means that
higher compression ratios make it possible to improve the performance characteristics of spark ignition engines.

e The highest compression ratio corresponding to the maximum brake thermal efficiency and brake power is 9.

e The small values of the percentage errors between the theoretical and experimental values show that there is
agreement between the theoretical and experimental performance characteristics of the engine.
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Design of Stirling Engine

The compression ratio, or volume ratio VR, is defined as the gas volume with the
piston at top dead centre (TDC) divided by the gas volume with the piston at bottom dead
centre (BDC).It is typically very low in LTD engines due to the large overall gas volume that
is generally required for these engines to operate. Kolin [1] describes a ‘rule of the thumb’ for
approximating the ideal volume ratio which depends on the temperature difference of the
engine in question. The formula states:

VR=[1+ = J (1)

1100

The phase angle is almost always fixed at 90° however this is not necessarily the
optimum value, as indicated by the graph in Figure 1 which describes a numerical analysis of
a certain Philips Stirling engine.

P |
60 _power () _ .
(kW] 1
50 1

40

30 +

20 -

10 A

0 ; f
0 30 60 90 120 150 K{J 180

Figure 1: Graph of power output vs. phase angle for 3 different dead volumes [2]

One such estimate is made using the Beale number, an empirically derived number
named after William Beale, inventor of the free-piston Stirling engine. He noted that the

performance of many Stirling Engines tended to conform to the following simple equation



relating indicated power, Po (W), to pressure p (bar), operating frequency f (Hz) and
expansion space volume Ve (cm3) with the Beale number Bn.
P, =B, Y, @)

Figure 2 shows a graph plotted by measuring data from many Stirling Engines. The
solid line in the middle is typical of most Stirling Engines while the upper and lower lines
denote unusually high or low performing engines. Based on this graph, with a heater
temperature of 90°C (363K), it would be reasonable to expect a Beale number in the range of

0.002 to 0.008. For further calculations a Beale number of 0.005 is used.
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Figure 2: Graph of Beale number vs. heater temperature for a range of engines [2]

At this point, Equation 2 can be rearranged and solved to find an estimate of the
expansion space volume needed to reach the target power output based on the Beale number.

Choosing an average Beale number of 0.005 and solving for a nominal output of 500 W:



P, 500
%

= & = 5000 cm ® = 51
B,pf  0.005 x10 x 2

Which means the piston must sweep about 5 litres of volume. From Equation 1 the
volume ratio V'R can be calculated and this will then give an indication of the size of displacer

chamber needed.

AT 70
Ve=|1+ =|1+——|[=1.06
1100 1100

And
Vm‘w VL' + VL’
VR = — =
Vllllﬂ VL'
Therefore
v, 5000
V, = = —— = 83,000 =83/
Vv, -1 0.06

R
So for a maximum expected temperature difference of 70°C the volume of the
displacer chamber (the compression space) should be about 83 litres. The volume of the
compression space is fixed once chosen, and since the engine also should run on temperatures
less than 70°C, a value of around 130 litres is more appropriate. This allows the engine to run
ideally on temperature differences of around 40-50°C, and if the stroke is reduced (thus
reducing both VR and Ve) then the temperature difference should be able to drop to around
20°C while still maintaining a close to optimal volume ratio. This does leave the engine
somewhat short on compression towards the higher end of its operating temperature range,
however in the interests of researching a low temperature differential engine it was
considered more beneficial to skew the design in this direction and investigate lower

temperature differential operating limits.

After examining available sizes in steam pipes and other available pipes in large
diameters it was found the biggest readily available diameter size was a nominal bore of 8§00
mm (813 od x 10.0 wt). This spiral pipe was chosen for use as displacer chamber, giving an
internal diameter dc of 793 mm. To calculate the required length Le of the displacer chamber

for a swept volume Ve of 130 litres:

‘ (3)

Therefore



3V, 3x0.13
T, = = =0.79m = 800 mm

{2) o222)

\2) 2

Hence a value of 800 mm was used for the length of the displacer chamber. Note the

factor of three used in the equation is because the displacer and heat exchangers take up a

third of the volume each, leaving one third of the remaining volume as swept volume.

The cylinder in which the power piston resides needs to be a honed tube, i.e. perfectly
round and smooth inside. Available sizes of honed tube are somewhat limited, with 228 mm
being the largest readily available size. A cylinder of this diameter has a cross-sectional area
of 0.0408 m2, meaning a stroke of only 122 mm is needed to obtain the desired expansion
space volume of 5 litres. It was decided to use a maximum possible stroke length of 150 mm
to allow some room for adjustment on either side. This would allow the use of higher

temperatures through a higher volume ratio.

A stroke length of 150 mm dictates the length of the cylinder (stroke length + height
of piston) and the size of the chamber in which the crankshaft resides. This chamber is also
made of steam pipe similar to the displacer chamber. A pipe with a nominal bore of 450 mm

was chosen for this as it provides adequate clearance for the crank.
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Thermodynamic analysis of a Stirling engine
including dead volumes of hot space, cold space
and regenerator
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Abstract

This paper provides a theoretical investigation on the thermodynamic analysis of a Stirling engine.
An isothermal model is developed for an imperfect regeneration Stirling engine with dead volumes
of hot space, cold space and regenerator that the regenerator effective temperature is an arithmetic
mean of the heater and cooler temperature. Numerical simulation is performed and the effects of the
regenerator effectiveness and dead volumes are studied. Results from this study indicate that the
engine net work is affected by only the dead volumes while the heat input and engine efficiency are
affected by both the regenerator effectiveness and dead volumes. The engine net work decreases with
increasing dead volume. The heat input increases with increasing dead volume and decreasing
regenerator effectiveness. The engine efficiency decreases with increasing dead volume and
decreasing regenerator effectiveness.
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Vsr
Vsc
Vs
Vb
Vp
Wn et

Nomenclature

specific heat at constant volume (J/kg K)

regenerator effectiveness

Stirling engine thermal efficiency

factor defined by Eq. (9)

specific heat ratio

Vsu/Vs is hot space dead volume ratio

Vsr/Vs is regenerator dead volume ratio

Vsc/Vs is cold space dead volume ratio

Vs/(Vp+ Vp) is total dead volume to total volume ratio
Vs/V, is total dead volume to total volume ratio

total working fluid mass contained in the engine (kg)
absolute pressure (N/m?)

cycle mean effective pressure (N/m?)

total heat added from an external source to the cycle (J)
total heat rejected from the cycle to an external sink (J)
gas constant (J/kg K)

working fluid temperature in the hot space (K)

working fluid temperature at regenerator outlet (K)
working fluid temperature in the cold space (K)
working fluid temperature at regenerator inlet (K)
effective working fluid temperature in regenerator dead space (K)
cooler temperature (K)

heater temperature (K)

hot-space dead volume (m?)

regenerator dead volume m®

cold-space dead volume (m?)

total dead volume (m?)

displacer swept volume (m?)

power piston swept volume (m?)

engine network (J)

1. Introduction

The Stirling engine is a simple type of external-combustion engine that uses a
compressible fluid as a working fluid. The Stirling engine can theoretically be a very
efficient engine to convert heat into mechanical work at Carnot efficiency. The thermal
limit for the operation of a Stirling engine depends on the material used for its
construction. In most instances, the engines operate with a heater and cooler temperature
of 923 and 338 K, respectively [1]. Engine efficiency ranges from about 30 to 40%
resulting from a typical temperature range of 923-1073 K, and normal operating speed

range from 2000 to 4000 rpm [2].
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Fig. 1. Schematic diagram.

Fig. 1 shows a simplified schematic diagram of an imperfect-regeneration Stirling
engine. The p-v diagram for the Stirling cycle with imperfect regeneration is shown in
Fig. 2. For an ideal regeneration, the total heat rejected during process 4-1 is absorbed by a
perfect regenerator and released to the working fluid during process 2-3 since in the ideal
regeneration an infinite heat-transfer area or an infinite regeneration time is needed.

For an imperfect regenerator, the working fluid temperature at the regenerator outlet
and inlet will be T3 and T/, respectively. An external heat input and output is required to
increase 75 to 73 and decrease T to 7 [1]. Although regenerator effectiveness values of
95, 98-99, and 99.09% have been reported [3-7], engine developers who do not have
efficient-regenerator technology in hand should take into account the regenerator
effectiveness, and then an analysis with imperfect regeneration should be made.

Dead volume is defined as the total void volume in a Stirling engine. In general, the
dead volume is referred to as the volume of working fluid contained in the total dead space
in the engine, including the regenerator and transfer port. It is evidenced that a real Stirling
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Fig. 2. p—v Diagram.



engine must have some unavoidable dead volume. In normal Stirling engine design
practice, the total dead volume is approximately 58% of the total volume [8].

Although many researchers have analyzed Stirling engines, there still remains room for
further development. Investigation on Stirling engine analysis [9] shows that almost all
literature deals with ideal regeneration and zero dead volume. The imperfect regeneration
Stirling engine including dead volumes has received comparatively little attention in
literature and should be studied in more detail.

The Stirling engine including dead volume can be analyzed by the Schmidt technique
[10]. However, ideal regeneration is assumed in the Schmidt analysis [1,11]. For Stirling
engines with large dead volumes, having the correct working fluid temperature in the
regenerator is important. The effective temperature of the working fluid contained in the
regenerator dead space can be calculated by separating the dead volume into two [8,11],
one half is at Ty and the other half is at T,.. The regenerator effective temperature in
another ways is the arithmetic mean [1,8,11] and the log mean temperatures [8,11] of
working fluid at the outlet and inlet of regenerator.

Martini [8] used the log-mean regenerator effective temperature in the analysis of a
Stirling engine with dead volume. The log-mean regenerator effective temperature was
found to be infinite at 50% regenerator effectiveness, since T3 equals T),. Therefore,
the log-mean regenerator effective temperature should not be used with
variable regenerator effectiveness. However, the definition of the regenerator
effectiveness used by Martini [8] is different from the definition commonly used by
others [1,11]. The arithmetic-mean regenerator effective temperature should give good
approximation [11].

The objective of this article is to analyze an imperfect regeneration Stirling engine with
dead volume, based on classical thermodynamics. The analysis is in a general form that
takes into account both the regenerator effectiveness and the dead volume. The results
obtained in this article will provide a generalized guideline for the analysis of a Stirling
engine with imperfect regeneration and dead volume.

2. Stirling cycle analysis

2.1. Dead volumes

Assume that the hot space, regenerator and cold space dead volumes, in m’, are
respectively Vsy, Vsr and Vse, then, the total dead volume is

Vs = Vg + Vsg + Vsc = (ksu + ksg + ksc) Vs (1

where ksy= Vsy/Vs is the hot space dead volume ratio, ksg = Vsr/Vs is the regenerator
dead volume ratio and kgc = Vsc/Vs is the cold space dead volume ratio.

Let the total dead volume to total volume ratio be represented as kgy= Vs/V|, then the
total dead volume can be expressed in terms of total volume as

Vs = kstV| = kst(Vs + Vp + Vp) (2)



where Vp and Vp are the displacer and power piston swept volumes in m?, respectively.
The dead volume is more conveniently expressed in terms of the total swept volume as:

Vs = kspp(Vp + Vp) (3)

Therefore, the dead volume to the total volume ratio, and the dead volume to the total
swept volume ratio are related by:

kst = kgpp/(1 + kspp) or kspp = kgr/(1 — ksT) 4)

2.2. Imperfect regenerator

The regenerator effectiveness, e, of an imperfect regenerator is defined as [1,8,9]:
e= Ty —TONT; —T\) (5)

The value of e is 1 for 100% effectiveness or ideal regeneration and e is 0 for 0%
effectiveness or no regeneration. The working fluid temperature at the regenerator outlet
can be expressed in terms of the regenerator effectiveness as:

Tjt = Tl + E(TJ - Tl) (Sa)

For a regenerator having equal effectiveness in heating and cooling, Q3 = Q4 1, the
working fluid temperature at the regenerator inlet is:

Tl' — T3 -1 e(Tl == T3) = T3 - (:‘(T3 - Tl) (6)

For the Stirling engines with large dead volumes, having the correct working fluid
temperature for the regenerator is important. The effective temperature of the working
fluid contained in the regenerator dead space can be determined using the arithmetic mean
[1,8,11]:

TR - (T}l "Jr‘ Tl.')llz (7)
Substitute Egs. (5a) and (6) into Eq. (7) gives:
TR = (T3 +T))/2 (7a)

It can be seen that by using the arithmetic mean the regenerator effective temperature is
not dependent on the regenerator effectiveness.

2.3. Equation of state

Assume that the hot space and cold space volumes are, respectively, Vi and V¢ and that
the working fluid temperatures in the hot space, regenerator, and cold space are,
respectively, 75, Tr and 7. The equation of state for the isothermal compression process
1-2 with dead volumes Vgp, Vsr and Vge is [8]

pP= mR."(VH/T3 i VSH/TB + VSR/TR + Vsch] =t VC/T]) = mR/(VH/T3 +K+ VC',TI)
(8)



where
K= VSHI’T3 + VSR/TR + VSC'/TI (9)

and m is the total working fluid mass contained in the engine in kg. Substitute Eqgs. (1) and
(7a) into Eq. (9) gives:

ksu | 2ksg ksc
K= (28", <mSR  FSC
(T3 +T3+T1+ T, Vs (9a)

It is clear that, for a given hot-side and cold-side working fluid temperature, the factor K
in general is a function of the dead volumes.

2.4. Isothermal compression process

In the compression process, the cold-side working fluid is compressed from V= Vp+
Vp to Vea=Vp. The hot-space working fluid swept volume, Vy, is O throughout this
process. Then the heat rejected during the isothermal compression process 1-2 is:

Ve
pdVe = mRT, J dVe/(Ve + KT))

Ve

Ve

Q2 =W, =J

Ve
= mRT, In[(Vea + KT)/ (Ve + KT))]
= mRT| In[(Vp + KT\)/(Vp + Vp + KT))] (10)

It should be noted that the compression work depends only on the factor K, which is a
function of the dead volumes.

2.5, Isochoric heating process

In principle, the heat added during the isochoric heating process 2-3 is:
Qa3 =mCy(Ty — T;) = mCy(T5 —T)) (1)

where Cy is the specific heat at constant volume in J/kg K, and is assumed to be constant.
Without regeneration, this amount of heat is added by an external source and for ideal
regeneration this amount of heat is released from an ideal regenerator.

The regeneration heat released from an imperfect regenerator during this process is:

@y =mCy(Ty —T;) = emCy(T3 — T)) (12)
Heat added from an external source during process 3-3 is:
Oy =mCy(T3 — Ty) = (1 — e)mCy(T3 — T)) (13)

It can be seen that the heat input to this process depends on the regenerator effectiveness
only.



2.6. Isothermal expansion process

In the expansion process, the hot-side working fluid volume changes from Vij;3=Vp to
Viia=Vp+ Vp. The cold-space working fluid swept volume, V¢, is 0 throughout this
process. The heat added to the cycle during the isothermal expansion process 3-4 is:

VH4 VHJ

P dVH S mRT3 J dVH/(VH + KT:;)

Vs

O3y = Wiy = mJ

Vi
= mRT; In[(Vyy + KT3)/(Viz + KT3)]
= mRT; In[(Vp + Vp + KT3)/(Vp + KT3)] (14)

It is evidenced that the expansion work is dependent on the dead volumes.

2.7. Isochoric cooling process

The heat rejected during the isochoric cooling process 4-1 is:
Q4 = mCy(T) —Ty) = —mCy(T3 — T)) (15)

Without regeneration, this amount of heat is rejected to an external sink and for ideal
regeneration, an ideal regenerator absorbs this amount of heat,
For an imperfect regeneration, the heat absorbed by a regenerator is:

Q41 = mCy(Ty — Ty) = —emCy(T; — T)) (16)
The heat rejected to an external sink during process 1'-1 is:
iy = Wl ~Ty) =1 — elmCylls—T) (17)

It can be seen that the heat transfer in the cooling process depends only on the
regenerator effectiveness.

2.8. Total heat added

For an imperfect regeneration, the total heat added from an external source to the cycle is:
Oin = Q3.3 + Qi (18)

Q'm = mCV{(T3 = T3t) + (k = ])T3 ln[(VH4 + KT})/(V;ﬂ + KT},)]}
= mCy{(1 — e)lT3 = T)) + (k — )T; In[(Vp + Vp + KT3)/(Vp + KT3)]}
(18a)
where k is the specific heat ratio. Therefore, the heat input to the engine depends on both the

regenerator effectiveness and dead volumes.
Without regeneration, the total heat added from an external source is:

Oin = Qa3 + Q4 (19)



However, for an ideal regeneration, the total heat added from an external source will be:

Oin = O34 (20)

2.9. Total heat rejected

For an imperfect regeneration, the total heat rejected from the cycle to an external sink is:

Qo = Q1.1 + Q12 (20
Qow = —mCy{(T) — Ty) + (k — DT, In[(Ve, + KT))/(Vey + KT))]}
= —mCy{(1 — e)(T3 — T)) + (k — DT, In[(Vp + Vp + KTV + KT}
(21a)

The heat rejected from the engine also depends on both the dead volumes and regenerator
effectiveness,
Without regeneration, the total heat rejected to an external sink is:

Qowt = Q4.1 + Q12 (22)
For an ideal regeneration, the total heat rejected to an external sink can be only:
Qou = Q12 (23)

It is evidenced that the amounts of heat added to the cycle and rejected from the cycle
are dependent on the regeneration heating and cooling.

2.10. Net work

The surplus energy of the two isothermal processes 1-2 and 3-4 is converted into useful
mechanical work. The net work for an imperfect-regeneration engine with dead volumes
can be determined from:

Woer = D0 =0in— CQou = Q33 + O30 + Q1o + Q12 = 034 + Q12 -
= mR{T3 In[(Viyy + KT3)/(Viiz + KT3)] — T In[(Vey + KT)/(Vea + KT}
Note that Vigy=Ve,=Vp+ Vp=V| and Vyy = V= Vp=V,, therefore:

Woee =mR{T3In[(Vp + Vp + KT3)/(Vp + KT3)] — T\ In[(Vp + Vp + KT )/(Vp + KT))]}

(24a)
It is evidenced that the cycle net work depends on the dead volumes.
In a case of zero dead volume, the cycle net work is:
Wie = mR In(V/Vo)(T; — T)) (25)

Eq. (25) can be found in many textbooks on thermodynamics. It should be noted that in
the case of zero dead volume, the cycle net work is not dependent on the regenerator
effectiveness.



2.11. Mean effective pressure

The engine net work can be determined from the cycle mean effective pressure, p,,, and
total volume changed, Vigy — Viz= Ve, — Ve =V, — Vo= Vp!

Wiet = PV (26)
Equate Eq. (26) to Eq. (24a), then:
Pm = (mR/Vp){T5 In[(Vp + Vp + KT3)/(Vp + KT3)]
=T, In[(Vp + Vp + KT )(Vp + KTI)]} 27

It should be noted that the mean effective pressure depends on the dead volumes.
For zero dead volume, by using the perfect gas law and noting that 7, =175 and V, = V3:

Pm = [(p3 — p)Va/(V) — V)IIn(V/V,) = [(p3 — p)/(V Voo — D]In(V,/V;)

(28)
2.12. Thermal efficiency
The Stirling engine thermal efficiency can be determined from:
Es = Wi/ Qin (29)

ES :{T3 !n[(VD + Vp + KT::,)/(VD + KT3)] = T] ln[(VD + Vp ot KTI )I'(VD + KT[)]}/
{T5In[(Vp + Vp + KT3)/(Vp + KT3)] + (T3 — T;)(1 — e)/(k — 1)} (29a)

It can be seen that the Stirling engine efficiency also depends on both the regenerator
effectiveness and dead volume.
In the case of zero dead volume, Eq. (29a) will be reduced to:

Es = (T3 = T\)[T5 + (T3 — T))/(k — 1In(V,/V>)] (30)

Even when the different notation is used as in Eq. (30), the results are the same as in
former works approached by classical thermodynamics [8,11,12] and finite-time
thermodynamics [13]. Without regeneration, e=0, which is the worst case of Stirling
cycle efficiency, the thermal efficiency is:

Eg = (I3 — TIT3 + (T3 — T\)/(k — DIn(V/V3)] (31)

For an ideal regeneration, e = |, which is the best case of Stirling cycle efficiency, the
thermal efficiency is:
Es = (T3 —T))IT; (32)

This is the Carnot efficiency of an engine operating at the source and sink temperature of
Thand T, respectively.



It is evidenced that, in theory, the Stirling engine can be a very efficient device for
converting heat into mechanical work requiring high-temperature difference.
The efficiency of the Stirling cycle with ideal regeneration and zero dead volume equals
that of the Carnot cycle, the most efficient of all ideal thermodynamic cycles. However,
different from the Carnot cycle, the Stirling-cycle engine is a practical engine that can
actually be used to produce useful work.

3. Solution method

In order to examine the effect of dead volume on engine performance, the equations for
engine performance should be expressed in terms of the regenerator effectiveness and dead
volumes. A non-pressurized air engine, with a conventional compression ratio of CR=
Vi/Vp=1.5, is used to as a numerical example. The initial principal engine design
parameters given are:

Hot space temperature 75 =923 K

Cold space temperature Ty =338 K

Power piston swept volume Vp=50,000 cc
Displacer swept volume Vp=1.5, Vp="75,000 cc
Hot-space dead volume ratio kgy=0.2
Regenerator dead volume ratio ksg =0.6
Cold-space dead volume ratio ksc=0.2

Computation procedure for an imperfect regeneration Stirling engine with a given
regenerator effectiveness and total dead volume can be described as follows:

(1) From Eq. (7a), for the working fluid temperature maintained at 735=923 K and T, =
338 K, the effective regenerator temperature is:

Tr = (T3 + T2 = 630.5K

(2) Working cylinder volumes are:
Vo = Viga = Vp + Vp = 75,000 + 50,000 = 125,000 cc = 0.125 m*
Ver = Vi3 = Vp = 75,000 cc = 0.075 m*
From Eq. (4), dead volume to total swept volume ratio is
kspp = Vs/(Vpp + Vp) = Vi/(0.125) (33)

and dead volume to total volume is:



From Egq. (1), dead volumes in hot space, regenerator and cold space are:

Vsy + Vsr + Vse = (ksy + ksg -+ ksc)Vs = (0.2 + 0.6 + 0.2)Vy m* (35)

(3) From Eq. (9), the factor K is:

= [0.2/923 + (0.6)/630.5 + 0.2/338]Vs m*/K = 1.76 X 10 Vs m* /K (36)
The products of factor K and heater and cooler temperature are:

KT, = 338{1.76 X 10 °}Vg m’ = 0.5948V m’ (37)

KTy = 923{1.76 X 10 }Vg m® = 1.6245V5 m’ (38)

(4) In the isothermal compression process 1-2, the power piston compresses the working
fluid from State 1, p;=1.013X10° N/m? and Vc,=0.125m’, to State 2, Vg, =
0.075 m®. At State 1, as the total working fluid is contained only in cold space and
dead space, the mass of the working fluid at State 1 is then calculated from Eq. (8):

m =(pIR)Y(VylTy + K + VeIT)) = [(1.013 X 10°)/(287)](0 + 1.76 X 107> Vg
+0.125/338) kg = 352.9617(1.76 X 107> Vi + 369.823 X 10™°) kg
= 0.1305 + 0.6212Vs kg (39)

(5) From Eq. (10), the compression work 1-2 is:
W, _, =mRT| In[(Vp + KT)/(Vp + Vp + KT))] = (0.1305
+ 0.6212V¢)(287)(338)In[(0.075 + 0.5948V¢)/(0.125 + 0.5948Vg)] J
(40)
(6) From Eq. (14), the expansion work 3-4 is:
W3,4 =Q3_4 = mRT3 ]I’][{VD + Vp o+ KT3)/(VD =+ KT3}] = (0.1305
+0.6212V5)(287)(923)In[(0.125 + 1.6245V)/(0.075 + 1.6245Vg)] J
(41)
(7) From Eq. (13), the heat added from an external source during process 33 is:
Q33 = (1 —emCy(T3 —T))
= (1 —e)(0.1305 + 0.6212 V¢)(718)(585)]

= (1 —¢)(420,030)(0.1305 + 0.6121Vg) J (42)



Since the engine network and mean effective pressure have the same characteristics,
then only the engine network is studied. The compression work 1-2, the expansion work
3-4, and heat added from an external source during process 33 can be determined by
substituting a given regenerator effectiveness and total dead volume into Egs. (36)—(42).
After that, the cycle network, total heat input from an external heat source, and thermal
efficiency can be determined from Eqgs. (24), (18) and (29), respectively.

4. Results and discussion

Effects of dead volume and regenerator effectiveness on the compression work,
expansion work, engine net work, total heat input, and thermal efficiency at various total
dead volume ratios (ks7=0, 0.2, 0.3333, 0.5, 0.6, 0.6667 or kspp=0, 0.25, 0.5, 1, 1.5, 2)
and various regenerator effectiveness values (e=0, 0.2, 0.4, 0.6, 0.8, 1) are shown in
Figs. 3—6. In these figures, the engine performances are shown in dimensionless form. The
additional subscript * represents the condition at zero dead volume and 100% regenerator
effectiveness.

Fig. 3 shows the relationship between working fluid mass and total dead volume ratio.
Since the arithmetic-mean regenerator effective temperature is not affected by the
regenerator effectiveness, then the working fluid mass depends only on dead volume. It
can be seen from this figure that the working fluid mass increases with increasing dead
volume.

Fig. 4 shows the variations of compression work, expansion work, and engine net work
with total dead volume ratio. The characteristics of these curves are similar and
independent of the regenerator effectiveness. The compression work, expansion work, and
engine network decrease with increasing dead volume. An engine with a large dead
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Fig. 3. Working fluid mass against total dead volume ratio.



s
o
I

\ _________________ s
e T
*‘_‘ ™~ -
y .
S 0.8 L
z o
g- = -’-h_'_._
'y 0.6 T
= o
= 0.41
=
2
gt‘: 0.2 ___——W12/W12
iy i ——<-W34/W34
0.0 = Wnel"Wnel* T3 =923K, T, =338K
0.0 0-2 o -
Kst

Fig. 4. Compression work, expansion work, and net work against total dead volume ratio.

volume requires a small amount of compression work and gives a small amount of
expansion work. Even in the case of an engine of large dead volume, a small amount of
engine network can be produced. An engine with a smaller dead volume gives more engine
network than an engine with a larger dead volume.

Fig. 5 shows the variations of the total heat input with total dead volume ratio and
regenerator effectiveness. The total heat input is the sum of the expansion work and the
external heat input. For a perfect regenerator, the external heat input and output is not
required and the total heat input decreases with increasing dead volume. An imperfect
regenerator requires external heat input, however, the total heat input is likely to increase
with increasing dead volume and decreasing regenerator effectiveness. For low

8
e=1.0 T, =923 K, T, =338K
______ e=08
T e=06
—_——.e=04
6] — — —. =02
............ e=0.0 =
Sa. L nkee T
- S T R T it ~
gc 4 Joonvesvessrnee R - P
SR o B
L st T
i BSMRHS .
— ]
0 T T .
0.0 0.2 0.4 0.6

Fig. 5. Total heat input against total dead volume ratio.
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regenerator effectiveness values, the total heat input sharply increases with increasing
dead volume. An engine with lower regenerator effectiveness requires more total heat
input than that with a higher one. An engine with a large dead volume requires a large
amount of total heat input.

Effects of dead volume and regenerator ellectiveness on thermal elficiency are shown in
Fig. 6. The thermal efficiency increases with increasing regenerator effectiveness and
decreasing dead volume. An engine with an efficient regenerator and small dead volume
will give a high efficiency. It should be noted that a low thermal elficiency can be obtained
from a Stirling engine even when it has no regenerator and has a large dead volume.

5. Conclusions

The thermodynamic analysis for an imperlect regeneration Stirling engine with dead
volumes is presented in this article. This study shows that an imperfect regeneration
Stirling engine with dead volumes and an arithmetic-mean regenerator effective
temperature can be analyzed by using basic classical thermodynamics. The analysis
presented provides a more generalized and more realistic analytical method for Stirling
engine performance evaluation and improvement.

Results from this study indicate that, for an imperfect regeneration Stirling engine with
dead volumes and an arithmetic-mean regenerator effective temperature, elements of the
engine performance are affected only by the dead volume and others are affected by both
the dead volume and the regenerator effectiveness. From this study, we can conclude that:

(1) For a Stirling engine with a given dead volume, an inefficient regenerator will not
affect the engine network if the regenerator effective temperature is an arithmetic



mean of the heater and the cooler temperature. However, an engine with an inefficient
regenerator needs more heat input and better cooling than an efficient one.

(2) The dead volume will decrease both the engine network and the thermal efficiency and
will increase both the external heat input and output. However, a real engine must
have some unavoidable dead volume.,

(3) A small amount of engine network can be produced even when the engine has a large
dead volume.

(4) To attain high efficiency, a good regenerator is needed. However, the Stirling engine is
able to attain a low efficiency without a regenerator.
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