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ABSTRACT

This thesis proposes a design of a Small Free-Piston Stirling Engine. The
prototype has swept volume of 40 cc using air as working fluid and cooled by water.
Engine cycle was analyzed by Schmidt assumptions. Solid Work2011 was used to
simulate part of engine under pressure. Routh-Hurwitz stability method was used to
analyze stability operation of the engine included hot end temperature, displacer
spring, alternator damping, piston mass and displacer mass. The analytical results
shown that the engine which operated at initial pressure of 1 bar will be achieved
stability operation when hot and cold end temperature of 455 and 323 K,
respectively. Displacer spring of 302 N/m, alternator damping of 0.32 N-s/m, piston
and displacer mass of 145 and 162 g, respectively. These parameters cause piston
and displacer stokes of 6.67 and 2.68 cm, respectively. The experimental result at
initial pressure of 1 bar shown that the engine can operate when hot temperature in
range of 353-473 K, displacer spring of 300 N/m, piston and displacer mass of 145
and 162 g, respectively, and the piston stoke in range of 5.5-6.0 cm.
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gaumnilsn (Heat Sink) [8] Fagui 2.6
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M UsEdvinwvesiginsmsluifuagivanuuansnigamylvesunasnny
Tounsaauniniy

2.2.3 A INTALAR5AL [5]

nInsameiftlugaunfussnaufiunTsuIUNTN N UNNAMIARTADILUY fia
nssUUMsURINAsANisEwiamsulayssusALSey LaYNSEUIUMS YRRz
n1sdAaT e LNTeENTYNU FasUTl 2.8

Heater Heater

Process 1-2 Process 2-3
Isothermal Constant-volume
compression heating

P P
3 3
2 2
4 J4
1 1
v v
Heater Heater
Process 3-4 Process 4-1
Isothermal Constant-volume
expansion cooling

UM 2.8 Tndnsameifslugaund

TpdnsmsvhaueseietsusawmesdsUssnaulufmensyuiunismsguvmamens
4 nszuIunTg fail

1-2 NsEUILuMsSnTigampiing

Tunszuunisil mnuSeuasgnIEUIgINANSUBeNUBNIEUURIAg MM Tman
(T.) muﬁ'ﬁm‘amiv‘hmuﬁﬁmﬁﬁ’umm%’auﬁgmsmaaaﬂ vililaifinnsiUdeundas
wasunelu uazaulnstanas

AUAY
P, =PV, AV, (2.2)

T,=T,=T. (2.3)

USHNuANUIaURNaIEm (Q) = 99U (W)
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V.
(Q=(W)=P,V,ln| == |=RT,ln Yo (2.4)
v, v,
mswasuuadeulngy
(52—51)=Rln ﬁ (2.5)

1

2-3 NIFUIUNITAEVANINTOUINTRULUSABTNUTUINTAIT
lunszuunmsil arwdeumemandauusneigansinu slviveslvaiioumgi

U

Wi T, W T, Wifowdedulunszuiumsiflesanuiuesasi wieulnsd

uaznasnuneluvesedlvaasiiuyy

AR

P,=P, T, /T, (2.6)
Usung

V=V, (2.7)
USinasanudeudisnewm

(D=C (T, T,) (2.8)
U

(W)=0 (2.9)

Msilasuwlasaulngd

(5,-5,)=C,In| 12

3

3-4 msmumwmaﬁqquﬁmﬁ

Tunsguaunisi arsiuasldduanudounnuamdsnunsuonluvasdity
maﬂaﬁaﬁqquﬁmﬁ @mﬁléfmﬂnixmumiﬁﬁﬁ%ﬁ'}ﬁ'uﬂ‘%mmmm%’auﬁzhaLwi'ngisuu
Foussldfimadsunamganunsluresansviey wieulnstosiuiu

AU

F=PVs Vg (2.11)
gunnil

T3=Tg=T, . (2.12)
USinauanudauiienam (@ = ¢ w)

(Q)=(W)=P;V,ln \\;—: =RT,n x—z (2.13)

Aswasuwlasaulnst

(Sq-S5)=Rln(~) (2.14)
v

3
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74 ﬂigmumidwmmw%’auqj%mumnma%ﬁﬂ%mmmﬁ

Tunszurumsis AuTouasgnaemaNavhugsiauaames vlveslvad
QMNTIANaIaIN T L0U To NBUAUNSHRE LR TR a9 NUS IR AeT uindaany
nmelunazioulnsUuesvaslvasranas

AR

P=P,T,/T, (2.15)
Usunsg

VEVA (2.16)
USunaunudeufignow

=, (T T @il
U

(W)=0 (2.18)

AMsslasuLUasaulngt

(5,-54)=C, In % (2.19)

1
TunsguIuNTaNemANSouTEIETIUUTauLLSIAeT AuSouiidnew
MnSuuneeslunszuunsi 2-3 fusnavihduanudeuimewluduliisuusnes
YDINTFUIUNTTT 4-1 Fatiuazldn
UANS

Usedvsnwidiaaniou = — T
AT A lATy

ANUSIUNIMUANLIATU — AuSausianuafaemasn

AUTUNIRUANLATU

RT.An(~ ) RT ()
V V

2 1

RT‘ln(ML)
My
:1_L
i

| = (-

ANUTEANENWLTIAIINTBUVB AT IIEUR AR DS AN AYNAUUSE AN AN YD
Aslud Weilgamaiauiounagsnuiduyiniu

224 ﬂmuﬁgﬂu‘uawﬁﬂﬁ (Schmidt Assumption) [5]

MylAszimahausenaiesuiamesisiunivarsuuuiiie nslinszives
il Tnemsanuiinisindeviivesgnguiliuuuuensluin, nisuiumssauazvenefvnans
ﬁﬁmuﬁqmw;_]ﬁmﬁ (Isothermal compression and expansion) kag3laulusinasifiuwuy
gaund Jeazituininisisesivuuissdinuiugauaiay udarlndidesnannduese
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EJBﬂLLUULﬂ%E}QHUGﬁﬁLWE}%aGL{]U@Ehx‘lﬂl'lﬂ

anuAgulunguive et

aunmsvanlilumsliaseiiesauufgiuveseiiniisail

1
2
3
il
5,
6
i
8

@

- Suuanesiluwuugauad

- Arwdunigleg fewihfuisyuy

. anshauluufaeauafinuaunsvesusa, PV=RT
- Lifins$lnawesansyineu

mMaaguiUasuSuinsvasszuuunsingney (sin)

- lifienuusnsnsvesgamaiiludumanudsunuiou
. QUMYIIBINTLUBNGUIATgNAUALTI
. AIEITBAATDILURALT

2
=

YSumsanuaeny

v,
_ 5 -
Yom ; (1+cos(@t — P}V )

US1R5eUDn

VC

V, v
=V, -f(ﬂcos(a)t = (0))+é‘—(1+cos(a)t)+\/dc )

ANUFuTUElAY

p=MR(£+V£+—Vrm(T"/TC)+Ydi+ v
T L e T, T,
Aa Usnnsvuglaquasmuuens

Ao USumsnievesgnaula

Aa USumsmevesnnuveny

Aa Ussnesvaglnguaswnudn

Ao U3nnsni1avedgnaumas

A9 USHIRSANEURIAIUEA

fio A uBauaniaseus '
Ao ANIANEYBIgNEY

fie anuduvnglauennioseus

Ao 1naonaluaioseud

Ao AAsTimasansine

Ao guniAUTaY

<4 =

Ao gnmaiianudu

(2.20)

(2.21)

(2.22)
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2.3 nguinmsussanuindeaiaseusdanesa
2.3.1 gASNITNINUARIIUTBIAAY (Schmidt)
sllaviiiausaunsnismauitaiessudamesdmanldluuiasseuvesindns
s?faamﬁﬁuawﬁ@ﬁmﬁmxﬁmmagﬂLL:U‘ULgazﬁiauﬁﬁﬁq%’w%’auﬁuagﬁ’ugﬂLLM‘U“U@W%Iawuﬁuaz
msdadudsluaunts uluiitiozuaniaunisnismaudesaureneiossusuuusialy (5]
w = pav (2.23)

2.3.2 gAINITUINUABTIUVBIARAAU A 138 (Colin D. West)

AV LA NALDALNITNITMINUR BT DUV AR UR AR S BT A ud U e
NINEUNITVRIUIAN ﬁ'f[,ﬁammwaanaﬁgﬂﬁwlﬂ‘l’i’i’atmni'wu'mLﬁaamﬂd'}miamiﬁmm
fw1azdiaauRaNaIALINNINELNSUB AN RN [7]

V¥, | ToT
w="Pm (S )sinex (2.24)

.’2\/+ VThT
2

2.3.3 gATNIIMINIEATDIUAGLINBSAIUBLUAR

ManI1sEalden wad (William  beale)  vnsdrsianariwsizinidsves
\WAIBIBURARaTaIFULUIY A9 wudiaslagUssanaveunIsssusamesasEmisanils
NAMUFURUSAB U

P=0.015pfV,

o
P fia Mdweundeseus (W)
p AB Anuduadsveedasaus (Bar)
f Ao pubvsaaiesus (Hz)

=

v, fie Uinmsniavesgnauids (cm?)

3

)3

b

Wadngulumiazlain P/ (pfVy) = —AAsdl aruduiustanunsaldiieyssanaigs

a

mmmﬁmElumamaiammmwu ‘VNLLU“UﬁﬂaUE]a'ﬁ‘“LLﬁ”LL‘U‘Uﬂﬁlﬂ'&]Uﬂ mmﬁuwwmmaualﬁlu

U

u

vy Supdossuddnlvapinuiigumgisuleunasduulszna 650 °C uag 65 °C
RG]

wail P/ (pfy,) Wushuuslémie wieSunit wadtuues (Beale Number) Tag
fudsimheivuegivgamgiiveswnuiausazsiubureaaiotud Lagauduiusvase
wantnueiuazgmgiisusouunandlugui 2.9
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0-020 7
/
7
Y

/ /
/
0015

5 0:010 o —

Beale No.
\

600 800 1000 1200
Heater temperature (K)

JUN 2.9 nymluansmnuduiussswingamgiiviounasiuadiuiues [5]

@/
o =

fanuagldauduiusTnlfe

P=Np f\, (2.25)

Wila
P AB MAawadAIaEud (W)
NBﬁa Wwaauuues
p A8 AINGUIRALVRLASIEUR (Bar)
f  fo AUDVBNATDIEUS (HZ)

o w

Vo Ao UImInnnvegnguigs (cm’)

& e

\n3B98usiaLn s Aefifinnseenuuuiiruasivsansnmgsasiinuduiusvos
wadtueiuavgamgiiueulndidsaiudulseduy daueaaseudiitiussansawen
AuduRusAInaezlnalResud@uUsEiuans uasiduivdmiuesaseudviiussansnm
Urunan

ash@13ﬁmmmmé’mﬁuéﬁvwdNamwﬂﬁﬁm%amgavLuaéﬁmuaﬂugﬂﬁ 29 i
mmmwmwaaumuas Sognugiidnuioureunioseudangt 450 wraiu Feiedndu
miawumamaimmm'}mmﬂmwaqammmm (The low temperature differential
Stirling engine, LTD) IﬂamimaummmmLmﬂmweaammmmuu A3 AL VAR

U

wasldanaunsi 2.27 [11]

NB =0.005/17" (2.26)

e
' fig andNgungivanATaeun (T/T,)
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o a o ¢ da ' Y a
2.3.4 gAINITNINNGUATDILUATABSAIMUUAIAINUAULAEY (Mean Pressure
Formula)
08ANBY (Walker), 1iavi (West) uasigunlvi (Senft) leivinnsufudgsanuadidu

%

woes Wweldlunsmmduwaivounsoseud ¢ail

T,
P=Fp, f, Jite, (2.27)
Ty+Tc

aun1InImIindaletsuRamesawuuAtrusueasanTad LUl HlEs fu
FunsumseenuuueIesusitow Tnowuwilévihnsinsiumnes F luaunsi 2.27
fidviiu 2 dwuiginsamesadlugauni udmurmmesilididansgadesierly
\ASasEUdLY Msgadenemnioy, audsaniu [Wudu Fauuiuasaisddiaue
AuAme3 F=0.25-0.35 dwsuldlunaujon [12]

wennnTLRe (Martin) SldiiauanumnansUssnaatdweuat s

AWB38971 MAUBUATBIBURTAUTELM 35% vaermfirulldanaunIsuesiiay [7)

ar o 3 &
2.4 ﬂ’}LLﬂiiﬂﬂ'ﬁﬂﬂﬂLLUULﬂiE]\'iEJUC"IﬁLﬁ'il'iﬁ\il
NNSANYINITEINUUULATDIBUAALAD SAINUI TRl sd Ay idesTinsgiifie
DONUWUULASDILUR fIT)
L. dnvdugamgic = T / Tp, dnsdgumgiivesdiudadediuueis
2. 9R91dUUTUININIG Kk = Ve / Ve, 9R951871UUSHINTNIAVDIEIUD AR DAY

wLEY

3. 9ns1@UUSUIRTAE X = Vo / Vi gnTduUSUImTANeRaUSUIRSaIuYENE

4. yawa o, guigngulargnauriige
5. anuAuYesE sy sinazuanddusuresaiudugean (p,, ) wismusuiade
(leEJI\J
< =i (3
6. ANIGIVBUATOIEUA N
7. Wurhaudnanuarnsadeunivegnay

nngufvessiiaviesiuliiimasaniroseursanioseudamesadinnuduiug
LLUUL%QLﬁuﬁummﬁ’mBQLﬂ%Jaqéuﬁ (N), @2uau (P) LLazﬁumWuam%‘awuﬁmamlugﬂ
ya9U3Hm3 (V) vausfidaudslunisoenuuudndsa (7, &, o, X) fuatesnin wasgalsinny
Sududommefivnsauiigaieliesoseuifioonuuuldidsgegn fulamaridonhms
Ainseiluduneuveaniseanuuy msghiamisadsunadlivdmnadresudiunes
|3 098U oniiudnsarugamgiiviannsadsuadidmugunginesumaeuieu

Tunsiaszvimeniiuunzauye il i eanmududeuisdomiinis
Aaneshulsiiasi waslismulsiudesianed gﬂﬁ 2.10 - 2.13 uanaNavesulsnily

139429
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A = LY o ¥ =
Lﬁﬁ@@ﬂﬂ?ﬂﬁl?gﬂﬂ’]ﬁﬂ@ﬂ‘lﬂﬂﬁm

Temperature Ratio (T¢/Te)
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niinasiamuusiasliniie p/p, v, Twansteiidsroseurenniaseust Tnafishuysi

3 2
0‘031 0[5 0.733 0.25
— '_//_/-
5 /‘//_/_.,
£ 002} e 1
= L
1) s
= -
o P
9] s
3 - /”’ =
o 0.01 B e
0 1
300 600 900 1200

Expansion Temperature (K)

FU 2.10 nsminansmnuduiuivesdnsdiugaumgiuazi

s

N

JUN 2.10 uanmavesdnsdrugumngiindsosomds dvuslienmgiiubuiian

300 wadu, yuld 90 aarn, anTIEMUTIIAINIIN 1.0, dnsrdudSunsaie 1.0 laglu

wanssuinmseugamgiinieu T, sewidwnnigumgiidiudu T_ ey 7<1 910

nsmasiuladmdsasiigdudedasdiuguugitesas Ssaguldirdeseenuuuls

ondgungiiesgauinfivsdula

cter
T

Fower Parame
|
|
|
I
I}

0.2

0.1r

i/
1 1

—Termnp ratio = 0.50

~~~Temp ratic = 0.25 |

8]
0 0.5 1
Swept Volurme Ratio, Vo/Ve

L5

FUH 2.11 nywluansmnudiiusuesdpmdiuuiinninauagings
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5UT 2.11 uamanavesshmdmiunsmindiiderids fvuald ywa 90 aam,
dasrdwdiunimeg 1.0 nsmuanslifiuiniidnsndugumgiisaiumdnndiuliums
Mnafwnzaazdamaiuy fignsndrugamail 0.25 SasdruUiiasniaasien 0.3-
0.5 waz fdmsndugamgl 05 SwsdndTuinsnamsian 0508 FeagUldinis
9ONLUUERTIAUUTIMINARBIRS T mAUSRs1d NGl

0.3 T
o e —Temp ratio = 0.50
"“*“..__n‘ ~~~Temp ratio = 0.25
0.2 B
&
@
IS ——
© s S
8 S
a T
z T
a \\\
0.1f )
0 : : '
0 0.5 1 1.5 P

Dead Volurne Ratio, Vd/Ve

JUT 2.12 nemluanimuduiudvosdnndiuuiinasaneuasings

JUN 2.12 uansnavasdnsidmdsuesmeniidemds nsmuandiiiiuinnsiiadu
Y990 dIuUTIRIIEIs ATd e AT uianal Aniudeaguinniseenuuudesliil
USinasmadesiigavinnasduld

0.20 T T T

Power Parameter
>
=
T
1

1 1

90 100 110 120
Phase Angle (Degree)

0.18
80

= 1 o w

JUW 2.13 nywluansmavaauuaiiisiondy
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3U% 2.13 uansmavosuiaiiiiderinds Tneviluudianunsaussanaldinygunadn
WiHnsauAsUIEIN 100-120 89717

a o =4
2.5 nuNITHudziou

\sssguRameidwuugngudastliiinalnfiniugunsindeuiivesgngu udesil
wiaausaimiiiununaln Aaludesiiasisinisindeuiivesgnavludnuazyonis
duasiiouvesszuuina-ause lnedinguijfinerdossll

2.5.1 msdugziiiouwuudassiigninitsuesssuuseiuaaaS oty

definsanszuvia-auielugud 2,14 n dumdswesna m, war m, Weuifuga
dugaiina t Tnq gridlsuunudig x(t) uay x) gy wazangUununwiaszlugui
2.14 % wazngmistadeuiivesinsuagldauntsnsindouiiaed (13]

Mm% +(c1 +c:2)><1 —(:2>'<2 +(k1 +k2)x1 fk2x2 =0 (2.28)
m,X, Ac2>'<1 +(c2 +c3)>'<2 —l<2><1 +(k2 +k3)x2 =0 (2.29)
X1 X2
k1 k;g k3

Cq Co ' C3
(n)
X1 X2
K. X, - .k, (x., — -
1% Xo = Xy ) kiR
. m; 2(_2 - 1) m. 3%
Cphy Bl TR "~ Lg%y
()

gﬂﬁ 2.14 3UuanITEUUINa-au3e NilseaumuaIasny

wiiuirluaumsi 2.28 fmey x, swegse wazaunisil 2.29 few x, sy
feauiy dukansliiiuinnsiadeuiiveia m, J8vSwasenisindeudivesia m, uaz
Tuvhueafeddu maedeuiivesia m, ifsvswarenisiadeuiiveig My LUNY ey
aunIs 2.28 uaz 2.29 annsadeuluguveauningls ol

[m] X(t) + [c] x(t) + [K] x(t) = O (2.30)
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e [m], [c] wag [k] Aewumsndueasna, waud wazA1mafiayse aua1eu uay xt)
AD LUASNTTYEENISIARD N

m 0
[m]=| (231)
0 m,
—C +HE “E j
[]=| " ° ‘ (2.32)
B -C2 C2+C3_
[k, +k e, |
k]=| ' ° ’ (2.33)
L K, k2+k3_
X, (t)
x(t)= (2.34)
X, (t)

2.5.2 Msduazifieuvesgnguiniesudanasauuugngudsse

nsirdeuiivesgnaulueiosudmnesauuugnaudaszuananaverdoufaauss
wd luseseudarunndaiinisldauiena (k) Lﬁw’u’ﬂﬂﬁﬂuguﬁ 2.15 MSIATIEANNT
\ndeuiiveIgnauINgUsEULIa-aUTa lugui 2.15 awvldhetudermusnmsiedeuiives
Qﬂquwzdﬁam,ﬁuLLUU@Wﬁuﬁﬂﬁ?ﬁa‘Lﬂé’Lﬁmﬁ’umimﬁauﬁﬁa [14] aunsnsiAdBuTivesgnay
annsadoulugunasuveansaiesnaiuazuauilnglifndvinasnussiusmedan
iselififosunilafisusuusedneiu [15] 9nngiefiaeswesiiafu wwléfaunis  2.35

= m¥X (2.35)

spring damping

3
K3
Piston, Mp
L Doe )
K2 C2
Ke
Dr
Displacer Md
Dd
(%
K1

= a o ¢
3UN 2.15 gUlanissuunIa-auss veunTeassun
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?dqmmmL%auiugﬂmaamm%ﬂﬂﬂﬁﬁdﬁ

X X ] X
Pl=[k] P |+[o] P (2.36)
X X X
d d | d
il )
S S,
[K]: 5. s, | (2.37)
D D
[D]: 0. 0. (2.38)

fwUs Sij waz Dij fis dulszdnsainauSaamiatazdulssdvsuauddouiauns
gngu i PuaU uaziIvios i AeduusyAnsmiinannisimdeuivegngu j ilinasegnau |

wasndenasiivesaysa (Kl asiiu UAUAUYEIN TULaEE N v JUT19URY

\nSeseust waswnindmnsiivesuaut (0] azdufuauiuresarsin, amnmsiseu uay

s aaveATeses (14]
dlodagUannisit 2.36 nal agld

.X'h _Dus- Dwd Sw SD'J | _>-<u ]
-x'w D-J. Duu Su,. Suu >.(u
= (2.39)
>'<‘ 1 0 0 0 X
X, 0 1 0 0 L%,
Feaunnsh 2.39 ag/lugy
X = Ax (2.40)

2.5.3 whaausy

Aasiivasuiaus aluiuusitufuanudunazusessudurasssuy ﬁ'ﬂgﬂ‘ﬁ
2.16 \lagnguindouiloanaingnauga wihlAisussnuiaayianssivegngu lnuse
ﬁmaﬁ%mﬂﬁﬁummgazmwa@qﬂqumﬂﬁﬂau@a FusranunsarummAsaaUsddan
aun39l 2.41-2.42 [5]
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Vhl} V’u
Poo § K, Pos
k
piston
_ Gatum | __datum
piston
k,
VaC‘- VJJ.
=\
Pao Pal ‘
U 2.16 JUuamsAmaTivaufaauss
2 P1 = 0
k;. o Ap B (241)
V —
al a0
2 P =R
e =3 —— (2.42)
Voo ™V

2.5.4 fvihaiiosnnusadeaniu

'Lumsmé"auﬁuuumﬂuﬁﬂﬁﬁs‘]LLNLﬁammuﬁagUﬁ 217 msqmﬁawé’mmﬁaqmn
wsudoanulunsazsavaninisiedoudiuay equivalent-viscous-damping coefficient
annsamléInaunIsd 2.3 uaz 2.4 mugdiu [16], [17]

K
\V4 /\/\ L | 4 ‘ilijiw
T

N=W
= =
IUN 2.17 FUuamus gy

E, = ﬂclxyza) (2.43)
aF,
G = (2.44)
7tx|ew

2.5.5 nsadudszansuaudlunsaseud
mﬁm'ﬁ'1xﬁmmﬁ’miﬁw%gmuﬂmaaqﬂqula‘a]xﬁmmwm’mLLmnm‘Nﬁuaammﬁu
(Ap) MintuludILwaNUAELANMNSDU (@UTeunenusoy, SIauuLsAs uazaiusuay
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Jou) Wonareannuwana1evasauaulugiutanUasuannusaunarun Winfunasiuyes
LLi&ﬁuﬁﬂixﬁmaqﬂqﬂa‘ AIANNNTN 2.45 [18)

2. A Ap=(AAp)_ +AAp), +(AAD),

_ ) (2.45)
= —Ddxd—dexp
AIUIEMIAN Dy Wag Dy, Wanaun1snaluil
A A -A T -T,
D =Cc (Ay-A Jrep Ay +HC L/d]) (— 4 —4—C) —D Xy (2.46)
T. T, IA(T /T, )
2 Th Tk
Dgp=(Ag-A)| c+pC L/dy) (———) (2.47)
T In(T, /T, )
5 16 OfLU
Wie ccz(—p—)
3 7d,
16 pPfLU
3 7d,
= A -A
U.= (X -2X X cosx )2 —4—¢
AC
- A
U,=wx,—<
Ah
. 2
C, =333/

W ADAIHNTULDITIAULUILNDS

2.6 NTILATIERANNNSNNSARBUNARaA latnusazlanuAnDS
Amaunaluvasdunis M 2.40 Av [14]
><(t)=c1er]t £fy —l—czegt “Tig —f—cBer”t i +cqer“t 'n, (2.48)
Bk (1, Iy, 13 AT 14 A eigenvalues Y89 [A]
Ny, Ny, N3 WAEZ N, AB eigenvectors 1849 (A

C1, Cp, C3 WAZ Cq ADAIAN Fe@WITDMIARINANTUAY (initial condition)

2.7 NOwUIUFNYININVBLIN-LIDIING
5909157 2.40 audulunusinvasaunisinadludsassluil [14]

an=r"+a’ +br’+c+d (2.49)

a=D,+0D_ (2.50)

b=k =R 8. 0. @251
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g =D K, =D K, +ID K, (25

d=K_K,—2K K, (2.53)

AUAURUSTENINTINVOIFUNT(ry, Ty, s, 1o ) T 2.80 AUAIRaUALU xt) &4

£
= e

A5 A9L[17]

[ [ a € o = [ 3
Tnduduatsau: iduenluuudsatzanasmiuaat audugud

snlusaursuginaddouaasgifidimaiaiuau: maedouiivsdums
funuugdngaue

snludiueieavassan uasreuginadsfouiisiduaiadunin: s
indeuitazunsdunuugean

nfudiuaiaudesdn uazdwuduanmassat: aeldniaadeudiii
wflosnm (Stable) figuil 218 (Mswdeuiifiiiadesniwmnedsnis
idsuiiveanaiiunvuenfludndluudasseviisseynsiadouiiuay

AN IEAAIT)

AT lvinisindeuniadesnmdunsil r=mi, r=-mi, r;=q, r,=p

Im
A
Sl
-q P
% i > Re
-mi

sUN 2.18 nimuansininvassnivinlinmsindouniiaiosam

PNEANNST 2.0 agldn
Gr) = (r = mi)(r +mi)r —p)r — @)

(2.54)
= rq ~ q)r3 +lpg + mz)r2 = m2(p Tl 4+ mzpq
daieuduuseansvasaunisi 2.5 fu 2.40 9¢ldd
a=—p+aq) (2.55)
b=pq+m’ (2.56)
c=—m(p+q) (2.57)

d= mzpq (2.58)
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- « & a0 I 9 A=~A' [ ) a
ANUDVBNATDILUA () Azdanvinuruinvessiniidudaudunaw (m) [14]
LaEANAUNITA 2.55 wag 2.57 azladn

(2.59)

(2.60)

uanINtATEeURIEINuegalil@desnmdiedulsedns a, b, ¢ waz d fen
WINANEUY UAZANDIINAUNTTH 2.59 uaz 2.60 HAvinu [19]

2.8 U5 naluvianauLasiounIu

s

sUuuunsivavesvesinagnuusizeasiuas (Reynolds number, Re) fiail [6]

_ pvD

- .

Re<2000 tHumsluawuusiuseu (laminar flow)
2000<Re<2300 1utialdsuutasnisiva (transition flow)
Re>2300 tHunislvauuuutau (turbulent flow)

Re, (2.61)

2 o = = w = 4 o
Auviinvesvedlvasiidnudsuutainmnamngll diaunsi 2.62 Gaduauns
AudIUGIsINANUvilavesenefugamall (20]

3/2
i 384.2
] (2.62)

27132 i =T

m'ﬁlwaiuvimumauawm‘mwwﬁflmiuaﬁlé]"lmlﬁi’hﬁuc\imuéﬂm&"Lamaﬁﬂ
(hydraulic diameter, Dy,) W1y D e D,=D,-D, #4a15719% 2.1 [21]

= 1.71x10_5(

ANT199 2.1 Arasivespuiumunsivaluvionsunuidasdniduiigudnansingeg

Di=Ds-D4 8n31d@3u D,/D, C=fRe
0.0001 71.8

0.01 80.1

0.1 89.4

0.6 95.6

1.0 96.0
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AnuEsaMIuAnInnsinanuluvie @1snsanilaannaunis Friction factor, f

[

mf‘j [21]

f=—2Xx (2.63)

d1msunistranuusussuluvio i uan N savnen Friction factor taannensed
)

2.9 NBYNITEMANUTDU

MsYUTeLAT D URaLAe SA e uiinats Tudiuivivtiikaniu Ssumiuteu
ffuniseonuuuiAiatsuRsiesddefinisiremanufourestudrudandn itels
iw3nguianinsavhanilsnuilivinnisesnuuuly nenquiinissremaufeuiiiedosd
il [22]

2.9.1 nsihanuiou

q=kA— (2.64)

g AB BRIINTANUNANUSDUY

k fio ArduUszaninisthaudou
A o Mufinisanemenudou

dT fig mqmmﬁﬁmaﬁ’u

dx A9 sEEEnIaNITIIALSDU



2.9.2 N1SWIANSOU

=i v
JUN 2.20 JULamInITnIALTOU

q=hAT -T_ )

e
q fie INTINTEANENANUSTDU
h flo ArduUseavinismianudou
A fio Huiin1seemanudeu
T, fio gaunpifiin
T, Ao gaumnfivadlua

2.9.3 AMUATUNIUNISOEINAINS DU

|

q q> Area, A

_JVV\._
R
d E 23 il 73
E‘LI‘VI 2.21 gULLamm'1mmumumsmammmsau
AT
R=—
oA

e
R D A1ANFIUNIUAINS DU
q Aig BNIINITANBVNAIINIDY
A fio Wufinsaomannuiou

=

AT fie Aauaninsuosgumgil

U

28

(2.65)

(2.66)



2.9.4 NM151NANNSaUNIURINSINaN

d o 2/ | ]
E‘U‘VI 2.22 E‘ULLHNﬂ']'ﬁu’]ﬂ'ﬂ’]iﬁﬂuw’]uwi‘ﬂ?&ﬂﬁm

4TK(T -T)
"1
RR
Lﬁ’@

q fip BRIINITENUNANUSOUY
k fin AduUszansnIsiANSouU

T, Ao gaumgilivuiienulu
T, Ao gaumniliuisuuen
R Ao Smiliudanly

o = &

R, Al SANNURIAULEN

e

i

2.9.5 N15UNANNSaURNURNSINTZUBN

-

= o o i a
JUM 2.23 sUnanan1sthausauRuinsInszuen

2TKL(T -T )
TR
In(—)
R\

e
q A9 NTINITANBNANUTDU
k fle Ardusedninisthemnudou
L fia m1ueInsInseuen
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. Ao gamgiufinfuuen
Aenulu

5 AD SANNURIAULEN

2.9.6 NITEIUNAMNTDUNIUASULLIUBUTOUNTINTZUDN

R

o

SUM 2.24 JUnanImsThm s UAT UL BSOS INTEURN

q=Maq,. (2.69)
q,,. = 27, -t (T -T,) (2.70)
S A (2.71)
L =L+ L (2.72)
2
Lfi@

q B INTINITENBNANNS DU

n, o MUsEANSA YDA

o a v

r; fin SAlNURIIULENIDINTINTEUBN
h fie AduUsEAVSIsIALSaY
L fig ANENINTINTEUAN

=

T, Ao gumaiifuEImULaNNSINTEUN

<

T, A gaunpiivesiva

]

t A9 ANUNUIVDIATU

2.9.7 nMssnemanusauuadisndndaudeundd
Tunsdifindndanudounsiisnsnisaemanudeuaiunsamldanaunisrells
Q=hA (T —T) (2.73)
e
G An §RsINISANEIMANLSUY
h fie Aduuszdvianisminiudou
A PD Nuiovie
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T, Ao grunniiiiavie
T., Ao gaumaivedlvaluvie
2.9.8 m3demauieuruvieilogumgiiiaviansil
lunsaiflqamaiifviensiidnanisdemanuieuaunsenidonaunisselus

.

Q=hA(T =T, (2.74)
dle
O fg §RTINTANEMAINNS DY
h fia AduUszansMsmauieu
Ao uiifivie
(T.=T),, 7o mmmmﬁwaaqquﬁméa
2.9.9 fudslimieiiddnlunsdiaszinisaemainadeu
2.9.9.1 15luas tuues (Reynolds Number)
Ansluan Wuues vesmsvaluvienavaiusamleeinaunis 2.75

VD
Re = p— (2.75)
il
2.9.9.2 Aaga (Nusserl Number)
hD
Nu=— (2.76)
k

Afadavesnsaemainuieuvesdnmeifiasiuansening 300-1600
anunsalaanaunis 2.77 [6]
Nu=0.7Re"” (2.77)
Aradavesnisivawuuiutnluvionaunsdfiifunisszureanude
aunsamlaanaunig 2.78 [22]
Nu=0.023Re " Pr’ (2.78)

29.10 nsaemanuioulaegngula(Shuttle heat transfer)

nmsmewmauioulaegngulafenisdewmainuiouanduioulugauiunes
\nsesgudlnensiadauiivesgnauld Faiinarnauunnsinsvasgumpiindanssuangy fu
gamgiindagnguld feguit 225 (legnguldegiiduien sukuuMInIzAugUngiive
gngulaagadiefuguuvunisnszarsgungiivesnszuengu (U 2.250) wdiilegnaula
\douiiihgsnubu (3U 2.25v) gamgilvesgngulavzganitgumaiiveanszusngu viliin
msaemamiou Q,, Mngngulagnszuengu Taeuiinamnuieuiitemlnegnauldi
Fuaaildanaunisil 2.79 [5]
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/ Qsh Qsh

/ | AN X
Tc Te

JUT 2.25 suuansnsmemauieulaegngula

Q, =0.4LkD(T, -T (S 2) (2.79)
\la

Qq, AB dnTIMImemAToulaegnaula

L A8 wazﬂ'ﬁLﬂ?{auﬁmaa@ﬂquﬁ

k A8 AN1SUIAILSELYRIATSYNeIY

D Ao duraudnasvesgnauld

T, Ao gounilsnuiou

T, Ap gaumgiidibu

S A YassznIngngulaiunszuangu

Z fin mmgvesgnauld

2.10 ngufianasns

LﬁawWﬂmiﬁﬂmummm‘%aqauﬁama%ﬁﬂmu‘[,wyj%ﬁmié’mmmﬁuﬁuﬁuﬁ’ﬂﬂu
\A3 098U Lﬁ@lﬁlé’ﬁwﬁqﬁgquﬁu dsmalvidudiusnegnnelueioseud dasfunsingzin
\esnnanuduiisadly ﬁﬂﬂ?ﬂﬂ’lié]’e]ﬂLL“U“UG#ENﬂnTﬁ&5\‘1?5]?WiJLL‘TNLL‘N‘UEN%UﬁI'mW'N1 W
dudiuusn ternuvasadslunislivuniassus lnenquiiiefestuauuiuses
Budusing fai

2.10.1  emnsaensievsstudiuisuTuanuuunseying

osnndudiudriuunnvesaiessusameddeiosiunislranuuunigyingn
(Cycle) %ﬁmxﬁﬂﬁ‘?}'umuﬂ”}u‘]ﬁﬂmméﬁ safunsesnuuudesiilefsanuduiinssying,
(Repeated  Stress) ANMgudjinausivadlanoiidsn (Soderberg’s Criterion) @11150%1
awduiusuesrnaande (Safety Factor) wasemuduldssil (23]
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=t/ (2.80)

le fo Safety Factor
Ao ANaAuAY
A Yield Strength
Ao ANuAuduURsY

N
G‘H\
G&
O-a
o fig ANUAUNILLIINUTIY (endurance limit)
KF

AD FUTENBUAIULALNUILULY

TagermiunuusmunuAenisUuAA LT s InHansEnUsnee Wy A
vadlany wilaveslavs JuLuULSTinssvisiotuIL aun wazgamgdl fail

o =0 kkk (2.81)
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C !
o | | { 1
Y e doefieicifd st -
i | s G o ta et )
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re O =5 SR !
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o
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d o/ 13 ay
3UN 2.27 n3uanInIusEnoumuUIUIAYRITuIY [24]

2102 AUKDLUTIvBINTINTZUAN
Warsandsnussypnuiuagniely asnundalifosiuauiuainusafuve 1ves

=

Tnanalu ﬁmmé\’amﬂLLazLLmmeaqm&ﬂwuan@“f&gﬂm 2.28 hay 2.29 m1ua1eu lasan
ANULAUTA IS ARINALNTST 2.82 LAz 2.83 Anuaisiu [25]

o -2 (2.82)
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E‘Uﬁ 2,29 EULLE{@&ﬂ'ﬂ’IZJLF?T‘L!LLu’JLLﬂU“U@ﬁWNﬂ'ﬁ%UE]ﬂ

pr
O, =—

2t

(2.83)

2
o/

ENUIAIANLUANAIRINTANTUADIVNUDIAAMUAULLILAY (O = 20 ) Aty

1 a

IUﬂTiﬂﬂﬂLL'U‘ULi’]‘U3ﬁ‘1]"|’§EU']LQ‘W']3?!')’13.]LﬁuLLulﬁﬂﬂ']ﬂ“U’a\W]Wﬂﬂanﬂ

2.10.3  AULTLITIVDINGINAN

afisandassnaniusseanuduagnelu fgui 2.30 51avanansammaN
Wuldanaunisi 2.84 [25]

2r

= v
3UN 2.30 JULAMIANULALTDINTINGY

r
g e (2.89)
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211 Ngufjusimvaninii

\nSessudamesdsuuugngudastlunuiteiasgnansndonisnilenines
wnannazkivan Insfausianliiiugnguiidaudivdesnssuaniiuunainlfiiauss
wilenhnsyyivieusimdn Welunisaninedesnud Fmguiiiesdedsd

2.11.1 swnsivanuadleiausefgnunf

lnaussdgnuafifelaausediisnetuduasiuanainusazsaudaiumn a1nng
vasuouuls azannsamarauuudivinnelulsiausesldfaaunisi 285 [26] uay
funannidiiggydetiosnnaruiunuressmaldandunsi 2.86

I

.\.\.I'\.\.\.i.l.].l.l_._l_.l..J..\l.

YvYyy
YYVY

Y N 7 \ N/ . 7 o, N/ N NN hY. ™
S-SR ST R RSB R SRR Re R ity
AN . AN AN AP A AN AN N AN AN S

JUT 231 guuansanuwivinuedlaauessigauni

B =L,nl (2.85)
B =1h (2.86)

ile B Ao auuwLmANIyaguana1 weunaIn
H, Ao anwlvidurnldvesgraina = 4mx10" T m/ A

n Ao SIUIUTBUVBIUAAIN

=l

[ fAa nszwalwifluanuusain

P A MAsgyidelosnnAnuiuvIuewnaIn

R A9 AUATUNIUTDIIAAIN

2.11.2 agmsuileatrvesinsung
INNIINARDIVBINITUWAGNUIT Auruwltndnindaasunvasaiunsavinlaiie
nszualihluisesvesaanle Soninszuawmien lnenssuawierthisdanviafusiay
Y9499 IUAL UL NS NULUAN TS TUTE U UNET Seaunsit 2.86 [26]
dd)B

B " (2.87)
dt

2.11.3 aawdaaesanniswmilgatimiaudwmanluii (6]

c, =18 (2.88)
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Dpd =0 (3.11)
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Aasiilowulnsin, 4 14
ANuviinwavad, 4 2.16x10° N-s/m”
gvgiansvhaushudu, T, 28 R
”agaﬁqummmam’?awum'
Wdurrudnansvesgnguigs, D, 2.7 em
sTpEnsiAdeuTigauasgnauiia, 8 7.0 cm
uringudnansvasgnguld, Dy 4.8 cm
ﬁsasﬂﬁmﬁauﬁqaqmaqqﬂqﬂd, 84 2.7 cm
wurhrugnansveawnuangula, D, 0.5 cm
FauUsmudigeanismsruen
gaunilansviausinuiau T,
NIATDIYNGUNAT m,
avasgnguld My
mﬂaﬁaﬂ%aqﬂgdﬁ ky
Fuszansundidosannlvan e
A3uFU (Initial Condition)
ITUTUVDIGNFUNG 0 cm
seyzv0ignaula 3.5cm
ANITIVEIRNGURIET 0 m/s
AIregnguld 0 m/s

3197 3.1 wanafeyaililunisiieseiafiosnmeesnioseuditnnusududy 1 uns
Lﬁaﬁ'}mﬁLﬁmsﬁmwu%umauiuggmuﬁagﬂﬁ 3.6 Wd AdawUIenuidesnismaividliasaseus
vhendldedreiiaiosamiianed eamgiansiauduiousasdndy 455 uay 323 1Aady
RIUARU, ﬂ'ﬂmﬁaﬁwaaqﬂgﬂd 302 9IRuUADLUAY, ﬁm‘ssﬁwégmuﬂLﬁmmﬂlwamaagﬂquﬁﬁ@
0.32 UIAU-TUIFI LR, wavegnguidaLaziiavegnaula 145 waz 162 n3u madny dlath

AdUsAINaIwnuluaLn1TN 3.6-3.14 221@ aunsi 2.39 seaunisy 3.16



a5

| e Y = e & w
- AMAURAIUAULAEYUINLAT UL UDIAU

Y

> EUNFAT T, My, my, ky ki C
p d all

h 4

| ArnumiuasnduesauSaasuau
UFIAgU x=Ax

= S
T

-3 =
WATEUUNIa-aUTY
| ey dafosamwialy

T

. 4 -
ANMUIUNTAT X(1)

v

s e I
i - WIATEBENTLARDUNVDIGNEU
STRE L LRy

T
\
AU

JUT 3.6 LNURIUARITUABUNIT AT AT B SN YO AT 098 A

[% ] [-3240 0 5155 51585 |[ %
X, -66.00 -19550 -1069.8 26168 || X,
= (3.16)
X 1 0 0 0 X
X, ] [ © 1 0 0 A% ]

Bustail J
[-32.40 0 5155 51585 ]
-66.00 -19550 -1069.8 2616.8
[Al=
1 0 0 0
| 0 1 0 0 |
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[ 0.1280 0.9518 0.9518 -0.9954 |
09918 -0.193740.2364i -0.1937 —0.2364i  0.0517
[n]=
-0.0006  0.0000—0.0241i  0.0000+0.0241i  0.0805
| -0.0046  0.0060+0.0049i  0.0060—0.00491  0.0042 |
[ —215.52 0 0 g |
0 39.56i 0 0
=
0 0 —39.56i 0
|0 0 0 ~12.36
AMPBUTlUY89a8MT % = Ax 7B
x(t) = cler‘t Ry < czer2t "y c3er3t » B caerclt o (3.17)
o 1=-215.52, 1,=39.56i, rs=-39.56i, r,=-12.36
[ 0.1280 | 0.9518 0.9518 [-0.9954]
0.9918 -0.1937 4 0.2364i -0.1937-0.2364i 0.0517
n = 1 =
'] 00006 | ¢ 0.0000 — 0.0241i 0.0000 4 0.0241i 0.0805
| -0.0046 | 0.0060 + 0.0049i | | 0.0060-0.0049i | | 0.0042 |

iuladnsInvesauntsi 242 Wusiuiuasiauasan warsiuiuIunninaann

(r=-215.52, r,=39.56i, r;=-39.56i, 1,=-12.36) wansinduaneiaIossuiminausgiaiianssnin

=

LASANENNTTN 2.52 LFLNTAMNANUDVDNATIILUALS 6.29 1859 LAzl ouNUAILSURUIINAISIT

o a

3.1 agnsuinssegnsinfieunigaanvesgnguimduazsgngulafie 6.57 cm way 2.60 cm AuddU

A aldazansainsiUTnasduierenaIoEud TIUMIInsNInTegngy

=

mdalgidaguin 3.7
3.2.5 N15USEUNUNNA9UBILATRIEUA |

ilansrugungiivesansvinay, anuduads, Usunsniiauesgnauids uazausies

LASBIBUALT ITasEInIaUsEIfmdweaaiasudlangasdie luide 2.3 Tnensuseanm

s

MdwanasstguRildangnivesdion, v wazidd azldosnundunusesou diothaudy

@ L s

audvenatsssuiazlamdslumiednd diugesveavaduazgnsnusiuadsayldmdslumie

Todl ToenaannnmsUssanuidaniossudmeansaeg nnnufusudy 1 uid wandumsned 3.2

U



ar

USumsUiles

wquih

JSuesaiudan

Wrwidnsdn

J§umsaiuaeie

m;
B
ul
B

= ™ | 1 a ¢
IUN 3.7 NI IMUARIUSHIATAIUANUDLAT DI UA

= o w A ¢ v |
M19149N 3.2 mrﬁ'NLLaWﬁNaﬂ’ﬁﬂigﬂquﬂ’]a\j‘U@\jLﬂ'ﬁa@ﬁ]umﬂﬁ]ﬂﬁmiﬂqﬂq

gnInsuszanuig g NuURpTAU (J/cyl) | A8 (W)
S 1.18 FH2¥
an 0.98 6.16*
AT 0.01 2.60*
wwaa - 2.81
AuRLRAY = 3.63

* Anfianud 6.29 Hz
MNMTNA 3.2 wuhelianansnisussinaiidasingg  Saeiy wilunisussanm

MawweAiogudziislegnIveavaduazgnsanuiuadalundn owindunisuszumninaa
MIMPAD Bsagldrmusznuilndlfewan1svaasaiwnniian
wenINTLAT LENTTUNMNMUTDULALATUEUTBAATEIBURIINNIS AT IZRET DT AN

VDUAATDIBUA AD 455 WAz 323 K Aua1eu azanunsamuseansninansludld 29.01%

3.2.6 MIAIAIYINTANTANNANLAFIVVDIYTAN

nsduanfginsveuniossudanesdsuuurliaviarsnsaldaunisluided 224
ﬁ'}mmmmmmﬁuwmﬂmﬂwaqm%wumazﬂ'ﬂm'}mﬁuqaqmmﬂmmmmlﬁmﬂauﬂ131’7f 2.22 \ilo
vhnsiasdnmymshiureaiesuifeaunsfing aannsnmamniugagaLazinan
meluedetsud waginanuoufiiniessudfiosiudiuazszuseantsd Insluideiszuans

lawzANNTUELAY 5 U1§ Llesnniigausrasiniseanuuuliiaisssudanusonuus Wuganves



a8

6"#’:“]}

ANIYNUNANUAULSUAY 5 U5 FetlvayanidlunisAunauandussed 3.3 dunanisAiuani

AUFUDUY waRdlumITen 4.2

a1s519h 3.3 msuansteyailesiunlilunsduiaipginsamesdemuanuigiuvosuiios

AU Gy 5 bar
gampiivesensyiauiisuiey, T, 650 K
qmmﬁﬂuaamiﬁﬂmuﬁﬁwméu, T 323 K
USHIRININAATUDN, v 3.74x10° m’
UIHIRsNIAeueNY, v, 4.78 x10°m’
USinasmeausn, v 9.20 x10°m’
USUIRTREAUILNE, Vi 920 x10°m’
USHIASIIAULLSIABS, v 9.20 x10°m’
ﬂ'ﬂﬂaﬁm3ﬁﬂawu’lum'%:awuﬁ(mmﬂ), R 287 J/Kg-K

MInM3dnassanTMsihnuYeLATesuimeaNNRguresviiny wudieuiugEauas
maansluasesudviniy 14.17 way 6.14 bar amd1du Fausashamudugegaazsgaily

TATIRANULT IS0 ITUIUA19 veuATaseussaly

3.2.7 nseRnLUUdIuTuAINTau

dusniviosdndsfidumssenuuudiniuaufeufioruuduse wsvdniuanudeuis
anmzmsinuiigamgivazauiugs Tususdetuduiddesdomanudouldd Tumneauin
Fossenuuulidusuanufeutiaiigauiniias fueuduaeaavoneiaseusle

3.2.7.1 mywnTsianuuduseesduiuauiou

lumseenuuuiuduivihmindidemanuon wrasilsdianuandfsunisaiemaig
Yousauiuananifsumiuuduseing fufunseenuuudiuiuanuteurenniossuianosa
sondenldTagifirruudususiuanneiigungige Suildawueaiutagiigminnldiluduiy
mnufsurelATBE UM TAILUVBE NI

A3BENUUUIASBBUARBIVANLEBIATiTia s eIn A (stress raisers) Bafuftuid
fimswfeunasguinsedianesiuiu iwu g wien Wiy Sesiliamuduiindunnniduaeds
wanawih thlugmswieugluasyilitudiusnaioseuddoms maanqaiidauduvesmi
wusildlaenisviugulilés (rounded comer) wie Wlaian (fillet) Tughudfimsdsundasgusns
DENWIUT ﬁurﬁmmwaiwﬁﬂumﬁumm%a'wuaqm%wuﬁama%ﬁamumﬂﬁé’mﬁmlﬁw?mﬂugﬂ

ToasnnnindunuuiFeunss uazniseanuuugnguiagnnglunssuenguisesiisusulfmislaua
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NI¥UaNguUAIY LﬁaL“fJum'sa@lﬁaadNﬁQﬂquL%’ﬂl@iﬁa (dead volume) WS1EN1TOONLUULASEILUS

awmesawinseanuuuliiiuiumsnetesiigahitazduld (7 uenainiinmsesnuuudiuiuauten

@ |

o Y} - 6l ° as w ¢ = o § v 5l
LLUUIWU L‘Vuﬂgaqﬂﬁc’uLﬂ?@ﬂﬂu@ﬂﬂmu’iﬂlﬁﬂ (MasuaenIn 1 ﬂimmm) (5] EUQQSVIWI“LW?@QEJU@N"UU']W

idnngvindi “esiemsseniuukavaine viliuunisasisiinmgn sasnduiumnueunuuie

q

linrududeulunisesnuuu uaznsasrededdiuyuas

s

AatunIsERNwUUdILTUANNSauTB AT ot U A s At UL UUT LW ST Sadenldauay
e AISI 304L uageanuuuilulaudaguil 3.8
nsgenuuulidiuiumnuieumsiindunsiige ielvaremenufeuldifian wazarau

[

wuldiAuauauntaanassuls lngdoyaluniseanuuuauiuanuiounandumsnsd 3.4

9

s 2

\asndiuiunnuiouvesnissuiduwuuissnuuuivediuiiunsenssusnuasnse

nay ATUNITDNLUUABIM TR AL LTSS waIIEesd WeReTaTrdiuduasSoudus s

UII9AINUTLUABULAN 6.14 way 14.17 U3 avwuindwiiunsanszuendesiuanudui
] | = v a o L P ° o

wurssRInlazuILIY wazduulauAfassuruAuauiy naunTsh 2.80-2.82 vinlismsay

[V
o 0 =

MeuALLIEUTeUaElidgegate o —pr/t  wardesiuluanuuunsieduineinnis

Wasuwlasanusululsazseuvoansasgus

o 2 i a ¢ r.! | o [
19199 3.4 m'i'mu,aﬂdmagaﬁiﬁummmmwm NHLUILLIIVDIFIUTUAINUSTDU

Wushgudnanaads, D 60 mm
ANNAUEER, P 1.436 MPa(14.17u13)
Anufusan, P 0.622 MPa(6.14113)
Fuilamutasnde, N 3
AosENRYDs AISI304L 7 700K
AVIIALANGR, O 130 MPa
ALLAUENER, O 455 MPa
Yadrinennamunu, o’ (35% 2810 ) 160 MPa
slszneuvesiyian (Tadu), k 1
FIUTENOUVDIVUNA (FULRAINLAUT <8 mm), k, 1
AIUsENOUYBILTY (W39AR), k. 1
AnuAuruLuy (liflanudumuiwiu), K 1

nTeyalunsnei 3.4 uazaunisi 2.80 uag 2.84 azannsasmunalédn diuduanudey
AoadlAuvuneeetias 1.004 mm Fatuis3seanuuulidiuviunnuSeounun 1.5 mm warvinnig

MALUURIFUN 3.8
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20

1

SECTION A-A

SUN 3.8 sUkARILUUYDIEILS UANS DU

u U

3.2.7.2 MTIATITNNITENNANNS D UTDIAIUS UALS DU
PNMFIATIAToTNveLeS B sudIialAT e sBusT Ui LR WS udu 1 U WU
aﬁﬁmuﬁﬁ'}u%’awaaLﬂ'§aaauﬁﬁaqﬁqquﬁ 455 K uaziilosnanidaninzn1svinaune s osuud
meaun1svesriinvivinliismanuindesesnwuudiusuanudeulvauisaaamanusauls 44.10
Tne é’aﬁ”’u%‘qﬁa&@aﬂLLUUSLﬁﬁ"Ju%’Umm%’aumEJmajmsv‘f'mulﬁLﬁmwa Taglun1siasiednisanem

ANUTPUVRIEIUTUANM LS B U AT L Tun s TR NS UL UUNS nT LS puAsTIRaRRRnve sEuSy

=l

ANNsaukararsvinaulvaneluvienuiu (Annular) AU 3.9 msrzenangnangulalalusu

U U U

[

awiauarferishudessinuusmesduiuviersuu Insiiteyalunisinszddismsnsi 3.5

r 1
NILUBNFUIBRN J l 1 l
aula
L)

firvnanislva

YDIATVINU

|

To

0Oh

Heater Dome

JUM 3.9 gluansmisanemanudeusinfuenvedaugdaisviay
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A19199 3.5 anTunansteyanltlunsinmeinisaemanussutesdiusuauiau

AUL5I98981NE, V 1.24 m/s
samglivesansvinuedeiisnuiou, T, 450 K
AT, P 1 bar
AnaNTRY8I8IMA T 450 K
fseAvsmathaudou, k 0.0373 W/m-K
ANuVtnaal, p 2.51x10" Kg/m-s
ANUVUIRUUTDIDINA, p 0.7740 Kg/m’
Prandtl number, Pr 0.686
dsydvsnmahmnuieurasian 7 475K, k 17.57 W/m-K

304L

Wi ANENANABUBNYBBITAUUIIRES, D, 60.5 mm

wuraugnanelurasasiuisaes, D 50.5 mm

wiushgudnantlansednvesdossiouiuawes, D, | 10.0 mm

NMSANUIALSUIINNITIANTIUAR WaLuas (Renold Number) 37naunns 2.75 wiaAliada
(Nusserl Number) wagaulseansnisniaiusousadoinia (h) lainaunisn 2.76-2.77  waznian

gumpiiiauenvaslauldanaunis 2.73 azldirgaugiinavesiag (1) Wiy 478 K (205 °C) satiy

= i 7

nslirnuieunninessudfesilifinuenvedauiigumgiiog ey 478 K iefiazsiliemuiou

dnangansvinaulaegiaiiome
sgulsfanuiluideiilfetuemstinmsimsiamaudeudiowiaseudimnuiirudy

Sudy 1 undwinnu drumanITinTEinIaemALSauiaAIsuEuRuEuY wandliluasd

4.3

3.2.8 N1598NLUVEIUIZTUNEANSaY

ﬂ’]i@@ﬂLL‘U‘UE?I']u‘iEU’]EJFﬂ’IiJ%IE]Uﬁ%’UW@Uﬂ'ﬁ@8ﬂLLUUﬁﬂéJ']EJﬁUﬂ’]‘iEJE)ﬂLLUUE{I’JU%jUﬂ?"IiJ%@u

=4 =f 3

AaRamdetauLdwsududusuusn wazassaiamauioulaa ewsdIusuIenIusauay
vhaigamgiion Jwssinaldidiussuneanuowheuiigumgivies
3.2.8.1 MTIAATIEAAINULT T IVDIEILTZUIEANNT DY
Wosnadmszuiemiuioureaaisssussuluuiioonuuuiidnuasdunsanszuen ﬁmiq

AINNAUTLUAULUAIAN 6.14 Lag 14.17 U713 Q%W'U'Jl']ﬁl';l‘uﬁLﬂu‘ﬂi\iﬂ?%UBﬂﬁ@ﬁ%}Uﬂiﬂﬂltﬁuﬁ\‘]

= <

WUIFIRINLALLUILAY ANENNTSA 2.82 Lag 2.83 ﬁ’f[,ﬁL'i"M’i'iU'j'lﬂTlﬂJLﬁULLU’JﬁQQ’IﬂQSNQWQQQQQ

s

o =pr/t Anfusneseaniuulidrduilifuaueuniansssula

9
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nseanuuulidiussuisanuseumsindeunsiian iielimomanuiouldd uazaray

wiuliiiuanuauniangassuld Inedayaluniseanuuudiussuisminiounanddumsed 3.6

M19199 3.6 sruansteyaildlunsieseieuuiuswosdiuszuionuiau

Lﬁum@uéﬂamaé‘a, D 60 mm
ANNAUZIER, P 1.436 MPa(14.17u1%)
Adusan, P 0.622 Mpa(6.14u13)
mNANYADANY, N 3

AnANURYDY AL6061

AmALINgR, O 275 Mpa

ANULAUEER, O 310 Mpa
YARANUNUNILY, S 130 Mpa
mUsznavvesiaian (Tas), k 1

MUsEnoureIvwIn (EUNAnUY <8 mm), k. | 1

AUTTNOUVDILSS (L596R), K 1

! e

ANUAUMUILLY (lafianaAuiunni), K 1

Mndeyalumsned 3.6 wavaun1sfl 2.80-2.82 Azl ann1sAuINNUIEIuTTU BRI
SouspalimuruIg 19ty 1.075 mm fatiusneeenuuulddiussuneanusaunul 2 mm wasyi

MINAUUUAIUT 3.10

¥ 100

.
[

80
T

A 2,

SECTION A-A

=i \ o
FUN 3.10 JULAMLUUTBIAIUTEUIEAINTDU



o0

3.2.8.2 MFUATIENNTAILMANTOUDIAIUTTUDANLS DU
NMTIATIEINIsIemANSauarintsaninasyhaungluesessudlvalurionsunu
uazfithvaeifulnariudussuisanafeududunsnsruendiifuaaumu Fagufl 3.11 99nn13
Anneiafiosnmueuaietsud wuhashnuitdudureasossuiazdosioungil 323 K uas
PNMsTEREAENTTNUT LA ssuRfsaL Az UTe T invidinLiud LY 1 1§ Taufuns
mawanusaulaggngula vinlinsiuindeseenuuudiussuismusouliaunsaaamauion

aanla 36.66 TAA

Fin

—

<« Hianunislua
k3

— PRIUNRDEIU

—

fiannanislug nNITUANgL
U
UBIAITV1U weqnaula
L U

JUT 3.11 JULaAINISENEmANNSDUYEIEILs YIRS DY

TnglunsimnedinsaamAIus o UL IAIUS L UNEANNS UL AT UNIHT I8 98U U
ANusaulunIung ﬁwaaﬂugﬂwa’aLéuﬁaaﬁﬁqﬂiwmdwqmmﬁmami& (T,) SiAAa wazans
aulunanieluvienawniu (Annular) Ae3UT 3.11 stwxmmﬁﬁgnqﬂ@ﬂléldlﬂszmammé’au
LFDINHUTDIS LA UULT MRS T T UMDY lngditeyalunsiasieidiansned 3.7

ATTANIAULTUIINAITUIANTLUAA TULuas (Renold Number) 37n@un1s 2.75 e

1 o d' & 2 =l " & ¥ ]
n533a9U11N13q avesansiulueiossudidunuususey (Laminan) vSeuvudulau
(Turbulent)  LHBLNUAIIINAITILANNNTHINGN ALLAANTIUAS TULUDS = 2075 LARAIINAIS
Inarravasuainsiuissududuliu 39lduszanaiinisivadunuutiutiy detuatada (Nusserl
Number) Wazduuszdnsn15n1a21850u109910@ (h) @1115091leanaunis 2.76 way 2.78 uay

1 o d o e a:{! 1 dl‘ _-a si‘dl 1
NAUNIINITDIBVAIINITD U RUUATIAIAT WudnlogunglHaAIffl 300 K (270) d@ussuy

ANUSDUAINTTOABNANUSBURBNAINAITYIULG 47 Tnd FafsanaranisynueuASaaus
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A15199 3.7 msuansdeyaiildlunsinssinisaiemanmdouresdiussuieaudou

AALSIVR9RNA, V 3.42 m/s
gaumgilvesdsvhanuedeisnuby, T, 354 K
ANFUFIG, P, 1 bar
AniELTRY8I91MA 7 350 K
fusgAvsnmmarufey, k, 0.03 W/m-K
AUNLRAY, 1 2.08x10” Kg/m-s
ANUNUIUULYEIDINA, p 0.995 Kg/m’
Prandtl number, Pr 0.7
&nseAnsnsthanudouses Al6061, Koo 167 W/m-K
Wurhgudnanineuenvestesiiauusiaes, D 60.5 mm
wurhgudnasnelurestesSiauusaes, D 50.5 mm
wiurhrudnanlansednveswesiisuiusines, D, 10.0 mm
ANUEIvBIEINTEUIEALSoU, H 40.0 mm
T, N 7
Sailnelu, r 30.25 mm
Smilaneuen, 1 30.75 mm
Seiflvaailu, 50.75 mm
ANMUNUIYDINY, t 3.0 mm
ANV, L 20.0 mm

3.29 MTPBNNUUGNEURIAY

o w

lnenluudnsessudimmaidzlssnaulddsgnguetietdos 2 gn Aognausidauas

U

RUNRRY) U

gnguld Fawvuwiduguuuuvenaissudiignguiisaeseglunszuenguifentu lnedanauldet

Muvuazgnguiasegiudns (U 2.3) Jesimilegnguldfudiuvensdesshauiigaumgiige

@
' s =l

dasszningnguidwuazgnguladudndaiiansihoiiauugiin daiassdudessietuiediou

LLSLHDS

o as

gnguidadugudiumimiivdsundnluguvesmiuduresashaudungd

2
0w w

1 vennniwdignguidedsredigadietiosiunsilnavesansvinuuas dosiuarsdedu(@il

U

o a

nguidsannsadszanaldindianlndifesivaumgivies Jeasy

U

iluaTessusisme gamgiiszning

D D

s

Whanmzmshanuresgnguidsiimuuansravesgaumgiisn WARDTHUANFI9YBIAIUAUEY Fati

nseenuuugnguiasisiladgnguansavhaldfianuiugeanveuniaseud
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3.2.10 mseanuwuugnguls

anmgnyhouvesgngulaiidnwusasedmiugnguings e aruuansswesgumgiias
uaisieuuansnsvasmuiuel Ssmnsuanmaisadntesvasnusuiiiidiiuauiusening
wusnes vilifeseenuuugngulaliihimtinu Welfamsaerdeuildfutiauunnswes
Anufuisndnties uenanifavesgngulddwimiiluandeurudouriiouiiouiisnes vin
Tignguladusnniimuenivszana 2-3 whasadurgudnans

m%"a@auéama%ﬁqﬁﬁﬁﬁqajﬁa'aumm:fﬁmaé’mmsﬁwmm%’waﬁLﬂ%wué Mlvinneluy
\3BaBuATinLfug Tneluiasessudanesdeifldfusnsudinissalalasiaugeiis 200 wnny
vhama usiilesnnsesnuuugngulaseatidlsiiminug Sufeseenuuilinatsuasatiouns nis

Avziligngulanuldnanizainudugedndudesdaniududgangulalitinnulndidssiu

'
1

Aruiuadrennaeus ieaugausafuntsusnuaznslugnguld udumstosfuniuidoms
fifnurgnguld wievmsianzguuindn (vuindesndt 025 fadiwns) vugnguld ieltans
vhauamnsarnudi-een hidntes ieaunaussiuneusnuasnglugnguld uslinsligioun
Ingjiiuld wmsrzagihliansiroududi-een Tounniuly suhliifeduuiinsmenieslugngy

ld wsizmsesnuuuiniossudawmesdsietesnuuuliiiviinnsmeteeign

3.3 nsaf1etiudaueundoseud

wﬁammﬁ’wm'ﬁmswﬁgﬁaaammuﬁudwmqﬂ vaaAInssuALdluiaiiiun duneu
sioxnAentsainstudunuuuitldesnuuuls Iﬂa‘luﬁﬁaﬁ%nén5@%’umaunw3a%’wLLaxLLamgU
maq%uﬁauﬁwaqﬁa%’ma%aawﬂmﬂué’q il

3.3.1 dausuanuiou

mssanuuuiuduivhnthidemanuiey \reslstianmautRsaunsaemaiy

Soutwduamauiiuanulussiie fdunisesnuuudiuiunuioureniosudanasis

'
=

noudenlidaniifianuudussuiluanneiigumgiias Aiuinhawsuaaunduguidudniuan
SOUVDNATBILUA uennilfadamdnidesganiimnudurasninuau (stress raisers) Fadunuiing
mswguulasgusiegiansiuiusig wazanmsiwialuiden 3.2.7 wuitdusuanudeudes

fipurueg1aae 1.004 mm setudseenuuulvidiusuaudauru 1.5 mm fag 3.12
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= | ) [ o i
JUN 3.12 JuuamadsuANuSauTe AT DU

3.3.2 d@9UsTUIEAUTIU
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Investigation on Stability and Performance of a Free-Piston
Stirling Engine
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Sutapat Kwankaomeng ' ,Banterng Silpsakulsuk™, Tisakorn Kaweemongkolrat' and Pongnarin Savangvong
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ABSTRACT

The stable operation of a free-piston Stirling engine
will be achieved when both engine configurations and
operating conditions are optimum. This paper presents
stability and performance investigation of free-piston
Stirling engine. Tsothermal analysis is considered in the
simulation. Dynamic motion of engine pistons such as the
displacer and the power piston are both obtained. For
engine design, the optimum parameters are given such as
engine specifications, engine characteristics and working
conditions to yield the maximum efficiency and
reliability. The prototype was built and tested. The
comparison of both experimental and simulation results
are provided and discussed.

Keyword: Dynamic, Free-piston Stirling engine,
[sothermal , Optimum, Stirling engine.

INTRODUCTION

Global warming affects significantly on the current
climate in all areas of the world. Many researchers
investigated that the increasing of world temperature
results from the rise and excess of COis the major
problem because of green house effect. The main source
of CO, is come from fossil fuel combustion as in
automobile, internal combustion engine(ICE) machine,
industrial factories, power plants and etc. Fossil fuel,
even though, provides such high energy and meets
requirement  but it also gives CO, and pollutions.
Alternative and renewable energy, therefore, was used to
compensate and reduce excess CO, such as biomass and
solar energy. Stirling engine, first patented by Robert
Stirling in 1816, is a mechanical device that can be used
to convert heat from multi-fuels to be useful power
without combustion inside the engine and no pollution.
Many applications were investigated and integrated with
the Stirling engine. Free piston Stirling engine (FPSE)
was invented by W. Beale. Modern Stirling engine was
developed by using advanced technology materials and
manufacturing processes. Consequently, FPSE is a
potential and perspective engine for the practical use in
both present and future.

Wood ] G. et al, [I] studied the thermodynamic
performance and characterization for three models of
current Sun power free-piston Stirling engines: 35 W, 80
W oand 1.1 kW. Sun power engines achieve overall
cfficiencies of greater than 55% of Carot efficiency.

Corresponding Author: kksudara@ekmitl.ac.th

Rogdakis E.D. et al, [2] presented the thermodynamic
investigation for the optimization of stable operation of
FPSE. The equations of the angular velocity are solved
analytically in terms of mass of the working gas and the
displacer—piston phase angle of the machine. Using the
criterion of stable engine cyclic steady operation, a
mathematically rigorous form is obtained for the main
parameters of the engine. The thermodynamic magnitudes
are obtained by using the Schmidt analysis (isothermal
model).

Kim SY. et al, [3] proposed the design of an advanced
small 35 W- FPSE with integral linear alternator for space
power applications. Notable features of the design are
high thermal to electric energy conversion efficiencies
(exceeding 50 percent of Carnot) and high specific power
(~100 W/kg).

Boucher I. etal. [4] presented the dynamic behavior of
a dual free-piston Stirling engine (DFPSE) coupled with
an asynchronous linear alternator. They evaluated the
thermo-mechanical conditions for stable operation of the
engine. The DFPSE produces a mechanical power of 1
kW and it has a design operating point of 1.4 MPa
corresponding to the frequency about 22 Hz. Helium is
the working fluid.

Vichaidit N. et al, [5] designed, manufactured and
tested the free piston Stirling engine having 46.65 cm’
swept  volume.  The  prototype was operated  with
temperature in the range of 100 °C — 280 °C at
atmospheric pressure. Frequency-stroke characteristics of
the engine were measured. The experimental results
showed that the maximum output power of 4.69 W was
obtained at the hot space and cold space temperature of
163 °C and 40 °C, respectively, and frequency and stroke
of 4 Hz and 40 mm, respectively

Kwankaomeng S. et al, [6] presented performance of
FPSE with the swept volume of 23 ¢cm®. Engine was
unpressurized. Air is used as the working gas. The
prototype is heated by alcohol burner and cooled by air.
The testing results showed that the engine obtained output
power about 0.10 W at 730 rpm of engine speed with the
input heat rate of 10.45 W. However, the research is only
a preliminary experiment to determine the performance of
the engine. This study, therefore, was conducted
experimental tests in order to evaluate the appropriate
value of crucial parameter for the stable operation of the
engine.

- 867 -
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Nomenclature
Ay The cross-section area of the displacer (m?)
A, The cross-section area of the piston (m?)
Ayr The cross-section area of the displacer rod (m?)
Dy The damping coefficient of the displacer motion (N s m~1)
D, The damping coefficient of the piston motion (N s m™1})
My The mass of the displacer (kg)
M, The mass of the piston (kg)
M The total mass of the gas in the engine (kg)
P The instantancous pressure(Pa)
Patm The atmosphere pressure (Pa)
P The compression volume pressure (Pa)
B, The expansion volume pressure (Pa)
Prax The maximum pressure (Pa)
Prean  The mean pressure (Pa)
B, The working volume pressure (Pa)
R The working gas constant (J/ kg K)
{ Time (s)
Sa The stoke of the displacer (m)
Sp The stoke of the piston (m)
T The cold volume temperature (K)
T, The hot volume temperature (K)
T The mean temperature of the regenerative channel (K)
A The volume of the cold space (m?)
Vi, The volume of the hot space (m?)
Vie The dead volume of the cold space (m?)
Van The dead volume of the hot space (m?)
X The dead volume ratio
X4 The displacement of the displacer (m)
Xp The displacement of the piston (m)
X4 The acceleration of the displacer (m)
Xp The acceleration of the piston (m)
) The calculation parameter
T The temperature ratio, T, /T,
k The swept volume ratio, V. /V,
« The phase angle

GENERAL PRINCIPLE

A. Free Piston Stirling Engine Configuration
Stirling engine is hot gas engine which include two

: /P‘slon Rod
i

Piston

dynamic parts, displacer and power piston. The gas inside
the engine is circulated by the displacer between the hot
and cold sections which are called expansion and
compression space, respectively, as illustrated in Fig. 1.
Figure 1 shows a free piston Stirling engine with a beta
type construction. The displacer and the power piston are
incorporated in the same cylinder. The displacer moves
the working fluid between the hot space and the cold
space inside the cylinder through the heater, regenerator
and cooler. The power piston is located at the cold or
compression space of the cylinder while the displacer is
placed between expansion and compression spaces.

Both displacer and power piston are reciprocated
lincarly in engine cylinder under gas spring or other
spring forces.
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Healer

Process 1-2
Isothermal

compression

Heater
Process 2-3
Constant-volume
heating

Heater

Process 3-4
Isothermal

expansion

Heater

Process 4-1
Constant-volume
cooling

Fig. 2.Stirling Engine Cycle.

B. Stirling Cycle

Stirling cycle as represented in Fig. 2 consists of four
processes as following:

Process 1-2: Isothermal compression.

At the beginning of the compression stoke the
displacer at BDC held there by its own weight then the
power piston is moved down, when it near BDC it
compress almost all gas into the displacer cylinder that
make pressure increase from 1 to 2 at constant
temperature. The work done on the working fluid
indicated by the area under process 1-2

Process 2-3: Constant-volume heating

The pressure acting on the displacer is high enough to
lift against its own weight, that transfer gas to expansion
space, rising the pressure still further so that eventually
the displacer is held at TDC. The displacer is pushing the
working fluid into the hot space, passing through a
regenerator which has stored heat, and already a certain
amount is being heated. Heat given up by the regenerator
raises the temperature and pressure of the working fluid
from 2 to 3 at constant volume, while the power piston
remains stationary at its BDC

Process 3—4: Isothermal expansion

Alter the displacer has pushed all the working fluid into
the hot space, with a corresponding increase in pressure to
the maximuin, it is then kept at rest at its TDC. The
working fluid is in the hot space and is expanding to
pressure P4, while a constant temperature process 3—4 is
maintained at the hot space. The power piston is being
pushed from BDC to TDC by the increased pressure, and
is applying force to create mechanical energy. The work
done by the working fluid is indicated by the area under
process 3—4

Process 4-1: Constant-volume cooling

After the power piston has reached its TDC and has
supplied its energy to the load, it remains stationary and is
ready to travel back to BDC under its own weight and the
sucking action of the partial vacuum created by the falling
of pressure. The displacer is moving from TDC to BDC
and transfer working fluid to the cold space where the
pressure will fall and a partial vacuum is created, through
the regenerator, causing a fall in temperature and pressure
of the working fluid from 4 to 1 at constant volume. Heat
is transferred from the working fluid to the regenerator

[7].

C. Schmidt’s Theory

Schmidt assumptions are typically used in the basic
analysis of the Stirling engine operation. The theory
provides the harmonic motion of the reciprocating
elements and retains the major assumptions of isothermal
compression and expansion because of the perfect
regenerator assume. It, thus, remains highly idealized, but
is certainly more realistic than the ideal Stirling cycle [8].

FREE-PISTON STIRLING ENGINE (FPSE)

A. FPSE Prototype

Free piston Stirling engine was invented by W. Beale.
The free piston Stirling engines (FPSEs) have no
kinematic mechanism coupling the reciprocating elements
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to each other or to a common rotating shaft. Instead, the
elements move entirely in response to the gas or other
spring forces acting upon them.

The major advantages of free piston engines include
input and output versatility, quiet operation, zero wear,
zero maintenance, long life, ease of interfacing with the
electric grid, continuous power operation and potential for
high efficiency. The major disadvantage is the difficulty
to stabilize the movements of the different elements like
piston and displacers [4]. Optimizations of the dynamic
behavior of FPSEs are not a simple matter because of the
lack of mechanical linkages that are able to fix strokes
(displacer and piston) and phase angle for the moving
elements (displacer and piston) [2].

Piston

Piston Cylinder

; Regenerator
Displacer a

Heater Dome

Fig. 3.Schematic of the prototype.

Fig. 4. The FPSE prototype.

The prototype is manufactured as illustrated in Fig. 4.
The engine has four crucial components such as displacer,
working piston and two of their cylinders. The power
piston and its cylinder are made of brass and stainless
steel. respectively, for low friction and durability. The
aluminium fins around piston cylinder were shaped for air
cooling the compressed gas between the displacer and the
working piston, The displacer and its cylinder are
fabricated from aluminium and stainless  steel,
respectively.

B. FPSE Specification
The specifications of the FPSE are given in table [

Table I

FPSE prototype specification
Piston length 0.0366 m
Displacer length 0.105 m
Piston diameter 0.027 m
Displacer diameter 0.044 m
Piston stroke 0.03m
Displacer stroke 0.04m
Piston mass 117.0 g
Mass of displacer 2240¢g
Initial gas pressure 101.325 kPa
Working gas Air
Cooling medium Air
Heat source Electric heater

NUMERICAL INVESTIGATION

A. General Analysis

In order to describe the action of FPSEs, it is useful to
assume harmonic motion of the components, which is
often nearly true. The mass-spring-damper system is
shown in I'ig.5.
Piston, Mp

kspring

Displacer, Md

Dy

Fig. 5. The spring-damp-mass system.,
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Newton’s second law yields:
E Fspring + Fdamping =M-% (1)

The equations of motion of the dynamic elements are
The piston:

M, = (P. — Pum)A, — Dpa (%, + %) 2)
The displacer:

Mg%g = (B, — P)Ag + PAy — kX —

(Dgp + Dy (%) (3

The sinusoidal displacement and volume variations arc
given as in equations (4) to (7) as follows:

Xq =384 - sin(wt) 4)
Xp =25, - (sin(wt — @) (5)
Vi = AgXg + Vg (6)
Ve = AgSq — Vi + Apo + Van (7

B. Thermodynamic Analysis

The approach taken by Schmidt for the analysis
follows the isothermal analysis yield the derivation of the
pressure and mean pressure given by equation (8) and (9),
respectively.

= MR (Ve y Ve L Ve, Van , Vn)7?
P MR(Tc il +Th) (8)
1-8
Pmean = Pmax m)l/Z (9)
Where
1

8 = (t? + k? + 2tkcos )z/(t + k + 25) (10)
S=2XD)/(r+ 1) (11)
X = Ve /Van (12)

C. Simulation Results

Figure 6 shows the displacement of the power piston
and displacer. Dynamic motion of the displacer and the
power piston are assumed sinusoidal function. The
displacer and power piston strokes are 40 and 30 mm,
respectively. The displacer leads the piston of 90 degree
of phase angle.

05F

XpXd (cm)
o

0.5

06 08 1 1.2 1.4
Time (s)

Fig. 6. Piston and displacer stoke at frequency of 6.4 I1z.

Linear alternator

The prototype was theoretically investigated using
Schmidt’s assumptions with initially charging ambient air
as the working gas and operated at the hot and cold
section temperature of 150 and 40 C, respectively. The
PV diagram was obtained as depicted in Fig. 7. The
maximum pressure from Schmidt’s analysis and
experiment result of 146.29 and 134 kPa, respectively.

x10°

Pressure (Pa)
w
m
;
L

w
T
1

126 -

1 1 L i . 1 L 1
?.14 1.16 1.18 12 1.22 1.24 126 1.28 13
Volume (cubic metar) T

Fig. 7. PV diagram with Schmidt’s analysis.

EXPERIMENTAL INVESTIGATION

A. Experimental Set Up

In order to convert mechanical power to electrical
power, the prototype is coupled with linear alternator.
Ammeter and voltmeter were used to measure the engine
power. Multi-meter was utilized for monitoring the piston
reciprocating speed in form of frequency.

The prototype was set up and tested as shown in Fig. 8.
Two UT-30C digital multi-meters were used as ammeter
and voltmeter. One UN-860C multi-meter was used to
measure frequency of the engine.

Multi-meter

Voltmeter

Amimeter

Fig. 8. The FPSE and test equipment.

B. Experimental Result
The preliminary experiment was conducted in order to
find the hot temperature, Ty, at the heater section of the
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engine that can run the engine with the piston mass of 117
2. When the prototype was heated by electric heater of 10
W supply, heat is gained until Ty, is high enough to
operate the engine. The stable engine operation was
obtained at the temperature range of 120-150°C at the
heater section.

Figure 9 and 10 show the variation of engine power
and engine efficiency with frequency, respectively. When
electric heater is supplied 10 W of heat on the engine
heater, the power piston was reciprocated randomly with
frequency range of 5.9 to 7.0 Hz. Therefore, the sliding
motion of the engine piston can be converted to electrical
power by linear alternator. Power producing was
measured under the variation of piston speed in form of
frequency as shown in Fig. 9. Engine power increased
when the speed enhanced from 5.9 Hz until the maximum
power of 0.68 W was achieved at 6.4 Hz then the power
reduced when the piston was moved over 6.4 Hz of
frequency.

The relationship of the engine efficiency and engine
speed was plotted in Fig. 10. The maximum efficiency of
5.6% at 6.4Hz of frequency was obtained. The efficiency
of the engine increased with the enhancing engine speed
from 6 to 6.4 Hz while the reduction of efficiency
occurred when engine speed more than 6.4 Hz.

1

8

6 A

Frequency (Hz)

Fig. 9. Power of the engine with frequency.

e

O R N W B U1
/

T T T T T = |

5.8 6 6.2 6.4 6.6 6.8 7

Frequency(Hz)
Fig. 10. Efficiency of the engine with frequency.,

CONCLUSION

The FPSE model was analyzed dynamic motion of
engine pistons and PV diagram with Schmidt’s
assumptions such as imperfect regenerator, amount of
working fluid is constant, isothermal in expansion and
compression process and etc. The FPSE prototype was
preliminary tested and evaluated engine characteristic and
performance. The prototype is heated by electric heater
and cooled by air. The engine pressure is initially at 1 bar,
The testing results of the FPSE showed that the engine
provided maximum output power of 0.68 W at 6.4 Hz of
engine frequency with the input heat of 10 W. The
stability of engine operation can be obtained at the
frequency range of 6.2-6.4 Hz. However, the preliminary
tests of the FPSE prototype were conducted under poor
operating conditions such as using atmospheric air as a
working gas and air cooling at the cooler.
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Abstract

Free piston Stirling engine (FPSE) design must be appropriately both size of the
engine, amount of heat transfer and movement of the piston. This paper present
design of a 40 cc FPSE by thermodynamic analysis of working fluid together with
analysis of the equation of motion of the piston. The engine was built and test. The
comparison of simulation and experimental result are provided. The engine operates
at atmospheric pressure, heated by alcohol burner and cooled by water. Engine
power was measured from electrical power from linear alternator. The result showed
that the suitable stoke of the piston is 5 cm at temperature rang 80 — 200 'C and

frequency 7.5 Hz.

Keyword : Free piston Stirling engine, Thermodynamic analysis, Equation of motion
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Abstract

The stable operation of a free-piston Stirling engine will be achieved when both engine configurations and
operating conditions arc optimum. This paper presents stability and performance investigation of free-piston Stirling
engine. [sothermal analysis is considered in the simulation. Dynamic motion of engine pistons such as the displacer
and the power piston are both obtained. For engine design. the optimum parameters are given such as engine
specifications, engine characteristics and working conditions to yield the maximum efficiency and reliability. The
prototype was built and tested. The comparison of both experimental and simulation results are provided and
discussed.
© 2014 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(hup://ereativecommons.org/licenses/by-ne-nd/3.0/).
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1. Introduction

Global warming affects significantly on the current climate in all areas of the world. Many researchers
investigated that the increasing of world temperature results from the rise and excess of CO,is the major
problem because of green house effect. The main source of CO, is come from fossil fuel combustion as in
automobile, internal combustion engine(ICE) machine, industrial factories, power plants and ete. Fossil
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fuel, even though, provides such high energy and meets requirement but it also gives CO, and pollutions.
Alternative and renewable energy, therefore, was used to compensate and reduce excess CO, such as
biomass and solar energy. Stirling engine, first patented by Robert Stirling in 1816, is a mechanical
device that can be used to convert heat from multi-fuels to be useful power without combustion inside the
engine and no pollution. Many applications were investigated and integrated with the Stirling engine.

Free piston Stirling engine (FPSE) was invented by W. Beale. Modern Stirling engine was developed by
using advanced technology materials and manufacturing processes. Consequently, FPSE is a potential and
perspective engine for the practical use in both present and future.

Nomenclature
Ay The cross-section area of the displacer (m?)
A, The cross-section area of the piston (m?)
Ay, The cross-section area of the displacer rod (m?)
Dy The damping coefficient of the displacer motion (N s m™1)
D, The damping coefficient of the piston motion (N s m™))
My The mass of the displacer (kg)
M, The mass of the piston (kg)
M The total mass of the gas in the engine (kg)
P The instantaneous pressure(Pa)
B The atmosphere pressure (Pa)
B The compression volume pressure (Pa)
B, The expansion volume pressure (Pa)
Briaw The maximum pressure (Pa)
Puean  The mean pressure (Pa)
R, The working volume pressure (Pa)
R The working gas constant (J/ kg K)
t Time (s)
Sq The stoke of the displacer (m)
Sp The stoke of the piston (m)
T. The cold volume temperature (K)
T, The hot volume temperature (K)
T: The mean temperature of the regenerative channel (K)
V. The volume of the cold space (m?)
Vi, The volume of the hot space (m?)
Ve The dead volume of the cold space (m?)
Vih The dead volume of the hot space (m?)
X The dead volume ratio
Xy The displacement of the displacer (m)
Xp The displacement of the piston (m)
Xy The acceleration of the displacer (m)
Xp The acceleration of the piston (m)
5 The calculation parameter
T The temperature ratio, T, /T,
k The swept volume ratio, V./V,
a The phase angle
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Wood J G. et al, [1] studied the thermodynamic performance and characterization for three models of
current Sun power free-piston Stirling engines: 35 W, 80 W and 1.1 kW. Sun power engines achieve
overall efficiencies of greater than 55% of Carnot efficiency.

Rogdakis E.D. et al, [2] presented the thermodynamic investigation for the optimization of stable
operation ot FPSE. The equations of the angular velocity are solved
analytically in terms of mass of the working gas and the displacer—piston phase angle of the machine.
Using the criterion of stable engine cyclic steady operation, a mathematically rigorous form is obtained
for the main parameters of the engine. The thermodynamic magnitudes are obtained by using the Schmidt
analysis (isothermal model).

Kim S Y. et al, [3] proposed the design of an advanced small 35 W- FPSE with integral linear
alternator for space power applications. Notable features of the design are high thermal to electric energy
conversion efficiencies (exceeding 50 percent of Carnot) and high specific power (~100 W/kg).

Boucher J. et al, [4] presented the dynamic behavior of a dual free-piston Stirling engine (DFPSE)
coupled with an asynchronous linear alternator. They evaluated the thermo-mechanical conditions for
stable operation of the engine. The DFPSE produces a mechanical power of 1 kW and it has a design
operating point of 1.4 MPa corresponding to the frequency about 22 Hz. Helium is the working fluid.

Vichaidit N. et al, [5] designed, manufactured and tested the free piston Stirling engine having 46.65
cm’ swept volume. The prototype was operated with temperature in the range of 100 °C — 280 °C at
atmospheric pressure. Frequency-stroke characteristics of the engine were measured. The experimental
results showed that the maximum output power of 4.69 W was obtained at the hot space and cold space
temperature of 163 °C and 40 °C, respectively, and frequency and stroke of 4 Hz and 40 mm, respectively

Kwankaomeng S. et al, [6] presented performance of FPSE with the swept volume of 23 cm?®. Engine
was unpressurized. Air is used as the working gas. The prototype is heated by alcohol burner and cooled
by air. The testing results showed that the engine obtained output power about 0.10 W at 730 rpm of
engine speed with the input heat rate of 10.45 W. However, the research is only a preliminary experiment
to determine the performance of the engine. This study, therefore, was conducted experimental tests in
order to evaluate the appropriate value of crucial parameter for the stable operation of the engine.

2. General principle
2.1. Free-piston Stirling engine configuration

Stirling engine is hot gas engine which include two dynamic parts, displacer and power piston. The gas
inside the engine is circulated by the displacer between the hot and cold sections which are called
expansion and compression space, respectively, as illustrated in Fig. |. Figure | shows a free piston
Stirling engine with a beta type construction. The displacer and the power piston are incorporated in the
same cylinder. The displacer moves the working fluid between the hot space and the cold space inside the
cylinder through the heater, regenerator and cooler. The power piston is located at the cold or
compression space of the cylinder while the displacer is placed between expansion and compression
spaces.

Both displacer and power piston are reciprocated linearly in engine cylinder under gas spring or other
spring forces.

2.2. Stirling cyele

Stirling cycle as represented in Fig. 2 consists of four processes as following:

Process 1-2: Isothermal compression.

At the beginning of the compression stoke the displacer at BDC held there by its own weight then the
power piston is moved down, when it near BDC it compress almost all gas into the displacer cylinder that
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make pressure increase from 1 to 2 at constant temperature. The work done on the working fluid indicated

by the area under process 1-2
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Fig. 2. Stirling Engine Cycle.
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Process 2-3: Constant-volume heating

The pressure acting on the displacer is high enough to lift against its own weight, that transfer gas to
expansion space, rising the pressure still further so that eventually the displacer is held at TDC. The
displacer is pushing the working fluid into the hot space, passing through a regenerator which has stored
heat, and already a certain amount is being heated. Heat given up by the regenerator raises the
temperature and pressure of the working fluid from 2 to 3 at constant volume, while the power piston
remains stationary at its BDC

Process 3—4: Isothermal expansion

After the displacer has pushed all the working fluid into the hot space, with a corresponding increase in
pressure to the maximum, it is then kept at rest at its TDC. The working fluid is in the hot space and is
expanding to pressure P4, while a constant temperature process 3-4 is maintained at the hot space. The
power piston is being pushed from BDC to TDC by the increased pressure, and is applying force to create
mechanical energy. The work done by the working fluid is indicated by the area under process 3—4

Process 4—1: Constant-volume cooling

After the power piston has reached its TDC and has supplied its energy to the load, it remains
stationary and is ready to travel back to BDC under its own weight and the sucking action of the partial
vacuum created by the falling of pressure. The displacer is moving from TDC to BDC and transfer
working fluid to the cold space where the pressure will fall and a partial vacuum is created, through the
regenerator, causing a fall in temperature and pressure of the working fluid from 4 to 1 at constant
volume. Heat is transferred from the working fluid to the regenerator [7].

2.3. Schmidt’s theory

Schmidt assumptions are typically used in the basic analysis of the Stirling engine operation. The
theory provides the harmonic motion of the reciprocating elements and retains the major assumptions of
isothermal compression and expansion because of the perfect regenerator assume. It, thus, remains highly
idealized, but is certainly more realistic than the ideal Stirling cycle [8].

3. Free-piston Stirling engine (FPSE)
3.1. PFSE prototype

Free piston Stirling engine was invented by W. Beale. The free piston Stirling engines (FPSEs) have
no kinematic mechanism coupling the reciprocating elements to each other or to a common rotating shaft.
Instead, the elements move entirely in response to the gas or other spring forces acting upon them.

The major advantages of free piston engines include

input and output versatility, quiet operation, zero wear, zero maintenance, long life, ease of interfacing
with the electric grid, continuous power operation and potential for high efficiency. The major
disadvantage is the difficulty to stabilize the movements of the different elements like piston and
displacers [4]. Optimizations of the dynamic behavior of FPSEs are not a simple matter because of the
lack of mechanical linkages that are able to fix strokes (displacer and piston) and phase angle for the
moving elements (displacer and piston) [2].

The prototype is manufactured as illustrated in Fig. 4. The engine has four crucial components such as
displacer, working piston and two of their cylinders. The power piston and its cylinder are made of brass
and stainless steel, respectively, for low friction and durability. The aluminium fins around piston
cylinder were shaped for air cooling the compressed gas between the displacer and the working piston.
The displacer and its cylinder are fabricated from aluminium and stainless steel, respectively.
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Fig. 3. Schematic of the prototype.

Fig. 4. The FPSE prototype.
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3.2. FPSE specification

The specifications of the FPSE are given in table 1.

Table 1. FPSE prototype specification

Free-piston stirling engine data

Piston length 0.0366 m
Displacer length 0.105m
Piston diameter 0.027 m
Displacer diameter 0.044 m
Piston stroke 0.03m
Displacer stroke 0.04m
Piston mass 117.0¢g
Mass of displacer 2240 ¢
Initial gas pressure 101.325 kPa
Working gas Alr

Cooling medium Air

Heat source Electric heater

4. Numerical investigation
4.1. General analysis

In order to describe the action of FPSEs, it is useful to assume harmonic motion of the components,
which is often nearly true. The mass-spring-damper system is shown in Fig.5.

Newton’s second law yields:
s FSP"“W + deupmg =M-x ()

The equations of motion of the dynamic elements are
The piston:

Mpfp = {Pc ik Patm )Ap s D;Jd (xp + xc{) (2)
The displacer:
MaqXy = (Py = F)Aq + R Ay — kXy — (Dgy + D) (%) (3)

The sinusoidal displacement and volume variations are given as in equations (4) to (7) as follows:

Xq = %Sd - sin(wt) , (4)
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X, = =5 (sin(wt — ¢))
Vi = AgXq + Van
Vc = Ade = Vh + APXP + th

4.2. Thermodynamic analysis

The approach taken by Schmidt for the analysis follows the isothermal analysis yield the derivation

of the pressure and mean pressure given by equation (8) and (9), respectively.

= MR (Ve y Yae L Ve o Yan o V)7
P =MR (Tc+ ey g +'rh)

1-6
Pmean = Pmax (m)lfz

Where
1
8= (?+k?+ 2tk cosa)?/(x + k + 25)
S=02XD)/(z+1)

X = Vo /Vay

(5)

(6)
(7)

(&)

)

(10)
(1)
(12)
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4.3. Simulation results

Figure 6 shows the displacement of the power piston and displacer. Dynamic motion of the displacer
and the power piston are assumed sinusoidal function. The displacer and power piston strokes are 40 and
30 mm, respectively. The displacer leads the piston of 90 degree of phase angle.
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Fig. 6. Piston and displacer stoke at frequency of 6.4 Hz.

The prototype was theoretically investigated using Schmidt’s assumptions with initially charging
ambient air as the working gas and operated at the hot and cold section temperature of 150 and 40 C,
respectively. The PV diagram was obtained as depicted in Fig. 7. The maximum pressure from Schmidt’s
analysis and experiment result of 146.29 and 134 kPa, respectively.
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Fig. 7. PV diagram with Schmidt’s analysis.
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5. Experimental Investigation
5.1. Experimental set up

In order to convert mechanical power to electrical power, the prototype is coupled with linear
alternator. Ammeter and voltmeter were used to measure the engine power. Multi-meter was utilized for
monitoring the piston reciprocating speed in form of frequency.

The prototype was set up and tested as shown in Fig. 8. Two UT-30C digital multi-meters were used
as ammeter and voltmeter. One UN-860C multi-meter was used to measure frequency of the engine.

Linear alternator ~ Voltmeter Ammeter  Multi-meter

Fig. 8. The FPSE and test equipment.

5.2. Experimental result

The preliminary experiment was conducted in order to find the hot temperature, T,, at the heater section
of the engine that can run the engine with the piston mass of 117 g. When the prototype was heated by
electric heater of 10 W supply, heat is gained until T, is high enough to operate the engine. The stable
engine operation was obtained at the temperature range of 120-150°C at the heater section.

Figure 9 and 10 show the variation of engine power and engine efficiency with frequency,
respectively. When electric heater is supplied 10 W of heat on the engine heater, the power piston was
reciprocated randomly with frequency range of 5.9 to 7.0 Hz. Therefore, the sliding motion of the engine
piston can be converted to electrical power by linear alternator. Power producing was measured under the
variation of piston speed in form of frequency as shown in Fig. 9. Engine power increased when the speed
enhanced from 5.9 Hz until the maximum power of 0.68 W was achieved at 6.4 Hz then the power
reduced when the piston was moved over 6.4 Hz of frequency.

The relationship of the engine efficiency and engine speed was plotted in Fig. 10. The maximum
efficiency of 5.6% at 6.4Hz of frequency was obtained. The efficiency of the engine increased with the
enhancing engine speed from 6 to 6.4 Hz while the reduction of efficiency occurred when engine speed
more than 6.4 Hz.
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6. Conclusion

The FPSE model was analyzed dynamic motion of engine pistons and PV diagram with Schmidt’s
assumptions such as imperfect regenerator, amount of working fluid is constant, isothermal in expansion
and compression process and etc. The FPSE prototype was preliminary tested and evaluated engine
characteristic and performance. The prototype is heated by electric heater and cooled by air. The engine
pressure is initially at 1 bar. The testing results of the FPSE showed that the engine provided maximum
output power of 0.68 W at 6.4 Hz of engine frequency with the input heat of 10 W. The stability of engine
operation can be obtained at the frequency range of 6.2-6.4 Hz. However, the preliminary tests of the
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FPSE prototype were conducted under poor operating conditions such as using atmospheric air as a
working gas and air cooling at the cooler.
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