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ENERGY

For the past decade, Thailand’s total final energy consumption (TFEC) has been
steadily increasing. Accordingly, Thailand has set a new renewable energy target of
30% of TFEC. Therefore, study and development heat engine, such as Stirling engine,
plays an important role. In this study, A Gamma-type LTD Stirling engine was
considered. Assume the engine is operated with 3 different constant temperature heat
source (80, 500 and 1,000 degree Celsius) and 3 different charged pressure (1, 2 and 3 bar).
The 4 engine parameters were analyzed. The engine parameters are stroke and diameter
of power piston, diameter of displacer and regenerator thickness. Analysis and
optimization are separated in 2 parts. First, Genetic algorithm and second-order
thermodynamics model are used to optimize engine parameters. Second, the 3D domain
was crated from optimized parameters for computational fluid dynamics (CFD)
analysis. The results show that the highest power output from the engine that operate
with charged pressure 3 bar, heat source temperature 1,000 degree Celsius. Optimal
values of stroke and diameter of power piston, stroke of displacer and regenerator

thickness are 0.099 meters, 0.129 meters, 0.117 meters and 0.06 meters respectively.
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4. NIZUIUMIAALADN (Selection Process)
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rpm Stroke of Displacer (m) | Mean Piston Velocity (m/s) | Pressure Drop (kPa)
100 0.0795 0.265 0.020
150 0.0795 0.397 0.035
200 0.0795 0.530 0.060
250 0.0795 0.662 0.080
300 0.0795 0.795 0.125
400 0.0795 1.060 0.200
500 0.0795 1.325 0.350
600 0.0795 1.590 0.500
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Abstract

Renewable energy is the most one of interesting energy source in the world. One of the
renewable energy sources is geothermal energy. In this paper investisated optimal value of parameters
of Stirling engine gamma configuration that can cperate with geothermal heat source in Thailand.
Thermodynamics equation, second-order mathematical modeling was use to predict indicated power
output of engine under 80°c heat source and 34° heat sink. Diameter of displacer, displacer stroke,
power piston stroke and displacer thickness are considered. Investigate the highest Power density
(w/m*)by changed scale factor and multiply pararmeters. The suitable engine operates at 4 RPM and

gives maximum power density output 2.51 wim
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gumgiidiasd arldirdossuianosdsmiaunu
270 B. Kongtragool and S. Wongwises [1] lagil

PUIAATDIEUAA AN 1 wavinarsdeundas

MIE=LZ6:-:
5-8 NINGIAU 2559 FIWIRFIVAN T_w@,
qguingasnulsiigdeeiuaIeswudlngldaunis
weslulauriindsecond-order  mathematical

modeling

= i € v
A1379Y 1 BUIRVDUATDILUAAULUY

FUAIULATDIUURA YU URLLIAT)

a

anaunige
ang

LEuRALENEN 83

JEOBUN 8.26
Displacer

LHURTUAUENTNY 32

JEHEYN 7.95

AU 8.26

Fednwnzveniotaudainadaiidy
fusuuduluaugu 1 wasndeldmfudaiudu
wirfaggninluldluaunsmeslulaundindudash
nsdsunlashulslaodnduiosazvaivuin
wisssudduuuy Tun1siignsunisssudoinia
avwluazgnuussaniu 3 d9u Ae expansion
space, compression space WAY regenerator Ly
ormenelufsaudIuazgnaIuIne auns
DYINWIA, AUNNTOUTNENSIU Uaraun13an19L

Inefinnsduufzanueiduandus U 2
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Fly Wheel
Crank shatt /

N
7|
/

WPy
xoT )TT‘_T‘ _T‘ Cold plate
I

Dead volume
TV Gac fow Compression space Clearance gap
A Al /
1 | E*gcl:culm’i I ‘
o ) - . £
Gasflow  Porous

Expansicn space $%

media

Dead volume

Hot plate

JUT 1 uansdnuaizveuniessudmnesain

wNaain [10]

Coupressiou Regeneralor Expausion

P 80 b
Titer Tt
. I» 2 T. T,
> = [ < «>
e Q¢ M. m, M. Qg

§ 7. % 7. §

U 2 wansdamsRansanUTnasauauaely

= '3 o a '
LATDIWUAGLADTAITUALNLAN [10]

3. WUUTIARINNAENAENT
° 5 a cdo v g
wuudraeaniuneilulaurdndnlyiluwuy
second-order mathematical modeling 81n1A7
Wuansihnuaslueiessudzgnuisesniy 3
du Feazgnasauufg il fadl
1. mmgiuneluvinnseuguiugasiniy
2. lLiflowesaluasenluusnipiossud
3. lafl clearance gap s2min displacer uay
displacer cylinder
4. fnsanarsyianudu perfect gas uarlu
& v < o
unanuiagldormeduasvitau
5. uiaduuenan ulsiau(Hot plate)uaznils

Wu(Cold plate)ioinduauiu

B e \Y | =551
PARGEY 2559 RWWINFITVRN W
6. n3essudvunelianiizadi(steady
state condition)
pnmzAdeuiiduiustunisindeuiivesgngu
fduay  displacer @eagiauduiusiuingay
Lﬂ?ilaw?ishaﬁ'u 90 wvyM1vauNaI(phase angle =
909 feduszuzvesgnguiidinazsrerues

: v o ¢
displacer zfuaunsawldainaunis fail

x=%{l+cos(97¢)} (1)

y:%{lﬂ:os&} )

Weszasinvanunsnmuiinnsuesinng

o &

PuRuvnzLvounalagla fail

3

V.=V, (_+V*‘2"’{]+cos(9—¢)}
Ko
+—==L(1-cos @
; (I-cos0)

+%(I+c050) (@)

ievsinmseuauudaziladsulueimanielu
fazluariuaindiunsnilsludnuiunsnilslae
anviniveseniaiiluaiozuaniauiinamdnud
anavnlumelaenseuiunisasRansaiianiedng
TUynmuguit 2 sxdudiuan Fwgamgfiveserna

filwavzgnrivun dail

T.,=T. e rm_, >0 )
T, =T e m_ <0 ©)

iuIaNnsiiansanifmiein compression
space U4 regenerator Aagvild rr,_, fidwnnndn

c

audviedanduuiniuies uagiuideniuiunislua
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5¥%914 regenerator AU expansion space fiagld

T.,=T e s >0 @)
T.,=T e m_ <0 ®)

a

Wedgungivesamaiilvaiufeuniusening
Yinmsmuauitzaunsamuinnamdsudigiem
Wauuaavesaniald axgnAtuIumeaunis

aysnEnaInY fall

d(mT) dw,

Gy dQ,. —-m_C,T._ (]
V dt Q(_ dt c—r P c-r

aun1sfi 9 JuauniseySndwdinuves
compression  space  @sfAewdsniululiuing

muAudsuluviAundsnuaudeuiiszuigean

” aw, o S
(dQ.) aunu flow work (—=) uagwasunley
t

9

lumnaiilnaeenanusuinsaiuay wazguieaty

v
o v oo

fudn 2 Vuwmsauauiazld il

d(m,T)

C,
Vo dr

=dQ,— dQInxr.dixip—r

+i CpT, =, CpT,

d(m,T,) aw, .
G == =40 i i G5 S

(10)

faiuaInaunIseysnendsufazansn
Fagulvalazanansamednves i, uaz iy, _, I8 uaz

Wataunis (9) - (11) L RTUITINAYIZE WIS

3
&

AP v
91— ot fsil
dt

5-8 NINZIAY 2559 WHIAKIVAT

R (dQH + er + dQL T dQIo:: Jdisip—r )

dv, P dv,
dt dt

dP_ 1
dt GV, |-c,@

)

(12)

aun1seyin¥ulafILaIuITanINIaf

@
v oo &

wisululuwdaydsuesaiuaule dai

=—m,_, (13)

dt

d : ;
™ = m_, —m,_, (14)
dt

dm .

—t=m,, (15)
dt

Tfaunsaniziiengamglivasiugves

usinzUIamnsaaunu
PV
T= (16)
Rm

wensluangluiaieseudennirazfeniu
regenerator  ¥ililinavesanudugydeiiniy
aumsldgniauslag M. Tanaka et al. [7]

. =2f,uU0V

AP 7
. d,”

(17)
free

Fauananazdilinufunnasudafazinliin
aufougqidsludrsiduiisafy Jeaunis
AuFuRusgniauslag
[12]

I TUli [11], Y. Timoumi

OQrussisp =—— (18)
P

=NETT
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msmanuduluwiaziimsmuauiiuann P,
Tanaunisdi (12) iuanusiuees compression
space uazayyiWEnansnvAaiule sl

d1udu regenerator

P:R+A’ (19)

uazdmiu expansion space

A
P=P+=t (20)
2
nstngmauieuiiiintuszagluguas
heat convection szuwingenidnieluny hot plate
uaz cold plate Ineen heat transfer coefficient
[13]

1 1
h=243V @, T,)° @21

inst

dO = hA(AT) (22)

Tunilasouigdnsazvinisdiuanil 1,000
step Aavilssay wivrusoulmliiavhntsinnme
aunAgaumpiuazAafuTusuresTndngas lai
Wisuwasnnipdnsdeunti udHsezamnsom

#n indicated power 16l ¢ail

P, dv dv,
W oo =B —=+P —5)dt  (23)
indicated _([( c d! € dt
Bﬁdﬂ‘mmi = f“/mdir'ufﬁd (24)

4. isr9cRUANgNFatvadlUsUn sy
Y £
Tuumanuilaziunsldaunismianelu
launiing second-order mathematical modeling

o o o w_aq v o ¢ ia =
uiavueidailaainieIesufanesasile

5-8 NIN 39 ME:EGE:IUE
f_;]']ﬂll 2559 WHINRIVAN

T
Lassh fadhdialinsuinaafiviunelddanana
Qnﬁmmnwhlw%l.fjaLﬁwﬁumimam Tudquiiae
FmsfuramidwToufsuiuaiilaainnis
VARDIINLADIEURYD4B. Kongtragool and S.
Wongwises [1] Tngl#lusunsudignudloudasinuns
f&efioonuuay 3D-CFD  aeldsunsy ANSYS,

Fluent Feanazle fadl

A19799 2 wansAnUIsuifsuindasiviunelaain

aunisimaslalauniinduay 3D-CFD Wisuifiauiu

N15MARDY
Power(W)
2nd 3D-
Experimental
order CFD

B.Kongtragool

[1] 0.969 1.276 1.162
Tdsunsu

Usuud - 1.284 1.207

A151971 3 LERINTSFaAEL U8 3D-CFD

3D-CFD Model

Working Fluid Unit
-Air 1 bar
Viscous standard k — &

Hot plate

-Direct solar

irradiation 5097 wim®
-Heat convection

-Heat transfer

coefficient 26.45 winK
-Free stream
temperature 305.5 K

Cold plate
-Temperature 307 K
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Other wall Insulated

Porous media

-Viscous

Resistance -3325.75 1/ m?
-Inertial

Resistance 4.51055 1/m
-Porosity 0.956
3D-CFD mesh 83627

Tnensldfudsinarmuansieil 3 1y
Foyatitianan K. Kraitong [10] tievhmsdhass
wdrdrAN U suLisuRuUn1SMAaBITD Y
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3U# 3 Stirling engine at 0’ of crank angle
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1NA15147 2 azaunsanliouiiaunad
Fueldein auntsnianaslulauniing second-
order mathematical modeling V’W”JUTWJiLm‘::JﬁQﬂ
YSunfiaudisuiuniaeasasiianuaamnioy
WU 284 %  waziUSsuiisunaves 3D-CFD
WINAY 55.6 % %qﬁwmmﬂammﬁam@uﬁuamﬁ@ﬂ
Lﬁmmﬁnﬁawﬁwﬁwsaijﬁ'gm‘uﬁiﬁwhjqaﬁﬂﬁ
nasnafisadndeszdmaliisosazvesnnunain
Lﬁﬁlauﬁqq Tapkawes 3D-CFD RinAnuma AAdDY
Tuddesnnmsadilumaildeinnaraitiodosin
PnALUANEsTULARBstud IS Rnty uifaeuiy
Frdfiviusldeniaunisntaneslulaundng
second-order  mathematical ~ modeling gz
3D-CFD depsildnoglussdu order of magnitude

Weafiuiuxanisnagaas

5. HaNTsAATITiLaEn1saiuse
951 second-order  mathematical
modeling TnolugiuusnazwivuIAATa8URT
arnsavitnuldvuunasanuiou 80°c¢ fwunis
AATEATEURRULUUN B. Kongtragool and
. v o - £ v
S. Wongwises [1] WaIM1n153818LATE8UARULUY
frudaT1dveny (scale factor) LWawiinfauim

wirlalsiindagedian

Indicated power (W)

1 APM
2aPa|
3RPM
4RPM

2 4 o iz il

& ]
scale factor

U7 7 uanaAn13vinune Indicated power 1

i

PWIRLASDIEUE R ignuenesudhT Y

3016

5-8 NINHIAY 2559 IWIAFILAN

mﬂgﬂ‘ﬁ 7 sunduinfledeswudinnud
wnasAauIouguugll 80’ c agdiansaniinnnanta
SaU 4 MAo 1, 2, 3 WAz 4 RPM azlsaunndnndiu
yenaipossudiilitgeitan do 12, 7, 5.5 uae
4.5 prddu Faen1sveerueaosendlilugiu
Wesymuurafiiiuiifuanudeunayszuionau
%auﬁmmmuima@ﬁﬁwﬁaﬁaanm Fensifiaunn
Tz AlalRn Ul uraasn e
fufimstuprudeudiviy wiilodunngmilay
anaadeaninmsfidvuialug winufeudiing
wiassudasindudifiofsudeuiunseinieil
dinGumunisueeedossud dlsuiinamfou
lifgmarausiasenmafiasfinn sveneda i e
ffee0nu u,azmimmmﬂ?awwﬂwﬁfwzﬁm
arforaiviuiteldan el dsuautouinle

AULEITOUMTIUANGY

5.1 fiRsudnswavesszezdnues displacer naz
angunnas
u v
gl 7 vilidonfiarsanedaseuduld
" ve @ =i = & oA
4 maliidgaiiga faudaseuns 4 d1 fa 1,
2,3 WA 4 RPM #i915aniiseu 1 RPM guifiyind
@ | = - Y ' =
YmdnENEedn fo 12 Fadudnsdiud
nevnduumAsotsud ludulsauonarenis
WABNINIAANE 095 2 U0 displacer uay

gnguindainiinasendlsedidefioanunlaunisemn

EAREY

251 IUTE8Y84 displacer stroke (scale factor of
displacer stroke) wazdnTIdIUVEBVBIGAFUAE

(scale factor of power piston)
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Indicated power (W)

af- scale factor of piston stroke =
— scale factor of piston stroke =

scale factor of piston stroke = 1.1
0
.9

5-8 NINYINY 2559 FWIAFITAN

MES5E
B

T

Indicated power (W)

—— scale factor of piston stroke = 1.0 ]
scale factor of piston stroke = 0.9
scale factor of piston stroke = 0.8

scale factor of piston stroke = 0.8

7t : : : 2
04 0s 08 [X] 12

scaln; 'aclo: Bof dis;l;cer s(‘roke

U 8 nsmluansanuduiusved Indicated power

Aedfendeusyzdnues displacer LLaz@nquﬁﬁﬁqﬁ
A5I58U 1 RPM

o ) )

?l’]ﬂjjﬂ‘ﬂd 8 wuduiusrezdnues

= & o |

displacer a¢liindugaigaidndnsduaensves
displacer 7 0.55 Wufie szezdniimunvauazios
aszezdnveuatsuiRuLuUis AT
w94 displacer 71l regenerator agnely uifazdae
Wunarldanudeuudermaldfitundnislnasiou
FanfiianvaundugnquasilfiAnnisgqudeves
LA AL SR UL Y WasmnRianTan
isam"ﬂmaa@nquﬁwﬁwmﬁu'jwﬁisasLﬁwuaa
1A308d (scale factor of power piston = 1) 9£1%
frdageiign eaninnsivdsuszornvegngu
fdsariinanenisidsunlasmesusuansainie
aeluindesoud nsfieamaldzuaanuiounds
9888 swept volume Tilnzauazviliianned
eneatiluldidud wn swept volume wnnly
Fafinensrezdaiivns s1niaszveislinese
YSumsidvinlfAnmsdenuununslaauain
aMIAkazI swept volume tiog o1nTATmE1BFAA
Laursalduldesrafud wazidofansani

= v o X
ﬂ’J’]llL%’]iE)U‘W 2,3 Uay 4 azld il

scale factor of piston stroke = 0.7

%4 os 05 0 03 1 1 12 13
scale factor of displacer stroke

Eﬂﬁ 9 nsvlLanIAUENWUSYDS Indicated power
Aldslowdsusszdnues displacer uazgNgUMAIAT

AMUSI50U 2 RPM

8

Indicated power (W)

scale factor of piston stroke = 1.0

scale factor of piston stroke = 0.9
16 .| — scale factor of piston stroke = 0.8
scale factor of piston stroke = 0.7 |

02 04 06 08 1 12 14 16
scale factor of displacer stroke

U7 10 ns1muanseuduiusves Indicated
power fildiileiAsusysrdnues displacer uax

anguidsiinuisaseu 3 RPM

& & n 5
7 1 T o}
L

>

Indicated power (W)

9

scale factor of piston stroke = 1.0
scale factor of piston stroke = 0.9
=~ scale factor of piston stroke = 0.8
scale factor of piston stroke = 0.7 |
o83 05 06 07 08 ) i 1 2 is
scale factor of displacer stroke

U 11 nemuanseuduiudves Indicated
power ildiileiasusyyednues displacer uax

angurindsiinanuisaseu 4 RPM
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5.2 f5UBNSWAYIAUNUNUDA regenerator
#iogly displacer
Wamnluidefiudangnsuiinislvaniiu
regenerator w’%aia@ﬁﬁﬁnvmmﬂugwiuﬁu%ﬁﬂﬁ
iansgaiioadiuiuiazaltuiould ua
regenerator Atdugdnsallunisinifiuauioundn
mHmm%auc‘?amﬂﬁi’giﬂiﬁﬂiaﬁm%qua%u u
drnivdnildvrurueaieiaud uagssee
dnussgnguiidauas displacer  wd7 flazuinn
HANSEVUTDIAINAUVUNYDY regenerator  TIEIHARD
Adwenaiosoud Ansund 1 RPM Tadlddnsda
8 regenerator AauiiuTLIRUnALd el

elidagui 12

Indicated power (W)

nr 09 1

oa 11
scale factor of regenerator thickness

gﬂ‘ﬁ 12 ATMLansmuFuEY0d Indicated

power 7lelilalUAsuauniiues regenerator

(regenerator thickness) fiAi5150U 1 RPM

mmguﬁ 12 fazifudn ﬁ]zﬁmﬁmmwuagjﬁ
93T YB regenerator = 0.8 %amﬂﬁmm
wnnilEnEavein s Fea LA ATy
Souargeiuuardwaldideilddag uarmnany
wutoenin 0.8 axvilmIuausaluntsiniiy
AINTBULAZUADEATINTOUGRNAVEY regenerator
finuanusadosa vl audeudildanumda
mafeuilestufuaiuseuiiléann regenerator

- Y . e
yilseornaliaueenunldvosaansnzlasuadiu

12 11

=NET1
5-8 NINGIAU 2559 FIWIRFIVAN ME_EG—TE

Joutiosas wazllofinnsanfiannuiiseu 2, 3 uag 4

v oo &

RPM azlel mail

Indicated power (W)
]
B

07 08 09 1 X 12 13
scale factor of regenerator thickness

gﬂ‘ﬁ' 13 nywiLdnanmERLSYe Indicated

power #ileilaLUABLAINUMINTDS regenerator

(regenerator thickness) irN"I5150U 2 RPM

Indicated power (W)

07 08 09

1 X} 12 13 s
scale factor of regenerator thickness

gﬂﬁl 14 nwlananLEIRLSYe Indicated

power TilsidlolUAsumuuIUY4 regenerator

(regenerator thickness) firnangasau 3 RPM
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225 - T

Boow BN

Indicated power (W)

19

185"

o5 06 or 08 09 1 A
scale factor of regenerator thickness

JU 15 nnuansruduiugues Indicated
power flailalUfsuninuwiiues regenerator

(regenerator thickness) faranisou 4 RPM

delddrsaauyensiimunzauitiuiing
ARt AR USATasBURT LU Taaelaauinfs

A15197 4

A1579% 4 WARIAILUS TN ZEUTD ATRILUR

Aweidwlinuauininnaniiseul, 2, 3 uaz 4 RPM

3016
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FreEdngnguae 0.29

Jutizdn displacer 0.21
4 durnugudnanses

displacer 1.44

AMUUUIVDY displacer 0.26

PndarAlalusnsed 4 fagdiuladaau

=S

Fudnaisssudiivunlngfuezaiuisalisags
gonulfunauslumanduiufezdodldinalunns
furnudouitslfanmasenefiunuin dudmwald
souUnITI UTeLeS Ui ae Baadeseudlng
Fuusumsernmzanduit i dudelduieudivin
Tedossuddluaivindsldunnin fofudddnms
Wisuifisuann Power density ifiaazminigadile
FudauiiaUiu1nTeInIAYe AR LATAIYA
witaapudlagzausalin Power density lun

figm Faazladamisni 5

PNTI9N 5 WARIATIE AT Power density 199

LAS09UUANIAIEL50Y 1, 2, 3 uag 4 RPM

Indicated Total Power

RPM power volume  density
(w) (m?) (w/m)
1 16.16 17.17 0.94
2 5.4 3.45 1.56
3 323 167 1.94
[ 2.15 0.86 2.51

CRLRTISIE
RPM s
(mT)

srasdngnguiige 0.79
szazdn displacer 0.57

1 dudmieudnansues
displacer 3.84
ANUNUIUBS displacer 0.79
sresdngnguiige 0.52
szezdn displacer 0.33

2 dusnugudnanes
displacer 2.24
ANUNUIUDY displacer 0.46
Jrasdngnguiiae 0.36
seezdn displacer 0.26

3 FurAudnaees
displacer 1.76

AMUNUIUDY displacer 0.36

o S 4 - P i ] PP
faudloSouiisuidesufanesasis 4
Filauianaiy Fevituiainansasaudtaiuaay

wuiy wieasudawmeidwiauwnuan i nzauiga

-

JuAelA3IguANINIUUNSOU 4 RPM G4l Power
density gafignl 2

51 wim'
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6. ajuna

Tyunauihduntsuaurafaul s
iosnudamefawiaunuiimunzasinesunsn
ﬁwmummﬁ@mmﬁmm%auﬁwmﬁﬁ 80°¢ Tauil
guALaieEudRuLUUiBT L InsUSuTUA
hudasauvensiscale factor) emaAnduU ST
Power density gﬁq&ﬂmuﬁmsmﬁ‘mmﬁﬁau 4
A1fB 1, 2, 3 uaz 4 RPM Tesannmsdiuimdae
guniniveilulauring second-order
mathematical medeling a¢ldvuavanadasaudi
¥uuuseU 4 RPM Falvirn Power density gafign
#2510 wint wseliinge 2.15 w lasilAifuds
104 Ldusuguinaiswa displacer, svBzinTDe
gngunnds, szuzdnues displacer wag ALMINU04

regenerator Ao 1.44 @5, 0.29 Luas, 0.21 LuA3

uag 0.26 LWAT MUFIFHU
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ABSTRACT

This project presented an investigation of effect of charged pressure for power generation
from Beta-Stirling engine. The engine was calculated power output and analyzed by computational
fluid dynamics software (ANSYS Fluent 16.2). The control volume was considered as 2D
axisymmetric for numerical method and the k — ¢ turbulence model was used. The engine was
calculated at constant hot end temperature, 773 K and constant cold end temperature, 300 K. The
charged pressure in each case was 1, 2, 3 and 4 bar. The results showed that power output, heat
transfer rate and flow velocity were varied depending on the charged pressure. Increasing charged
pressure of a working fluid resulted in increasing of power output due to increasing of pressure
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distribution. Meanwhile, heat transtfer rate increased due to higher fluid velocity. On the other hand,
temperature variation in hot volume decreased when charged pressure was increased.
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Abstract

This paper provides theoretical predictions on the thermodynamic analysis of a low-temperature differential (LTD)
Stirling engine. A twin power piston, gamma-configuration, LTD Stirling engine is considered with a heat source
temperature of 353 K and heat sink temperature of 307 K. Second-order thermodynamic models are performed with
MATLAB software. The geometrical parameters investigated include the power piston stroke, the displacer stroke,
the displacer diameter, and the displacer thickness. Results from this study indicate that the indicated power density is
achieved at a fixed 4 RPM engine. This engine has geometrical parameters with a power piston stroke of 0.29 m,
displacer stroke of 0.21 m, displacer diameter of 1.44 m, and displacer thickness of 0.26 m. Additionally, the effects
of the heat sink temperature on the indicated power output is performed and analyzed. The result shows that the
indicated power output increased with a decreasing heat sink temperature.
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1. Introduction

Alternative sources of energy are being sought to preserve fossil fuels as well as reduce the greenhouse
effect. Renewable energy resources such as solar and geothermal are deemed to be the clean, efficient,
and a sustainable energy resource [1]. Kongtragool B. and Wongwises S. review of the Stirling engine and
the LTD Stirling engine. The result shows that the vertical twin power piston, gamma configuration
Stirling engine is suitable for a low grade heat source [2] and they also tested the gamma configuration
Stirling engine under a solar simulator [3]. Mansiria K. et al. are also interested in solar energy resources.
They performed simulations of the solar dish Stirling engine. They studied the possibilities of a solar dish
Stirling engine with solar irradiation data in Thailand [4]. Their conclusion is that solar energy is an
interesting unlimited energy resource and environmental friendly but this technology is available only in
the daytime and has less power output with unsuitable conditions. Alternative renewable energy resources
are being sought to eliminate the limitations of solar energy. Geothermal energy is one type of renewable
energy. It is also an unlimited energy resource, and environmental friendly because resources of
geothermal energy range from the shallow ground to hot water and hot rock found a few miles beneath the
Earth's surface. Chaiyat N, et al. surveyed the energy resources in Thailand. The result shows that most of
the energy resources located in the northern region had a range of resource temperatures of not more than
100 °C [5]. The LTD Stirling engine technology seemed to be a suitable technology for geothermal energy
with low temperature resources such as Thailand.

The aim of this study is to investigate suitable geometrical parameters of the LTD Stirling engine by
performing thermodynamic models using MATLAB software. Kraitong K.’s source code is modified,
changing the heat source from solar irradiation (constant heat flux) to a constant temperature as the heat
source [6]

Nomenclature

f engine speed (revolution per second)

P.,P.  pressure of compression space and expansion space (Pa)
Pindicarea  indicated power output (w)

Ty, Tc  temperature of heat source and heat sink (K)

tx time (second) and time per revolution (second)

V., V. volume of compression space and expansion space (m")
Vriew  total volume of working fluid in engine (m?)

Windicatea indicated work (J)

X position of power piston (m)
Xo stroke of power piston (m)
y position of displacer (m)

Yo stroke of displacer (m)
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2. Research Methodology

The schematic diagrams of the LTD Stirling engine from Kraitong K. [6] are shown in Fig. 1. This
engine has two power pistons, each installed in its own cylinder and a regenerator matrix within the
displacer. The dimensions of this engine are shown in Table 1. They were used as the initial value for
optimization of the power piston stroke, displacer stroke, displacer diameter, and displacer thickness. The
numerical analysis of the LTD Stirling engine was selected to consider at 1 RPM, 2 RPM, 3 RPM, and
4RPM. The geometrical parameters are changed by multiple scale factors (scale factor > 1 parameters are
increased and scale factor < 1 parameters are decreased) to obtain the numerical results (indicated power
output and indicated power density). In this study, the internal volume of the LTD Stirling engine is
divided into three main spaces, expansion space, compression, and regenerator matrix. The second order
(2" thermodynamic model is performed, the pressure drop and heat loss due to the working fluid flow

through the regenerator matrix are taken into account.

wall

Fly Wheel If\
fi \

Crank shaft

T \/,
)QT ,r | Cold plate
ad volun .
o Dol Expansion space
Gas flow Compression space Clearance gap
A Al
[T Jebsencrmor” [] | Ko
o ™V v T Zar
J Gas flow
Expansion space y —
Dead votant | Mesh (Time=6.4516e400) Jul 06, 2016
Crank Angle=1800.00(deg) ANSYS FLUENT 14.0 (34, p. pbns, dynamesh, ske, transient)
Hot plate
Fig. 1. Scheme of gamma configuration Stirling engine Fig. 2. Computational domain

Table 1. Geometrical parameters of LTD Stirling engine from Kongtragool B. and Wongwises S.

Engine parameters Value (cm) Engine parameters Value (cm)
Power piston Displacer
Diameter 83 Diameter 32
Stroke 8.26 Stroke 795
Thickness 8.26

The indicated work done (Wpgicarea) On or by the working fluid inside the compression space and
expansion space can be calculated by Eq. 1 and the indicated power output (Pj,gicaea) Can be calculated by
multiplying the frequency of the engine as shown in Eq. 2. The indicated work is affected by the change
of geometrical parameters. Finally, the power density in Eq. 3 is calculated to obtain and compare the
results from each of the geometrical parameters. The optimal geometrical parameters of the LTD Stirling
engine were obtained. The optimal values of the geometrical parameters are decided by the power
density.
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T
dv. dv.
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3. Model Validation

To predict the indicated power output obtained from the 2™ order thermodynamic model was validated
with the use of the experimental results published by Kongtragool B. and Wongwises S. Moreover, the
3D CFD simulation of the engine was performed. The 3D CFD computational domain was created and
implemented in ANSYS (FLUENT) as shown in fig. 2. This numerical analysis carried out with the
standard k-g turbulence model for a compressible flow, moving mesh at the displacer and power piston.
The working fluid in this engine is air. It is assumed to be an ideal gas. Boundary conditions applied to
the model are similar to the data from Kraitong K. [5]. The energy resource from solar irradiation of
5,097 w/m® was applied to the bottom surface of the engine, a cooler temperature (T¢) of 307 K was
applied to the top surface of the engine, with an engine speed of 46.5 RPM. This LTD Stirling engine has
a displacer with a built-in regenerator. The regenerator of the engine is SM15 metal sponge and the value
of the inertial and viscosity resistant factors could be obtained by using the empirical correlation of
pressure published by Tanaka et al. [7].

L

(3a) (3b) (3¢) (3d)

Fig. 3. 3D CFD simulation at 0 (3a), 90 (3b), 180 (3¢) and 270 degree (3d) of LTD Stirling engine

Figure 4 shows the engine indicated power output results obtained using the 2™ thermodynamic
model, obtained from the experiments presented by Kongtragool B. and Wongwises S., and the 3D CFD
simulation. The predicted indicated power output (continuous line) rose to its maximum value of 1.284 w
at 46.5 RPM and then dropped while the engine speed increased. The trend of the results from the 2nd
order thermodynamics model is similar to indicated power output from experimental data. However, the
2™ order thermodynamics model has an error because this model does not take into account the
mechanical loss and heat loss to the environment. Moreover, the 3D CFD simulation results shown in
Fig. 3 were compared using the 2™ order thermodynamics model. The indicated power output of the 3D
CFD simulation is 1.207 w at 46.5 RPM. The better results are obtained from the 3D CFD simulation
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because the 3D CFD simulation predicted the phenomenon in the LTD Stiring engine more accurately
than the 2™ order thermodynamics model such as heat transfer in the regenerator matrix.
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12 e ) B
& a5 16
11 A
- § - = 15.8] q
21 x g E
= x o
Bof / x 5 4 2156 1
2V 2nd order Thermodynamics 2
e x eperi B 154 y
g X Experimental TS
3.1" x 3D CFD =
2 212 ]
0.6 x
15 ”
0.5 § g
04 . " . L L n . 148 L . . .
10 20 30 40 0 60 70 80 90 100 110 120 0.7 0.8 0.9 1 11 12 1.3 14
Engine speed (RPM) Scale factor of regenerator thickness
Fig.4.Comparison of indicated power output Fig. 5. Indicated power output as a function of

regenerator thickness at fixed 1| RPM
4. Result

This section focuses on the results obtained using the 2™ order thermodynamic model. The
geometrical parameters, as shown in Table 1, were used as the initial value for the power piston stroke,
displacer stroke, displacer diameter, and displacer thickness. Parameters were increased and decreased by
multiply scale factor and the indicated power output was obtained. Figure 5 shows the effects of the
displacer thickness. It can be seen that the indicated power first rises and then falls. The optimal scale
factor of the displacer thickness is 0.8. The regenerator absorbed and rejected heat from the working fluid.
It improved the LTD Stirling efficiency. The pressure drop in the regenerator may strongly affect the
indicated power output due to the hydraulic resistance. Therefore, the displacer thickness is greater than
the optimal value. The result obtains less indicated power output. On the other hand, the displacer
thickness is less than optimal value. The result obtains less effectiveness of the regenerator and also a
reduction in the indicated power output.

According to above discussion, the 2™ thermodynamic model obtained results of the optimal
geometrical parameters of the LTD Stirling engine for each fixed engine speed as shown in Table 2.

Table 2. Optimal value for each fixed engine speed

Fixed engine speed
Parameter
1 RPM 2 RPM 3RPM 4RPM
Stroke of power piston (m) 0.79 0.52 0.36 0.29
Stroke of displacer (m) 0.57 0.33 026 021
Diameter of displacer (m) 3.84 2.44 1.76 1.44

Displacer thickness (m) 0.79 0.46 036 0.26
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However, the fixed 1 RPM engine obtained the greatest indicated power output. This engine also has
the greatest inside volume of working fluid. Therefore, the optimization of the geometrical parameters is
the calculation of power density. The result of the power density is shown in Table 3.

Table 3. Comparison of power density

PN Indicated power Total volume Power density
W) () (w/m’)
1 16.16 17.17 0.94
2 54 3.45 1.56
3 323 L.67 1.94
4 2.15 0.86 2.51

The optimal engine is a fixed 4 RPM engine because the result shows the greatest power density with
the stroke of the power piston, stroke of the displacer, diameter of the displacer and displacer thickness
are 0.29 m, 0.21 m, 1.44 m, and 0.26 m, respectively.

The optimal engine parameters were obtained using the 2™ order thermodynamic model. It fixed the
temperature of the heat source and heat sink. In fact, the cooling temperature is controlled. Therefore, the
indicated power can be increased by decreasing the cooling water (assuming the water is cooling fluid)
and the trend of the indicated power are shown in Fig. 6. The graph shows the same trend for each fixed
engine speed. The fixed 1 PRM engine obtained the greatest increasing indicated power output because it
has the most area of heat transfer. It can release more heat than the other engine. The pressure variations
in its engine are increased and then the result is an increasing indicated power output. The result of the
slope shows that the engines fixed at 1 RPM, 2 RPM 4 RPM, and 4 RPM are -0.73 w/K, -0.2 w/K, -0.095
w/K, and -0.058 w/K, respectively.
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Fig. 6. Trends of indicated power output as function of temperature of heat sink
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5. Conclusion

In this study, the optimal geometric parameters of the LTD Stirling engine was investigated by
thermodynamics analysis. The geometrical parameters of the engine are multiplied by a scale factor for
investigating the maximum indicated power and maximum power density. The calculations were done
under the heat source and the heat sink at 353 K and 307 K, respectively. The results of this study show
the stoke of power piston, stroke of displacer, diameter of displacer and displacer thickness are 0.29 m,
0.21 m, 1.44 m and 0.26 m, respectively. Moreover, the influence of the heat sink temperature affected
the indicated power. The indicated power increased with the further decreasing in the heat sink
temperature. The engine that was fixed at 1 RPM has the greatest area of heat transfer and the slope of the
engine is -0.73 w/K.

References

[1] D.Y. Goswami, F. Kreith (Eds.), Handbook of Energy Efficiency and Renewable Energy, CRC Press, 2007.

[2] B. Kongtragool and S. Wongwises. A review of solar-powered Stirling engines and low temperature differential Stirling
engines, Renewable and Sustainable Energy Reviews, vol. 7, 131-154.

[3] B. Kongtragool and S. Wongwises. Performance of a twin power piston low temperature differential Stirling engine powered
by a solar simulator. Solar Energy, vol. 81, 884 — 895.

[4] Kongrit Mansiri, Sukrudee Sukchai and Chatchai Sirisamphanwong. Investigations to conduct a study about possibilities to
use small scale solar dish Stirling engine system in Thailand, Energy procedia, vol. 56, 367 - 377

[5] Nattaporn Chaiyat, Chatchawan Chaychana and Fongsaward S Singharajwarapan. Geothermal Energy Potentials and
Technologies in Thailand, Fundamentals of Renewable Energy and Applications, vol. 4

[6] Kwanchai Kraitong,“NUMERICAL MODELLING AND DESIGN OPTIMISATION OF STIRLING ENGINES FOR
POWER PRODUCTION,”(Doctoral dissertation, Computing Engineering and Information  Sciences, University of
Northumbria,2012)

[7] M. Tanaka, I. Yamashita, F. Chisaka. Flow and Heat Transfer Characteristics of the Stirling Engine Regenerator in an
Oscillating Flow. JSME international journal, Ser. 2, Fluids engineering, heat transter, power, combustion, thermophysical
properties, 33 (1990):283-289.

Biography

Chalothorn Thumthae. Ph.D. : 2009, in Mechanical Engineering. Lecturer at
Suranaree University of Technology. Fields of research are: wind turbine
aerodynamics; internal combustion engine; CFD; FEM; and applied computational
simulations.




U\

sz IAgvaY

IR NOIA Ao TUN 20 TUNAN W.A. 2535 NSUNOINDY TIHIAUATTIFTU

2 Y H

Gudusulszoudny N T5saEouoyu1auasIFauT JINITAUATIIFTUL IUNTENITZAL
@ = Y 9 =K A ~ = a v W o =) 1 A
Nﬁﬂﬂﬁﬂ‘]&ﬂ@]@uﬂﬁﬁl hlﬂl"l]'lﬁﬂ"lel'lﬁf]ﬂIﬁ\uﬁﬂuiﬂ)’ﬁiﬂﬁﬂﬂ'lﬁﬂ WNIAUATITIBTU G]'ﬂll'llll@ﬂ
Y- Y =X 1 Y] = a a d‘ % a
W.f. 2554 Ulﬂiﬂfl@]W?fﬂy'lﬁﬂsl,uﬁgﬂﬂq@llﬁﬂ}l'l TA1VIBIIAINTTUIATOING Wﬁﬂq@lﬁﬁﬁﬂﬂiih
0o < = a J v a ~ [ Y Y K [ )
INIAYTIU ’ﬁ'll,ii]ﬂ15ﬁﬂ‘H13ﬁ3ﬂiiuﬁ1ﬁﬁiﬂmcﬂ@]1uﬂ W.f1. 2557 @@NWUlﬂlsll'lﬁﬂH'l@@Glui&’ﬂﬂ
ﬂ’m“ﬁﬁﬁﬂ‘ﬂ'l %ﬁ?ﬂiillLﬂ%ﬂ\‘lﬂﬁlmiigﬂﬂﬂigU’JUﬂWi
= v o oa K Yo DT a a 4
ﬂlm%ﬁﬂ'ﬂ'ﬁ3@‘]J‘]Jmcﬂﬁﬁﬂy'lllﬂiﬂﬂﬁlﬂWiJ'IEJGl‘ViL“lJ‘L!@ﬁ@uiuﬁ'ﬁﬂ?ﬂﬂ?ﬁ?ﬂiﬁumi’0\3ﬂa
o a 2 1 dy
1UIU S 518K mm@"lﬂu
1. Introduction Flight Training with Flight Simulator
2. Aerodynamics and Aircraft Structure Laboratory
3. Aircraft Maintenance and Aircraft System Laboratory
4. Engineering Graphic |
5. Engineering Graphic II

E4
AANTHIY: ”lﬁ’ﬁuﬁuawmmﬁi’mau 2 unAN faae 1l

J A

4 a 4 J a !
1. TJVIﬂﬁTJJL%@Q “fnﬁ’Jlﬂi131’71/]”NWI@3T?Jllﬂ“LlTJJﬂﬁ!W@ﬁTﬂluTﬂﬁLﬁMTgﬁMﬂl@Q
4 o Ja a 1 { o 1 a :) 1 a
Lﬂ%wuﬁﬁmaiawummm1ﬁmQm‘uumemm%’auqmwgummﬁ”mﬁﬂizﬂgmmmi
' Y
1pSeU18IAInTsHIATananurelszimalne asan 30 (ME-NETT) 5-8 NSNHIAN 2559
andaavan aulsnglumanuan n.
S Aa 4 a 7 A a d Y 4 a
2. ANUNINTAITNNIAINTTUATITATLIO “fﬂi’JLﬂ31$Wﬂﬂﬂwaﬁ1ﬁﬁiﬂlﬂﬁqﬂﬁL“]N
o 4 4 A [ 4 J Ia a
ﬂ'lu’Jﬂ!lﬁ’t]’ﬂ1ﬂﬁﬂi%“l/lﬂ!ﬁ’t]\?ﬁﬂﬂﬂ'liL“INllﬂ’JHJ@uﬁluﬂi$°1JfJﬂgﬂﬂ'lfﬂulﬂ%ﬂﬂﬂuﬁﬁmf)iﬁﬂ%’u@
o 1 a 1 a 4 a [ 1
m@gﬁ‘wN1uuu1mmmm%’auqmw@.nmﬁ” ITATIAINTIUAINAT MWW’JVIEJ'IQEJ!%ENEI,WN

aatlang lumanuan n.



	Cover
	Approved
	Abstract
	Acknowledgement
	Content
	Chapter1
	Chapter2
	Chapter3
	Chapter4
	Chapter5
	Reference
	Appendix
	Biography

