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ABSTRACT

A Stirling engine is a hot gas engine that can be used with multi-fuel choices
as the heat source. The Stirling engine, therefore, is a potential engine which
provides power from biomass, solar energy, or other fuels. The free-piston Stirling
engine (FPSE) has good advantage in size over other types of Stirling engines. The
FPSE consists of two, dynamic pistons, displacer and working piston, reciprocating in
along the same cylinder or in-line cylinders resulting in a compact Stirling engine. The
objective of this research is to test and evaluate the performance of the FPSE. The
FPSE prototype has swept volume of 23 cm3, the displacer and working piston
diameter of 4.4 cm and 2.7 cm, respectively, and the displacer and working piston
stroke of 2.1cm and 4 cm, respectively. The prototype is heated by heater and
cooled by air. The engine is pressurized at an atmospheric pressure of air as the
working gas. The experimental investigations were conducted in order to obtain the
engine characteristics. The testing results of the FPSE showed that the engine
obtained output power about 0.6 W at 6.42 Hz of engine frequent with the input
heat of 442 W from electric heater.
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2.1 NMINUNIUITIUNTIU

Tul A.A.1960 William Beale e197583mnssutaiosnafiuninedulslelelt] I6Andunas
UssivginsowudanefAuuugnguindeuiidass wdvhiludam 1974 wrldTaReusem Sunpower
Tnsfinmsfifumddemeueiowuianesauuugnauindeudidass é\u‘qu,siszhaﬂma&m 70 US¥W
Sunpower, Inc lM3udniseaniuunarnswauaiesaudduLu Ui lFuludiuenid g1y
mamns dueseddluashiFeunarugraimnssa [2] Tnevwaid e uadossusiildwaunda
35-7.5 kW(e) uaziinsitannliiedassudausalinuldfuuamaafeuiivannanglduiidamas

Woada Taula Medanmuazndsulaefing [3] William Beale wax Gone Chen léiiaue

=l

\wSesudianeiatLuugnguIndeunidass i adnfussuuilvnssudandanulnia [4] oo
mATelandfiwafotsudduuuuiidauaiads 7 kw lednaualusud 2.1 waglédfiniswamun
WPSDIBUALAIAE 10 KW fimdnsd 60 Hz UseAnBam 35 Woidud swandluguil 2.2 uassud 2.3

LamULNUN AN dLRUSvaINsHaAnsELal i AuAsSeuTideuldsuss Uy

Figure 2: 7 kW Engine/Alternator
Undergoing Final Tests in Sunpower Test
Cell

= o & v o o ar
Eﬂ‘ﬂ 2.1 IATDNYUARULLUUNUYUIANIGAT 7 kW [4]



10kW ENGINE/ALTERNATOR
g COOLER
REGENERATOR
8 ' DISPLACER

ALTERNATOR -

5UN 2.2 uamaaIssudamasasilavannlmiduun 10 kw [4]
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ﬁw‘_&“”ﬁmﬂ-ﬁﬁ#ﬂ.mmﬂzm‘?wnwmm—um-—-—mwv
=~ jeaTreEcTOR ] |

. |
¥ ; i i
: mﬁ?ﬁ"i = STRUNG BNGREILTEVATER ! éi
30 KW FUES, | ) U onkw i
\ BECTRC |
] 4 : (] 1

HEAT REECT

LY ,Iﬁ.“r*mmgﬁ .. Wf

20 KIV HEAT

JUN 2.3 ununmwasmanuduniudvosniswaanseualniniuanudeuideulituszuy (4]

Neill W.Lane uag William Beale lpthiauaireseudainasdiuugnauindeuidaszauin

5 kw [5] lunuadeuiilatininiiauentsvadeuinisssudanosauugnauindeuiidassvuin 5

¢ o o

kw Taglguiaesdudomadsldmuiounasinnisnagevlunsausnlenida 1750 Sa8 fian1usau

400 aernigaidea HusyavBammdinnuiou 21 wWeidud ndwindulinisifingaumglnteuliiy



LASDIEUAIN 400 perwaldealu 608 asrealdsalaridvanaiossudiudwdy 3000 Sa8

waelivszAvBamilanrmiouintui 32 wWeiduiswandusui 2.4

= = s a { P
JUN 2.4 insesnudawmaiasluugnguirdauiisasauin 5 kW [5]

Neill W.Lane waz William T.Beale lathiawenisasralssiiiindssiudauiavuadnlaeld
Lﬂ'%;awuﬁama%ﬁal,l,uuaﬂauLﬂﬁauﬁSaﬁvvﬁum%imﬁuﬁwé’aﬁmmﬂ 2.5-5 kW(e) [6] lusnuASeiilad
nsnamisdeyanisageuvenaIeseusiuug 2.5 KW Tusum 2.5 uag 5UTl 2.6 A1NUBYaRINa1291
Twummum'ﬁaaﬂqumsmﬂum‘“lwﬂwuﬂsvammwmﬂn'mmmawmmmmeaumaw 3 kw
amwnwmmu 600 aerlralded Usednsniwannnaa 40 wWasidud laelinse mumnmlwm 2
Susauiivsavinmamniswilng 85 wWeosdus

SUNPOWER. NC,

Photograph . Smnd Alone 2.3 kW, Propane Fired Generator

gﬂﬁ 2.5 FaseudfiuuuuIun 2.5 kile) Aldlumavnasuiudenadauna (6]
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® SUNPOWER, INC.
A < 2

~

Photograph 2. Prototype engine with integral linear alternator

U 2.6 iefesnudiuluuUsEnauUlinear altemator 11nA-2.5 Ki(e) [6]

L.Bowman uwaz N. W. tane ladnauslsaldir@ruiaawieadn (7] leefin1snannds
U Sunpower ldfnnsiauiipisseunainesaeuuugnguindeuiidaseifialilunisuin
nszuabniihawe 20 KW 9ndeiwdedhna wilvmmdtetuiveansldinauonmaaouiniosous
a1 kwie) Tumsmaaeuldlddomdstnanuududadinnswludiane ssuululasiviii Taed

yesiamngasuusihwinfusiwanidlug 2001 deuandlugun 2.7

< < s
JUN 2.7 LanINSVAdaUuLAIasauavuIg 1 kWe [7]

Jams Huth wag Josh Collins [8] latiauanisléauaisssudanasdawuugnguinioui
dasyyu 35 dnAdwuanslugun 2.8 TusddelatinisWamiesossuianesdsivamnsaldanuiu



Jrufufwariaidoudundsnuluilseedessuddvuinneinsanaswnni ladodsiidrulsenau
snslugu 2.9 MnmsnageulaTaseudlugun 2.10 Iuszdndaw 21 wWeosidud dszuunisviaud
Reunsdutiasauisathluseldauiuszuuliila ez duldnuluiuilud Wi wSsvuun

o JP-8 burner o vibration absorber
0 air-cooled rejector o cooling fan
o free-piston Stirling engine o controller

(FPSE)

P i a a Aa o«
31]1!1 2.10 Lﬂ%mEJuGﬁaLG]%J%aQLLUUQHQULﬂﬁE]‘Ll‘lnaa‘iai‘ﬂ‘mﬂ 35 9e6 EE-35 FPSE [8]
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J. Gary Wood uag Neill Lane [9] ldagursnisWamninsesouddaimasfuuugnauindeud
dasyiu 35 Wi lusandlusudl 2.11 Wilvwaedessudidnawavimdniuinaruss@ndnmaes
wnndrfesay 30 aunsadsusunasnuld 90 Tnd / Alansuy

JUT 2.11 ipTeseusamesasuugnguIndauiiBasyiu 35 W 9]

T pa. 2007 U3 Sunpower TaWaILILAY a5 903 098 UR Advanced Stirling Convertor
(ASC) Fauanslugud 2.12 TneldFumsatiuayumaiumalulediugeinfiusu NASA's Glenn
Research Center (GRC) uazldsuyuainmhenuduingimandvesung luasaiianiossudd
mslimaluladtugaileathaadalivinaouaiassud Advanced Stirling Convertor (ASC) fauanslu
sUft 2.13 Taotlownadt 1.3 flansu 18l 80 306 arnnismadeunandliduiiessansawnis

U

wUadgs 38 wWoesidud

gﬂﬁ 2.12 \pieseus Advanced Stirling Convertor (ASC) [10]
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gﬂﬁ 2.13 MINAFBUIATDIE LA Advanced Stirling Convertor [11]

MeteaRvonnIsieud ASC Aedvwiadinuasiiusydniaingeuaziionanislduuuinnia 14

U ladnsihlufassuneuenirvesnefuaaslugui 2.14

gﬂﬁ 2.14 NM5AARLATEIEIH Advanced Stirling Convertor [11]

galulagtumauith Sunpower,inc i mihewesseudanesaley 3 wuude

= o o

1.uUU CryoTel MTL1937U 4 1A3098uRilings 5 Tad
in 1

e

ANUALVIATOILUATAIY
95 Alansu la1edming

w
o

812 223 fiafiues Aidusirudnas 73 Tadwesuaziiumiin
lutuit 25 flunen U 2010
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3‘Llﬁ 2.15 wuu CryoTel MT Cryocooler [12]

2.uUu CryoTel CT 959U 6 LSR8 UAAISY 10 198 dnwasu0ASa I8 uAA1NY
8 260 dadues didurdudnaie 83 fafiwaswaziivndn 3.1 Alandy lanedmiely
Woumwegul 2010 il )y/

gﬂﬁ 2.16 wuu CryoTelTM CT Cryocooler [13]

3.WUU CryoTel® GTasTu 5 1A3eeguddnds 15 06 anwusveaIesauainiy
811 260 dadiuns Didudgudnans 83 fadwasuardindn 3.1 Alandu s minsluiiou
weeRn1eul 2010
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gﬂ‘ﬁ 2.17 wuu CryoTel GT Cryocoole [14]

¥ 2010 U3 Infinia Iéiausmsimuni3 e dlvduosia3osoust Infinia PowerDish 16l
msfnssludonduidunsusnlusqueslonlufeunsngae visn infinia lafinasnedslud a.e.
1985 lifidugsiamadunisissinwieessuiamesdsiuugnguinde uiidass uas szuuldi
vauroseud vntiulsiuuuTin infinia AldvhnisussAugiaiossns nfinia Power Dish wanslugy
i 2.18 Wouhuivnusuadaduddnviusavedanildindossudamosauvugnauindoud
faseiunsuanliinanwdinusasefing Helidinslindinunater findifinuindunaziisielsl
uwslogieSaaus Infinia Power Dish fifds 3.2 Alated wdsluihnssuaady 1 e 240 lhaduay 3

a = i

e 208 Taad fusgdvsamuinnia 2% 198deuluansvinau fueisweudln adedailidey

msldaunnnds 25 U dinstigeshenios lifinansenusediandon Iuasndogs Aadadriuaiy

TuadlNUAURIAUINA1 4.7 lWes g2 6.4 ey [14]

REFLECTOR 1

= a o 4 < . . )
3UN 2.18 NMsAnRsLAIRdEUA Infinia PowerDish AUATUTINUEAIVUIA 3.2 kKW[14]
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PowerDish workings
- Moving displacer-,
L _ Fressure wave through helium
) Cooling { Converter this area moves linear magnet

water in

High-nickel Flesures

Aoyto T Playres . g

withstand heat
J'(‘" N,

Hotside * T Stator codls
af Stisting / - : === — * Linear magnet
generator / - \

f Ji" '\ M
Regeneraton Coofing Lold side ul Stirbag Singhe-phase ae power
water ot !3&_‘118‘!“‘[@!

sUTl 2.19 dassnausiieuaataIasyus Infinia PowerDish[14]

U 2.20 1n3asuiPower Dishunizvinau[14]

Tud 2012 U39 Infinia Iafin1sWauLATEe8UA Power Dish double acting free piston 30
Aladmd Tunrsianlawdseeanidu 3 svprfossazusninnisoenLuuLAT a8 UARULUUTUIN30
Aladnd lnsudaaSeseudoandu 6 wnIsssudusdazinsasuddigs 5 Alatedlduanduguin 2.21
maiheuvesrtasudiutiandu 2 ¢ day 15 Alatadlduantluguil 1.22 dwminlagyssuiauves

= 5 = @ = = 5w as w &
wTassuAfuwuy 540 Alansulugud 1.23 uanen1susenauvedin3essuRiuluuaeIn 30 Aladng
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Tuszeedl 2 Inadrumeseudduuuuaunn 30 AlatnduaznedeuinsossudluiiesUfiinng szeed 3
MNITVAFDULATRIE UARLLUUTUNA 30 Alatndluiunasinoundniadossudauna 30 Aladndeanun
719979378 [ 15]

c‘ é!. 5 < & a o/ &
FUN 2.21 ipResg uasiuluuatnanIoseusiay. 5 AlainR[15]

= o a ¢ T, ay o ¢
JUT 2.22 mavihereaadesududwendu 2 ¢ gas 15 Alatwd[15)
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JU# 2:23 N15UTENAUYDUATENEUAALLULI LA 30 Aladna[15]

JUNN 2.24 fpgdraveamsaseuifuLuuIIn 30 AlaTe[15]

NUN 224 lauaneded194189n15U58noULd1A28 T UUBILAS DI UAAUKUY
UNH 30 AlAdPRTLML D UITINTOUNAFDUAUIIUTIULERT
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Heat Drive Heat Rejection

Receiver

o

JUT 2.25 dudseneuiidIfy e AT uARULLUTEIA30 AlaTRn[15]

N3UN 2.25 lauanssulssnaunanueiasesausiaulann Receiver , Heat Drive way

Heat Rejection

£
& 1
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- nszuenguiamalweiuaznsrusnguanguidwiaiide fustein Huiflu
\dnanusiazgnutsenn uassdiuRediuvasiuiifuauiounazveoiavesasvineu wazdiu
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3.1.2 I dnsawmesaslugauad (The Ideal Stirling Cycle)
pdnsawmeifussnausednseuiunmsvhewBunndmuslignguiamaises
ﬁaq’ludwﬂ%mmwmaagi‘ﬁ'ﬁ‘hLmﬁa@u&?mauuuazgﬂquﬁwé’ﬂﬁa@jludauﬂ%mmé’@agjﬁﬁ’umﬂaqué
AYAT ELustmﬁ%ﬁU'%mm‘amﬂﬁqﬂﬁ'\iﬁ’ummﬁuuazqmmﬁ%ﬁmﬁaUﬁqm AegU 3.2 (n) vy
WHUAW P-V Wag T-S 903U (1) IfeBuneveausaynsvuunsisluineaan n)

-—

Isothermal

Heat addt‘?:nE Tt ' Constant Expansion
the cold to hot volume transfer
Mean Pressure A all\. 3 of gas from cold Constant
) 'z:_—}} O Tl 1o hot sectio ‘olume cooling
. Heat rejected on 5 Isothermal 1
Helt reject the hot to cold Compression
-V -
(M) WNUATNP-V (ANAU-USHNATINNE) (1) WHUN W T-S (@aumad-taulnst)

U 3.2 ipinsawes [17]

N5EUIUNNTON 1-2

Sududt 1-2 gnguidtegludnmesUiunssnarassadeuiiunogiidumisgud
peuudugnguiamases ludulinmsveegils msvinuazgndnludiuuuiassariliaa
fufintu duguuglasaiinnzsinmemennuiounnUiuassandadaanden (nanuan a)
[17]

NITUIUNTVNEAT 2-3

Buduil 23 gnguiamaesiiegludutTuiasdauasUsuinsuensasiadoud
wiouqfulasgnguirdsiieglutiimsdaesindeuiiluddasiaisnes @nauiegluuiinnsvensay
iwdeufisanluainiiasiusisined) viliuiunasluavauntsied arsviinuasiedeufiandsy
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JUN 3.4 nunangiuupsatud 3 46

nseenuUUASeURAmes At INsIYsT U RINes et ATaudlF o naumsres e
Tauden wad (MrWilliam Beale) Taeldmasiivisim urisanmafisening 423 K uay 298 K

3.2.1 M30ANUUU Power Piston wavszasdn

donldegililenifvunmawiumudnans 2.7 cm uasfnumsyesdni a c m

auNIAINUTIINININIA We Swept volume
2

x stroke (3.1)

Swept volume V,, =

2
”2: 1% (3.2)

Swept volume Vp = 22.9 cm’

Swept volume V=

3.2.2 AS99NLLUY Displacer iazszuzdn
Gonltegiliiuuvuadusiiuagudnans 4.4 cm. azsvordn 2.0cm.

2

Swept volume V,, = =i stroke (3.3)
2
Swept volume V, = ﬂ4d;4 % 2.1 (3.4)

Swept volume Vp = 31.93 e’
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3.2.3 MsMans1drun1son Tudunis

=

ax (3‘5)

e

Ve = 905U TR Voo = 90E@UUSIIRTANER

3
IasnsnaEiunissasening displacer iU power piston LB _em _ 4.4

3.3 gunignuildlunisduan
nsduadusldinisiuasigamgiigigruarmanueuaiswuduariinnsiundd
asuiildlumsinuvaaedessud wagléfimauanins i P-v uas T- S Tuguil 3.5
aaumpiidgalussuu 25°C = 293K
gaunniigegaluszuy. 150 °C = 423 K
ANNFUUFTIINA 1 UTIEIMA (atm) 71 25 °C = 101,325 kPa

1 T
P
Q E Isothermal
Heat added o|r| Tir  Constant Expansion 4
the cold to hot volume transfer
o P — Ol \a of gas from .cold Constant
to hot sectio olume cooling
P Op T ;
, Heat rejected on Isothermal 1
Heat reject the hot to cold Compression
=y =5

U 3.5 N9 PV uaz T- S



3.3.1 MIIUSINSEeEA Vmax =V, = Vg + v

[

3.3.2 MsUBINsmEgn Vmin = v, = V,

2 2
[ ZA (L2 D01 20526 em?
4 4

AIULSITOU =720 rpm
RINEIUNTON =V, V=V, /N
=143

i rq =44 cm,r,=27cm

= |
3.3.3 nssUUNITW 1-1 L‘I'jUﬂiS‘U'JUﬂ']‘S‘U%N’WI‘Sﬂ\WI

PV = RT
Yozl BE AV,
Vowr = RTamn / Povmn
Vi=Varng

RN X Penroa T anm
P, = (101.325 x 298) / 298
P.;=101.325 kPa

3.3.4 nszuaums¥l 1-2 Wunszurunsgmngiiae
- Pdray R
Ty =3Vl R
Ti=T,
Py= PiV # ¥

P,=101.325x 143
P,= 144.894 kPa
e Vi/V, =14
3.3.5 n32UUNSi 2-3 Wunszulunsuunnsaed

V, =RT,/P,
V3 = RT3 / P'_:,
Vo=V,

P3 = (T3 X P2) / Tz

24



P, =(144.894 x 423) / 298
P, = 205.672 kPa

3.3.6 nzUAUNT 3-4 Wunszuaumsgungiinedl
T, = PV, /R
Tqe =PgVe /R
T3 . Tq
Pa = PaVs / V,

Py=205.672/1.43

P,= 143.82 kPa
1o Vy/ Vs =143

3.3.7 42891014 M,

Ma = Vl / Vl
Wil Vs = K/ Py
V= (0.287 x 423) / 205.672
Vs = 0.59 m /kg
370 e v .44
1o Vg =Vy= 143 x v,
Ve = 1.43x0.59
v = 035 m/kg
A0 M, =V, /vy
el My =(42.286 x 10°)/ 0.35

M, = 0.121 m/ke
3.3.8 anufoudilduandangas o,

Qin = Qa4

Qs = TAs

e As = MRINV/VS)

azla Qn = M_RTIN(V/V,)
Qn = (1.21x 10" ) x 0.287 x 423 x In (1.43)
Qp, = 0.008 J

3.3.9 annufeuileangdunndau q
Qout = Q‘lZ

-out

25



Qout = TA 5

Wi

N = M,RUN(v,/vs)
ela

Qout = MRTUN(V/V,)

Quut = (1.24x 10" ) x 0.287 x 298 x (n(1.78)
Qe = 0.0061 J

3.3.10 $1uiilg

Wnet = Qin - Qout
W = 0.008 = 0.006
Wio, = 0.002J

3.3.11 MEasunle

P = Wt X speed
P =0.002 x (720/60)
P=0.012J/s

3.3.12 UsgansSn1nnieausau

nth= 1 '(TL/Th)
New = 1 - (298/423)
N = 0.307 (30.7%)

3.3.13 Thermal efficiency

Power  output T max —T min
1] = =R —————

Heat  supplied T max

423 —298
= QS| —————
423

=0.147 %o 14.7 %
3.3.14 Beale number

P = 0.0041p xf V,

= 0.0015(1) x 6.42 x 22.9
= 0.602 W
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nsszuIeAUauvetasesudiludesdfyuinlunsesnuuuiasossuddisadinisiuna

ONLUUNG
2 2
g = NﬂkaJT(rZC —r )(1; —To )+i( 5=, ) (275 )(
N = 12
t o 1.5 mm = 0.0015m
r = 2075 mm = 0.02075m
t 0.0015
Tac = By — = 002075+ = 0.0215m
2 2
Ty = 1275 mm = 0.01275m
L = 8 mm =_ 0.008 m
t 0.0015
L = L+— = o008+ = 0.00875 m
2 2
A, = Lasesk = (0.00875 x 0.0015 = 0.000013125 m2
H = 42 mm = \0.8492 m
7. 0.0215
= ————T =1.69
5 0.01275
T = 323 K
Te = 303 K
w
K = 238.7— K
m
3
3 1 o 2
Lez(h/kAp)z = 0.008752 (25/238.7x0.000013125); =0.073
) = 98% = 098
UVUAN g,

g, = 12x0.98x25x2xTTx (0.0215" ~0.01275°)(323-303) + 25x

(0.042-(12x0.0015))(2xTT%0.01275)(323 -303)
12w

.
@t

A9l Fin FzALNTOANAINTEURENLA 12 W

Ty
Ty

1-
338

%)

0.6

)

I, —In
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out
. ) 9
QOin
12
0.6 - 1- ——
Qin
Qn = 30 W

3.5 nMsfulnTaglazainszuangy
ﬂizuaﬂqumsﬁmmwmLﬁmwaﬁ%%'m'n:.JﬁuﬁLﬁﬂ%’ummmﬂ%wuéﬁwmlﬁ #7190

ﬁwmmmmwmsuaamﬂ@ﬂisuaﬂqumﬂqmdwqﬁaﬁ

pd

2

Tefi 1= AUNUVDINTINTEUBNGU

P = mmduggamiaTunelulpiese us

o

d = iurugudnaranieluveinsyuengy

0 = APIINFUB Y INEIER

mm'\muaummaaaﬂmlﬁt’l‘luamuwuaaﬂwumm’Iawvwmmaswwuqﬂ‘gv‘uaﬂa'u ag
wavinagUszanumA sy RdEANTY 0.8 LWIﬂUﬂ’l'liJﬁuW]ﬂi’]ﬂ‘tl@dIawuuuG] eAudY
asndwisulavzaianiaeg agsendnn 1380- 10,340 113 (20,000 - 150,000 Uous/ n5.47 ) wavddl
AudswAsunuguvgisae luniseenuuuifnsagdasdifefsseAugungfasaaeaiosud
annsaiild warlinsfinenfsnasdivedanssiadngiieysenaunisinauladenaumunni
nszvenguliaeadbiian uasluinasioranzfiosiinslilanenan 1wy Sauda waslasidoy vhuds
nszuangudLitounn el lfrnundssimudeins

nseeniuURBEE AN slasE i sinyuetuas s rnasuas Anaany
fhuann ndeuedevatevi Safugndeuiiezifisnsidonaeliing YsangnrsaitliFendt STRESS
CONCENTRATION ImﬂLawwumuﬁﬁaa’h’ﬂuﬁumvammﬁmﬁ] Wiy nssuenguiawalresiaTseus
aweihs wiaznerewlivivlinszuenguiluniidasssun udesindugulimiegulaudae
ANaTE fgnguvieRamaiveialdnmhiilamagUvemimeuuuvanssuongy  eanuiunms
Foviilillonas lunsilaudinszuonguuag Aamawesuiunseinuinuasisiaunadae 3
soshunAmilsluniseanuuuse

3.6 NSAIUIUNIAIATEUT LA
MslARouvBIgngUIAAUTcY szuzdnihiu 4 cm lududheuagunsuas 2.7 cm 9n
auna laefgaaunaizdiniuduisdasiuiiiufe 1 atm vie 101,325 Pa
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(101,325)(146.12) = P, (157.57)

., P,.=93,962Pa
2 ld 43

AnFasivesaUTufavuzanauindouian Statel —> State2 §yf]

Wognguideulunia af £, > Py fusevieundulumng B fisdl
Pio—p =Py ~Fp

P,,_, =109,939—101,325

P, _p=8,614Pa
' 5wl 4 o
ieanngngumasinuimiA
2
7T (D)
4,=
4
2
7(0.027°)

2 4

4, =0.000573 i

LLidﬁﬂ'ﬁBﬁ’lﬁi@Qﬂ@ULﬁ’lﬁU

Firp :PAZ—BAp

F,_, =(8614)(0.000573)
Fo5 =493N
sldmasnaUsaviafu
k _N FAZ"‘B
& s
(8,72)
4.93
e
1
& (0047 2)

kgl =246.5N/m

AnFnAsAvesaUTufavuzgnauindeuiiain Statel —> State3 ]

o/

\Wiagnguideuluma s 1 B > P, dusegndsundulunis A fadl

PB"‘A3 _PB PA3

Py_,; =101,325—93.962

Py s =7.363Pa
usafinszyindegnauvinfy

Fy i3 :PB—A3Ap

Fy_,; =(7,363)(0.000573)

F,_ ., =42IN

ldamaialsayingu
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F

— “B—A43
kg2 ——'"-/
(sp 2)
421
L
g2
(0.04/2)

k ., =21095N/m
g2

umanausuiaeds g
k. +k
1 2
kg — £ g
2
246.5+ 220.95

: 2

kg =242772N/m

3.7 NNTAUASVIDULUUUIAUAITSITNTIUTN S
ﬁmsmmié’uamﬁauuwﬁaﬁ’u@’haLL‘saaﬁiuﬁﬂa‘iugUﬁ 3.7 PREUSIF(H)=F

ma

5 sin(@t)

nsgyiesna m viliuiansaeduaiiiouluy 2 syaudumauesiuing X UAg x, UDWNA m, Uaz

¢)
m, aud1dulaeh x, > x av1¥8u Free Body Diagram (FBD) ¥@siimazuiaseniw (n) uay (v)

MUFIAU 1NNYNISeRuRTenaaastihdululdariinasznui

Kilx, — %)
X, (.
m_

1) FBD 299174 m,

k {xo=%) kK x,

|

F(t)=F__ sin(@xt) F(ty=F__ sin(at)

%) FBD 999178 m,

=] ) P v o 1= | o 4 P ¥ a &
EU‘VI Fal. ﬂq'ﬁﬂuﬁg\fﬂaULLUUUﬁﬂﬂma\i'ﬁSUUﬁlﬁJﬂJﬂqTWU'NSLUZ'SSﬂU"UUﬂ'J']llLaiﬂqﬂﬂlﬁLLﬁﬁaTﬁsﬂJUﬂa



32

[+ T ZF; = mx]
Widmy; F_ sin(a)z,‘)—kdx1 -|-kg (2, —x; )= m, ¥,
Inaunisival agla
Ay +(kd +kg )%, —Icch2 =F_. sin(@1) (3.7)
Wewmnusineuennsgyiluguuasilaidueilinduansuaues x, way x, I mualidanud
Weafuusaiy faif
x; = 4, sin(@t), x, = A4, sin(r)
Lﬁaﬁwmimayﬁuéé’uﬁ’uaawawama‘uauaqlﬁ et
¥, =—" 4, sin(W1)

2/ s

] . A 9w i a4 a &
LIUAN X LAY xla\ﬂuﬁ:uﬂﬁ (2.8) LWBI‘U‘HM”IF’]W]EW‘N kd lﬁlfﬂ\‘lu

max

m, (—a)zA, sin(a)t))—l-(kd +kg )Al sin(Ct)t)—k{g_A1 sin()=F___ sin(D1) (3.8)

max

2 —
md(—a) A4 )-l-(kd +k )4 —k 4 =F,
max

A 2
(ky +k )4 =F o+ kA +m, 0 4

2
s -E-kgAl +mda) 4;

k

,Hh =

4

2
F +k A+m,0 4 '
= L Ly (3.9)
4 g

1

m, =0.1325 kg

D, =0.05 m
2
4, =—%=0.0015 m
4

P =302,920 Pa

-
F_ =P A =45438 N
f=12 Hz
W=2Tf=754 rad /s
k, =242.72 N/m

4, =0.0027 m

diathAseg A msuanunualuaunis (3.9) ssvilildainsiiausae k, fasinlull
k, =114833.47 N /m
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N13ILAINCHLAIDIGUAAULLUU

MnmsFnweenuUULarAATUIaTaaIssudtu s uuulagldlusunsu Solid
Works Explorer 2012 uazvinisiiasgsignguindgnguiainaiees ideguiainaiwes nszuen
Qﬂquﬁal,wauzja%uasLgaqumaaqﬂqu ﬁ’a@ﬁlﬁugﬂﬁﬂqﬂquﬁwé’aﬁwmnﬁmﬂ@%ﬁu (Superlene Nylon
6) drugnguiiamalweuazideguussgnguriunanegiiiey 7075 msnauantiTaguandluain
Hwy a.1) uaziFeguiaimaisasuasnszuangnauiamalee ianauauad SK 304 ms1enmauli
Fanuandlu@EnsnnIaNug A.2)

N15AAIITMATa B UAT UL duUTENDUA 93]

'
I |

4.1 NaNATIATILEMNIALTBgNaUMTARTIIEdnAUAUA 3 ursiandusud 4.1-
4.2

Model name: Poxver piston

Study name: Study 1

Plot type: Static nodal stress Stress1
Deformation scale: 1

von Mises (Rm™2)

53341

. 488.6

;ﬁ: 444 2

3998
| zssa
310.9
286.5
2221
177 .7
1333
83.5

44 4

0.0

— Yield strength: 139,043,005.0

JUT 4.1 NTIATIFNANULALYDIRAFUAITINDRINAIUTY
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Model name: Power piston
Study name: Study 1
Piot type: Static nodal stress Stress1
Deformation scale: 1
von Mises (N/m"2)
5334

48856
B 4442

. 3998

2665
2224
1777

1333

00

— Yield strength: 139,043,003.0

A - b L 4
E‘U‘VI 4.2 MIIATIERAIULAUY IGNFUNIBIUDNIINATUUY

4.2 wanAn3AnTgviDisplacementiilinduiugnauiiasdiedaninudud 3 uniea
wanalugun 4.3 - 4.4

Model name: Power piston

Study name: Study 1

Plot type: Static displacement Displacement1
Deformation scale: 1

URES (mm)
7.815e-007
7.164e-007
5.513e-007

5.861e-007

.’;

“"'- 5.210e-007
4.559e-007
3.908e-007
3.256e-007
2.6052-007
1.854e-007
1.303e-007
6.513e-008
1.000e-030

= a q o o i L4
3‘1.]“ 4.3 M7IATIEY Displacement V2IFNFUNIEIUBINNATUTN
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Model name: Powver piston

Study name: Study 1

Plot type: Static displacement Displacement
Deformation scale: 1

URES (mm)
7 815e-007
7.164e-007

L 6513007

. 5.861e-007
5.210e-007
4.559e-007
3.308e-007
3.256e-007

2 605e-007

1.954e-007

1.5303e-007

6.513e-008

1.000e-030

P~ a . o w o
5UT 4.4 MTIATI9 Displacement vasgnguhdmosnmuuy

4.3 HaNMTAATIFAALALIRIATUAUgNgUABMARsUEInS AR NALN 3 13 Aauana
lugun 4.5 - 4.6

Model name: Cover spring
Stucly name: Study 1
Plot type: Static nodal stress Stress1

von Mises (Nim”2)
10728

888.1

g 9035

564.9

480.3

3956

311.0

226.3

1.7

571

— Vield strength: 95,000,000.0

d = 2/ = & 2 2
E‘LJ‘VI 4.5 ﬂW‘S'JLﬂ'i']%ﬁﬂ’l’]iJLﬂu@ﬂQUWﬁLWﬂL‘Uaﬁﬂaﬂ NATUYN
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Model name: Cover spring
Study name: Study 1
Plot type: Static nodal stress Stress1

von Mises (N/m”2)

1,07238
9881
B o035
‘ . 8189
7342
5496
5649
4303

39586
311.0
2263
141.7
5741

— Vield strength: 95,000,000.0

U 4.6 MIAnsAUALgNGURAIAESBIINNUUY

[
s

4.4 waanNNiATIEYDisplacement MAnTufugnauRawawesIliodamumi 3 u1s

'
=
waealuguin 4.7- 4.8
Model name: Cover spring
Study name: Study 1
Plot type: Static displacement Displacement1
Deformation scale: 1
URES (mm).
3.312e-007
:3.036e-007
o 2.760e-007;
. 2484e-007
o
¢ . 2.208e-007
— 1.932e-007
1.656e-007
1.380e-007
1.104e-007
8.281e-008
5.521e-008
2.760e-008
1.000e-030

3U# 4.7 msAaTezviDisplacement gnaufainaigoiuasanaudng
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Model name: Cover spring
Study name: Study 1

Plot type: Static displacement Displacement1
Deformation scale: 1

URES (mm)

3.312e-007
3.036e-007

" 2.760e-007

. 2.484e-007

o 2308e.007
1.932e-007
1.656e-007
1.380e-007
1.104e-007
§.281e-008
5.521e-008

2.760e-008

1.000e-030

U7 4.8 MyliAs1eviDisplacement gnauidinawastosainimuuy

£ &
== L2 =

4.5 #aNNIIMTBATIEVANUALATUAULFo g uRaw A slasnA R LA 3 U1s #s
wandlugui 4.9- 4.10

Model name; Cylinder
Stucly pame: Study 1
Plot type: Static nodal stress Stress1
Deformation scale: 1
wvon Mises (Nim*2)
8,479.8
! 77822
S 70845
. 6,386.7
5,689.0
4,9913
42936

35958

28981
2,200.4
1,502.7
804.9

107.2

— Vield strength: 206,807 ,008.0

=] a ¢ v & a « o 7
EU'VI 4.9 ﬂ’l‘S’JLﬂ'ﬁ’ls‘wﬂ’J’mLﬂ‘tALaaQ‘UﬁaLWﬂLGﬁaiummﬂﬂ’m‘U’N
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Model name Cylinder

Study name: Study 1

Plat type: Static nodal sfress Stresst
Detormation scale: 1

von Mises (Nim"2)

84729
77822
= 70845
 same7
B ssa00
49513
42936
35958
28981
2,2004

107.2

P Yiedd strength; 206 807 006 O

JUN 4.10 MIAATIERAAUERgURAINAaTIBI91Ne LU

4.6 Na9InMIATIEviDisplacement MAnTuiuideguaamaigosifiadnausiuil 3 ung s
wanslugun 4.11 - 4.12

Model name: Cylinder

Study name: Study 1

Plot type: Static displacement Displacement1
Deformation scale: 1

URES (mm)

l

1.557e-006

1.428e-006

g & 1.298e-008
. 1.168e-008

- 1.038e-006

9.085e-007

7.7687e-007

6.459e-007

5.191e-007

3.894e-007

2.596e-007

1.298e-007

1.000e-030

o a . & = ¢ 9] o
EUW 411 ﬂ’}ﬂLﬂ‘i’la‘mDmpLacement Lﬂ@?ﬁUﬂﬂLWﬁL?jﬂﬁMaﬂ'{ljﬂﬂqusﬂ'}\j
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Model name: Cylinder

Study name: Study 1

Plot type: Static displacement Displacement1
Detformation scale: 1

URES (mim)

1.5572-008
l 1.4285-008
© . 1.298e-006

. 1.168e-008
" {038e-008

9.0852-007

7.787e-007

6.4892-007

5191e-007

3.8946-007

2.596e-007
1.298e-007

1.000e-030
= a . i a '3 1Y
JUT 4.12 n15ATIEviDisplacement iHoguARMAITDINBIIINAN YUY

4.7 Namﬂmi’?Lﬂ'ﬁﬂ:ﬁﬁmmﬁuﬁLﬁﬂ%uﬁmSsuaﬂqﬂquﬁaLwaL‘dﬁJ%Lﬁaﬁﬂmmﬁuﬁ 3 U715 #d
wanslusuil 4.13- 4.14

Moclel name: Inner cylinder
Study name; Study 1
Plottype: Static nodal stress Stresst1
Deformation scale: 1
von Mises (N/m*2)
70736
! 56,4850
™ 58965
. 53079
[
. 47194
41309
3,5423
29538
23652
1,776.7
1,1882
5896
111
— Yield strength: 206,807 008.0

d = 13 = 2/ L3
E‘U‘VI 4.13 ﬂ’l‘i’]Lﬂi’]Sﬁﬂ’J’lﬂJLﬂuﬂiSUE]ﬂQﬂ'ngﬁﬁLWﬁL"‘?JE]'%ﬂJ@Q'iﬂﬂWIU‘UN
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Model name: Inner cylincier
Study name: Study 1
Plot type: Static nodal stress Stressi
Deformation scale: 1
von Mises (Nim"2)
707386
6,485.0
: 5,896.5

. 53079
. 47194
41309
35423
29538
2,365.2
1,776.7
11882
599.6

14

— Yield strength: 208,807,008.0

4“ = L3 14 = 9
31.]1!1 4.14 192 Lﬂ‘i?%%ﬂ'ﬁllLﬂUﬂ‘i%UE]ﬂQﬂQUWﬂLWﬁL%B%@JBGﬁ]’]ﬂﬂWHUU

[
@l

4.8 Wa9INN1TIATEYDisplacement MifnduRUNTEUBNgNALARNA oS aBARILAUR 3
1§ fananslugun 4.15- 4.16

I

Model name: Inner cylinder
Study name: Stucly 1
Plot type: Static displacement Displacement!
Deformation scale: 1
URES (mim)
6.632e-007

6.079e-007

\) L 5.527e-007
- 4.974e-007
e
4.421e-007
3.869e-007
3.316e-007
2.763e-007
2.211e-007
1.658-007
1.105e-007

5.527e-008

1.000e-030

4 = o =3 (3 4 &
3“1/1 4.15 ﬂ’l‘j'lLﬂi']?d'ﬁDlSplacemeﬂtﬂiﬁ'U'EJﬂQﬂQU@ﬁLWﬁL“ﬁ@?M@Q%’]ﬂﬂ"l‘lﬂJN
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Model name: Inner cylinder
Study name: Study 1
Plot type: Static displacement Displacementt
Deformation scale: 1
URES (mm)

6.632e-007

l 6.0792-007
" 55076007

. 4.974e-007
4.421e-007
3.868e-007
3.316e-007
2.763e-007
2211e-007
1.658e-007

1.105e-007

5§.527e-008

1.000e-030

o a al a S 2
5UN 4.16 M¥iAT1eviDisplacementnIzusngng UAGNARD SN NANUUY

= ¢ v da & o & o v A w | ¢ w
4.9 AEITINNTIAATIENATIAUVENAVUNULADFUINFUN 18 IUBBAAITUAUN 3 U135 fananalu
JUA 4.17- 4.18

Iodel name: Body

Study name: Study 1

Plot type: Static nodal stress Stresst
Deformation scale: 1

von Mises. (N/m*2)

8387
7688
. 6983
. 6230
i 55ak
489.3
4194
3495
2795
209.7
139.9

700
01

— Yield strength: 206,807 ,008.0

d = & i/ q!f 4&/ o o 2/ 8/
E‘U‘Iﬂ 4.17 N3LATITVAIULAULTBLEDHUHNGEUNTGIUDININATUYN
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Model name: Body

Study name: Study 1

Plot type: Static nodal stress Stress1
Deformation scale: 1

won Mises (Nm”2)

8387

?BE.B

698.9

. B29.0

559.2
489.3
419.4
349.5
2796
209.7
139.9
700
01

—¥ Yield strength: 208,807 008.0

o a ¢ v & o ar o
E‘U‘Vl 4.18 ﬂﬁ’JLF’!‘S’WMF‘]’J’]:LILﬂULaE]Q‘U‘?l@\‘i@ﬂﬁumaxmadﬁ]’mmu‘uu

4.10 WaINILATILNDisplacement MLAnTufUIABgUTBIgNgULlndnAr WAL 3 V1S s
wanalugun 4.19 - 4.:20

Model name: Body

Study name: Study 1

Piot type: Static displacement Displacementt
Deformation scale: 1

URES (mm)
5.465e-008

l 5.010e-008

. 4.555e-008
ﬁ

- '4.09%-008
3 B448-005
3.188e-008
2.733e-008
2277e-008
1.822e-008

1.366e-008

9.108e-008

4.555e-009

1.000e-030

JU# 4.19 msliaseniDisplacementidaguvatgngunesaindiudig



Modlel name: Body

Study name: Study 1

Plot type: Static displacement Displacementi
Deformation scale: 1

URES (mm)

5.465e-008

5.010e-008

4.555e-008

- '_ 4.099e-008
| 3644008
3.188e-008
2.733e-008
2.277e-003
1.822e-008

1.366e-008

9.109e-003

4.555e-008

1.000e-030

3U% 4.20 MsLATwiiDisplacementidoauuoanguuadaINaIuUL

43



=
umn 5
P
s (=] =
VUABDUNTIATLUUITUY
= a v & < o 9] av v oo
KUUEV]‘V] > ﬁ]&’LfJuﬂ']saﬁUqﬂﬂqiaiqq%UﬂQULﬂSQQHUﬁG\uLLUU Waﬁﬁ]qﬂmlﬂmqﬂqiaaﬂLLUU

= s u - ) v & =t W ' 9 @ o A & uw o &
iARasguRRULUULS N TUMSaS T Bedansnan ildasduTanfimdeldmuiemainialdlu
JUT 5.1 uanunTeseuialnesfnuugngunasundassfuluy

= = ¢ fa 4 da o
3UN 5.1 imsesgudalnesiauuugnauiniouiidassiunuy



o v a d fa = P aa
#1919 5.1 “UBJJUE‘W??N‘WNL‘V]F]UFHI@\‘]Lﬂ%@ﬂﬂuﬁﬂLﬁaiﬁﬂ%uﬂQﬂﬁULﬂﬁ@um@ﬂix

UssLanuadiaiade udanaias anguIAdeuTidasy
Wushgudnanvesgnguiawales 4.4 mm
RVBIGNAURANAYDS 0.1195 kg
sezdnuesgnguianaiYes 2.1 mm
wurudnaavesgngauringa 27 mm
NIATDPNFUAIAT 0:117 kg
seerdnUaIgNguUINas 4 mm
U31NAINNALATEB LR 23 cm?
unEImLToU no3
EEATUL PG RGN 817
GRFVARRLY 21N
AAILALYBINY 1 atm

45



46

]
= o

5.1 nsEnwrianiunldadiauniaseudduwuy

i
= o 1

mnmsAnwianthunldlumsaiieessuiduiuuiifagildanunanseiuldduegiv

AaauURvesTanusasUstLAvaiuaziinisesunefudiureasase udnesa Uil

a s o v o v W v o 2 o
1. ﬂiﬁUﬂﬂQ‘UﬁﬁL‘WﬁﬁL“ﬁ@i ‘I/I"mu"mL!{']Uﬁ'lTUF]'J'TH?QHLWSﬁSWQLLi\ﬂﬂu‘LuﬂiﬁﬁJ@ﬂ

guidlwaalwad ynaunuaaLuUWMaINau SK 304 nuanuauléd

JUN 5.2 nszvenguianaiges

2. gngudamaires Wuludwiindeunlunssusnguiawmaigeaslunseaii
Funuldgnivualuidmidnudadenldeglidennvuwainay nse 7075 Fefivamdniuinazly
WJuadiu

d = &
JUN 5.3 gnguneainaiges

3 wnuasideguiawmaiwed imihiduiiuanuounavusseiiouueineseg



47

Muineveadeguianalses ManauRwAaLUUINGINaY SK 304 Fam1sanuAILSauEs

v

JUN 5.4 sivuazideguismaisesiniiuanudaumeiiauueiisines

4.n55UBNEUYBIRNFUNNET Usenaumeaaddiufianszuanguyinumain
duauaaLUUwAaINas SK 304 daaiieanmnilavednsuenguiarludiuveiniusyuisauiey
anegiiilnuuuiwainad insa 7075 nasugy

JUT 5.5 nsruenguuegnguia

2/
1=l o LE

5. Muguiawaes vnaneglieuiivasauiududeerawsgfuminuinisld
viaeauidudneviliannnuilassnirgnauiiamawefuazinugy



48

U 5.6 Mugufainaiees

6. Mugnguindy yngdileidu (Superlene Nylon) wazagiilsuiielimn
wunswlutudiufiadouniliun

JUN 5.7 Augumse

7. gngumie vianguiesiu (Superlene Nylon) fivaendiensuvdosdaiiiva

anAuEaLazdulnul



UM 5.9 mhudaudean

49



50

9. enganthudau vaneaiifleudmdniunldiGuats

= 2
UM 5.10 Langaviudau

10. a3y vihnawmuaaimthndefunisiafounvasgnauaneiees

Ul 5.11 auls



11 Sluuesiiswes vnanvaainduauaanunguy 90% Wuduiuausou

d = &
JUR 5.12 SLuuesisees

51



unil 6
A ¢ v
N1INAEIULATDIY UARNULLUU

lummedeuiTeseudamesfauugnguirfeunidaszvueadaldgunsaiuasiniosile

U e

AFall

6.1 sl dan Y lun1snagaau

6.1.1 iSasTngamaiinuudunsiisn (DIGICON-DP-88) Sngaumnfildmaus - 20 + 500

asrwaldea (- 4 + 932esmmisules) ldmiuingumgdvensyuenguiainaiees

= 4w = a
3U¥ 6.1 LATBNIAQAUNNILUUBUNT A

I3

6.1.2 Haflimes (Multimeter UT30C UNIT) Todmsudausadulada (V) wazda

oA a )
Asewalnin (A) MAsaseudausudnls



53

sUit 6.2 ffadiines (Multimeter UT30C UNKT)

6.1.3 ffaffimes (Multimeter UN-860C Union) Tddmsuiaaua i (42) fiarniadas
el (Generator)

g‘l.lﬁ 6.3 dafdmes (Multimeter UN-860C Union)



54

6.1.4 upanlfiteas (Clamp meter 322 Fluke, USA) Iddmsusanssuali (A) fidne

TvueSasaua

5UT 6.4 upaudiiines

6.1.5 Bmmes (Heater) vun 220 laad 500 3o viwiivasugundaanulilv

[ o £ | U3
WUNAIUAINNTE 'UGLVI LALATENE URA

gﬂﬁ 6.5 8am03 (Heater)



55

6.1.6 W3RTAAIUSU (Pressure Transmitters) la3aAusuvasasyitauluves

LAS DU UAYULYIINSNAZDULASDIEURA

= o as ) %
3‘1]1/1 6.6 LADIIAAINUAY (Pressure Transmitters)

6.1.7 seaniilalnin (Generator) MadalwihileannminausuaInseus Wethly

WA NI 989LA5 Ds8Ua

31]171 6.7 w3naruilalwilh (Generator )



6.1.8 yawmanlwiieldmmdmslniveanioseus

6.1.9 WIRNIFULIED

5U# 6.9 uniinduiian

56



57

6.1.10 w3psmuaNguniilddwiumuauanuseundeulinduiniagud

e

) -

= w
JUN 6.10 amuANgaunnil

Y

6.2 NIVAFBUIATOIBUALAD TAIUUUANGUIARDUTIDATZVUINENTA
ﬂTi‘V]@ﬂE]‘ULﬂ%iENEJUﬁLL‘UIQE]E]ﬂL“I‘JU 2 NIMAEEU AB

6.2.1. nMsvadaumAusouiveuliunasviinu

Wesnnarmudeuiideuldudiniossudlianiso taldluvar iAo soud
191U Fefemmasunauiarnaaeuid ielilddamdeuiideuliuiatess udaddusening
nsmedeuaussauy uasthlUldlunmsdnnamustaniameudouvesnissousd luguil 6.1
LERINNENEYRININAFBUMIANSaUR T g s ateud v snaasuiididutuneu
swsioluil



58

U 6.11 uamsgunsainldlumsvegeunanudeuiitfouliviasinnu

1. aaANsEUBNFUAANALYD faaNIINLATE s

2 vhnssuenguiamae s whminrufuthaserefiussqedifuresiou
winvihdainesnsruonguinmaizeseen Aasmmusnuhildlumsnaaeu

3. WnsyuenguiiamagefusvulaTmagey wanhimesuisadudiwes
nszvenguAamawailitelflumsnaasuansInuzvesiaietud (93U 6.13)

4. thinesludu el lunssusnguimmawe$ s ldasvemesluduidia
agiifnansuasmminyosdasiou (asuii 6.12)

5. mamesludidadriuladfinesiftoansmgumyivenihivihnsmageu



R o
JUT 6.13 nwaheuansnsindsBmesidnfiunssuenguianalves

59



60

6. wisuhazammuthminilalude 2

7. ueaudiiwesuuuidneainnssualii (A) alufiangliddnes wasldia
Atlmasusasulni (v)

8. Wraivlwiigriuquanmgfiiiodelniliiudines

9. gugamgivaanszuenguiamawaslile 50 esrmiwadea udaSdldind
wignlinnde 6 adldlunszuenguiamales

10. gwanszualviin (A) anuerauddwesiuuddsea wazsuausarulvia
(V) ndaffinesBudunsiune sntuiingumgliEuduveni

&
o =

11. aaduiingaumgfivesimn 10 Tuit aunseiniilgamaigedessana

]

100 “C Fawmganisvedou

12. aaguiinAnszualnin (A) nueandiinesuuuiinea wargiuan
wsadllnii (v) Mndaffiesaaring neanistunauazantufinnandildlunisveaey
13.131ma‘ﬂué’fﬁL‘“?jaa@mnﬂmz'uaﬂQ‘UﬁaLwawa'ﬁmﬁwaaﬂmﬂﬂixuaﬂﬁma
wosselvinszuanguiamawaiifundrImaaeunsald
foyaiildannisvaaaumeniudoutoudiaosud toglumaadt 918 04
(@N1ANUIN )

6.2.2 measuidmiliiiaeteudawmeiauuugnguinisuiiasyana
AR

msvrasuvnaufeuteuliuniniaseuslfmnsie undsurnu Saud
441.05 J/s vdmansnua1vesaInndeutloudies sseusid Smaaeuniramdnives
wseseud Tnefidunsunsveaaudadalul

1. ﬁ’mLm’%auaﬂﬂmmaxm%‘aaﬁai’mﬁaﬁ goLmos3,dafdnas, Lﬂ%:’e]ﬁi}mamﬂﬂfl
wuvdunssn uerallfweswuuiinea Wudigedinnudu @3 oedudaliin (Generator )49
nanlnin mwmwnmLmemmmmﬂum'imﬂummuaﬂﬂuiﬂw 6.14

2. didweiiniafudirenssvenguiamaisesiiolilunmageumidues
RN

3. antufinAveamgisuiounasiududaiiuiune mnthdaatuiin
mmaaamwmﬁwmm 30 U9 ﬁ]uﬂivmamwm‘uaamsmqwuiuwaai@uaaﬂivuwm 140 °C
Ll,amﬂu‘ﬁﬂw 6.15

a. dielimufeufuansyineny 2 uiil gamgi1do °C udr3waminiadasousd
Tnsfanaantiufindvesgamgiivedlowazifinnmsantufindvesidslnfifildanindosiide
e dwsediulnit (v) nszuali (4) waganudveanisssudanlnedaifinosnn3o
T wiaufuRey

5. vaaanantuinanIsingey 5 wiikdietuainszualuin (A) 3nuaaud



61

= 2 4 o =

fimesuuuidnea uagsurwswulidn (V) andfadfimesgarinsantudin vgan1sduaan aa

q
2/
o Qs

Uuiingamaiigavihensiudeunasmudu udlagauaugumgll anntuseliiaiessudidng
anmUnudnIsnaaeudIsn 2 A3
deyaiildannmaaeuvetaiaseudioglunsid 9-5 (@aranuan )

d o a Y L o 2/
3UT 6.14 myTrgaumafidnufeunasiudy

d U -] [} dj 3
gihn 6.15 A ENgwaRINITNAEBUMAaI WA I8 us



unii 7
NANSNAEDU

NANSVAABUMINISNadRUNIANSauUaulmnasyvineuuas mMsneagausamidlnsia
Lﬂ%awwﬁama%ﬁdmmgﬂqumﬁauﬁﬁaiwmmm‘%m

7.1 wadwsnnisageusnanuiautlouidiaioseud
fayaainnisnaaeumaiudaudoudteiosudlutuusnaviundoudunsmiinans
m’mé’uﬁ’u%iw:i'mQmwgﬁmmﬁwﬁ@ﬂﬁif’umwé'aumﬂ%’mmafﬁ'uL'gaﬂumil,ﬁ'uqmwnﬁ nMsnadavilvi 4
adaldnsmiauanslilugud 7.1- 7.5
ﬁ'aﬁﬁaaﬂ'm'mﬂﬁwwﬁﬁaﬁmiwﬂﬂiLﬁuﬁumaaqmwQﬁ Faudnwneanuturosdunsviiues i

gannaiuduresgamilimuamanySeumheedulilfanaunis

AT
Q= mwcp,w Xt_'

e my, = wavenimlilunmsgaduariniou (0.260 kg)

¢, = MAufaud NIz veu (4187 J/kg K)
ol . g 3 o0
A - M uvesgamgl ("C/s)

NPT 2-109 34 (nasuan v) Feyauasradnwsainnismaseumeiresmiufouditdoud

geasosudigmianasulilumsed 7.1 sl



A19199 7.1 HASWSIINNISNRFRUMIALS Ul s U AT DI UA

m (W/'s) °c/min) gr (U/s) Qi (U/s)
506 0.406 506 441.874
479.6 0.404 479.6 439.697
475.2 0.401 475.2 436.432
473 0.410 473 446.227

5
Y

64

HaAWSIINMINArBUMIATRIMINTouT TR uTdlASeseuiid 4 afsgnidiuanadunsiviaiy

gﬂﬁ 7l LLaxg*tJﬁ 7.4

nSMUERIAUSINUSTTNIaITULIAY

100

&7 50 y = 0.4064x +51.136
& 40 R?=0.9955
(3]

0 T T T T T

0 20 40 60 80 100

L3871, Min

120

d . L7 1.3 1 o) 5 l'-‘ll
E‘U‘V] 7.1 ﬂi’]‘wLLﬂ@Nﬂ"J’WﬂJﬂﬂJWUﬁ'ﬁSWﬂNQW%QQJﬂUL’Ja'lﬂ‘iﬁ‘lfl 1



100

nsuanIpMUdINUSIEndeRmMaInULIaY

y =0.3797x + 50.115
i R?=0.9951

0 20 40 60 80 100

L3871, min

120

:ei al s € I = oas g')’ =
E‘U‘VI 7.2 ﬂ'i']wLLﬁﬂﬂﬂ’]ﬂﬁJﬂMWUﬁiS%?ﬁﬁqEu‘ﬁ@_lilﬂllL'Ja'lﬂi\ﬂﬂ 2

100
90
80
70
o)
° . 60
=%
&® 50
=
o 40
@
30
20
10

nsruanIANAENRUS ST amgfiAuan

y =0.3633x + 51.603
. R*=0.9928

T i T T

0 20 40 60 80 100

L387,mMin

120

o

JUN 7.3 nnuuansruduiussenisgamalifunainien 3

U

65



66

nIuERIAMUTINUSTERINRmn T ULIaT

100 -
90 -
80 ]
o 70 4
o 6 y = 0.4045x + 53.409
g;‘ 50 R? = 0.9697
=" 40 -
@ 30
20
70 -
0 | 5 = T
0 20 40 60 80 100 120
L3871, min

sUT 7.4 nvviuaaeeudunusseninanmaiifunainsed 4

=

7.2 Han1snagaunslniivesnsassuddinasawuugnguIndeudiaszauInanse

HansnAgeUNslniveunIeusawe saMUUgNauIAdauTBasEIIna DA LandlunnT1ed

9-5 (nAwINn 9) ndeyaannsailieyluguveinsndoyaduanslusui 7.5~ 7.7

luguit 7.5 wansnsdrdalriivesasesusnduiusfumiuivasmsese udainnsivaz il
TAAudveaIessudngeuldaimasavilinindvesaIsseudgeiunuaudnduvldideves

LASDLURARNAY



67

maa i w

= A s
ANUDUDIANTBDITUN HZ

JUT 7.5 nsmlannuduiusssniniddiihuazanutveunseseusd

a { 4 < i o
1“3‘1]7] 7.6 Llﬁﬂﬂﬂﬁ”IVIF]'J"IiJa(HZ)"’U‘ENLﬂ%’ENEJUﬂil?ﬂlﬁ'fuﬂﬁ'lwﬁlu“lf’flﬂlLiﬂﬂ')']iJL‘i'J'i’E]‘U"U'EN

A 3 ) 9 — A 1 I~ 2 o S =
AT URA %zllﬂJﬂ DUUNNITAIN Llﬂ3!“@L'Jﬂ]ﬂ’luhlﬂﬂ'ﬂlilﬁ'l‘iﬂll“ll'ﬂﬂ!,ﬂﬁﬂﬁﬂuﬁﬂgﬁﬂﬂ N

6.7
6.5 ///
6.3 -

6.1 r/f

5.9

5.7

5.5 T T T T T T T
1 11 21 31 41 51 61 71

AUD, HzZ

LIA.MiIN

SU# 7.6 nsmAnuduiussEninaAudveLas e s UsiuLEa



68

luguin 7.7 waneansiddlnihiiieSessudamisandalaifiooufunanmndunslugiausn
Aaalnihaglidad Wanamuluidswiies Sunsiinasidondsliiezanailoniassudiliniiug

ynAnUlURaaInALSauRazant ALY uIm

0.05 Ak : ; . : . :
1 & YU/ A \ N s eher 71

na1,min

5UN 7.7 nsalenudusiudssndnsmdslndaduie



unii 8
asUlassnudazdorauanus

8.1 a5UlATeu

NNNIANYIBENLUULAENAFDUANTIALEZYDUATOWB AN oA lagnguInda Ui Base

s

la’imaajﬂmﬂmﬁﬂwmz N1INAFDUANTTOUL VDA UAAUAIL]

8.1.1 masnmnmaaum‘dizﬁwﬁ‘mwmiﬂaumm"iawaﬁmma%ﬁauﬂamﬂmiwmaaumﬂizﬁwé
ammstloumuiouvesdnmesiliiuiadetudlsvhnimeasy 4 psalaeAintstounduainuiey
vasBnmesliiuAeseus? 441,05 J/s

8.1.2 nadwdanmanaaeunsliliinassssuiaineidwuugnguindeuiidassuunansaaguann

mnageumsliiieiateudase Auuugnguiedouiidasvrnaansa lnoldBnmestuunasouniny
fouliifuimSosens seunsmnuieudnseainiruarldausuiusseine HATINNITNAAOULAS DI UK
fusuuasondniidseanuild 0.6 Tad Anand 642 Hz Fnsdounanudauldiuintesgudi
441.05 Jag

8.2 UalauaLUY

nsislavpaeundlwilisiessudiainesiuvugnguindauiidassrunaansaiilislénsu

= ] o o

fhdweunieseuinuluuiiliganuasYgmideduinlim e uadessuddunuuanasiieil

1 2
s ° @ e or =i

Jolgualus Na A dvsueiaularzasarsoseudlunSine lussil

@ U

msteumnudouliuitalowudmsmumilivnganinaviedesauiuly
nesruisrudouliunessssudarslihuruetne
nsenwmsinanudubildindeseudlslumsnasou
nmadenldiagivmnranlunisiduaisssudiieandaminisuaninussiudiy
\AS0IEuA uansieg1ensuaninvestulugu 8.1 wazgUTl 8.2

B e



70

¢ o v oo

lugun 8.1 WARILUTIA U UTBRamaesIviiunnuiIiaanusudsanmuwste e Aoudaly

annsalimusansgnnldiliinnisusninismsAnyianviad uuldunuuds

= A v a <
JUN 8.1 LUsImuguresianalsad

] o a fal o v 7 12 y 1
Tuzui 8.2 uansfuguvasfainawesiinnanuiiioanusudsamuuddodsfouiill

a'mﬁﬂlﬂwuuiaﬂsxwﬂlﬁﬁﬂﬁﬁmm‘mmﬂﬁ’nmmsﬁﬂmi’amﬁmﬁumﬁmul,lﬁa

= v a
U 8.2 MuguvesiawaLtes



(3]

(6]

(8]

LONEITD19DY

Walker G. Stirling engines. Oxford: Clarendon Press, 1980.

Sunpower, Inc. 2011, “About Overview” [Online].Available:

http://www.sunpowerinc.com/about/index.php

Sunpower, Inc. 2011, “Technology Engines” [Online].Available:

http://www.sunpowerinc.com/services/technology/engines.php

William Beale, Gong Chen. “Small Stirling Free-Piston Engines for

Cogeneration” Sunpower,inc. Athens,Ohio June, 1992

Neill W.Lane, William T.Beale. “ A 5 KW Electric FREE-Piston Stirling Engine.”
Sunpower Ine, 6 Byard Street,Athens,Ohio,45701,USA

Neill W.Lane, William T.Beale. “Micro-Biomass Electric Power Generation”

Sunpower,Inc. 182 Mill Street, Athens,Ohio,45701,USA

L.Bowman, ‘N. W. Lane. “Micro-Scale Biomass Power” Sunpower,inc.,P.0.Box

2625, Athens,OH,USA,45701

Jams Huth, Josh Collins. “Diesel Fuel-to-Electric Energy Conversion Using
Compact,Portable, Stirling Engine-Based Systems™ Sunpower, Inc., Athens, OH

45701, USA, huth@sunpower.com, collins@sumpower.com

J. Gary Wood, Neill Lane. “Development of Sunpower 35 We Free- Piston
Stirling Convertor” Sunpower, Inc. 182 Mill Street Athens Ohio 45701 740-
594-2221 ext. 509, wood@sunpower.com

Advanced Stirling Convertor (ASC). 2011. [Online].Available :
http://www.grc.nasa.gov/WWW/TECB/rps_asc.htm

National Aeronautics and Space Administration.2007. “Advanced Stirling
Radioisotope Generator for NASA Space Science and Exploration Missions”
[Online].Available:

http://www.grc.nasa.gov/WWW/TECB/RPS_ASRG %20Handout.pdf



[12]

(13]

(14]

[16]

[17]

(18]

2

Sunpower Inc. 2010, “CryoTelTM MT Family Free-Piston Stirling Cryocoolers
Operating Instructions version 4” [Online].Available:
http://www.sunpowerinc.com/library/pdf/CryoTel%20MT%20user%20manual
%20version%204%20032510.pdf

Sunpower Inc. 2010. “CryoTel—CTTM Family Free-Piston Stirling Cryocoolers
Operating Instructions version 6” [Online].Available:
http://www.sunpowerinc.com/library/pdf/CryoTel%20CT%20user%20manual
%20version%206%20042710.pdf

Sunpower Inc. 2010. “CryoTel® GT Family Free-Piston Stirling Cryocoolers
Operating Instructions version 5”7 [Online]. Available:
http://www.sunpowerinc.com/library/pdf/CryoT el%20GT%20Manual%20versio

N%205%20110110.pdf

Infinia Corp,lne. 2010. “The PowerDish” [Online]. Available:
http://thepowerdish.com/media/pdf/001.pdf

Infinia Corp,lne. 2010. “30 kW Maintenance Free Stirling Engine for High
Performance Dish Concentrating Solar Power” [Online].Available:

http://www.eere.energy.gov/solar/pdfs/csp prm2010_infinia_30kw.pdf

Sutapat Kwankaomeng. 2008. “Design of A Free-Piston Stirling Engine-Pump”

,Mechanical Engineering at the University of Wisconsin-Madison

G.Walker, Stirling-cycle machines, Clarendon Press. Oxford, 1973



dy I dl Y o U 14 ﬁl = 1 gj 1 Y o ¥ € Y ¥
wnanstluenasianulidmiunisidnuienisfinwivingu ldeygnlviluldusslevisunisen

ludnsallagrsau Snvivhudilvidauwdasilon uavdesgdadadivedenarsynasaninisiluly



74

\\\§\
\
I

Sy —D.
‘!l \ \
& -
0\ < el
:.?.‘.. TN \\
-~

dy I dl Y o U 14 d‘ = 1 5 1 Y o ¥ € Y ¥
wnanstluenasianulidmsunisldnuienisfinwivingu ldeygynlviluldusslevisunisen

ludnsallagrsau Snvivhudilvidauwdasilon uavdesgedadadivedenarsynasaninisiluly



i<

1.A52U2UN590 1-2

1
1 o I

Buduil 1-2 gaguindsludiudiumsdnsdesiedeuiinnegfisumugudemeuu
drugnguiiaimaies Tudiuiunnsvesegia ansvirnuasgndaludiuuiunsdaviildniy

wiiadu diugaumgiavaiimsziinisasauiouannUsuinsdaundadannden

. w0

Pl P [T ] Sy S —
- \\t !




2.N52UUNN5V818AQ 2-3

Suduil 23 gnguiamaweifiogludiuinsdanasdiuasvensasiadeud
wiouqfulasgnguideiieglutiinmsdnsiedeuiiluddooainnes @nauileglutsunms
ve18ziadeviionnluarniiesiuaisined) v liviunslusuiunsiaed arsiauay
\ndeuiindnassminiineiueinmefindwuuinnsueny Fofuiigumgiiazdoe
wWasudugamgiigdasazlitunsiemeuiouaniveiueisined vwiunsigunaie

Wndulur e AUSInsAeLas AUAULRLT Y

M

P

P

T4

I

T4




77

3.N53UUNTEN 3-4
Buduil 3-4 gnguiainawesiegluliuesveisdes indeufioanainiiauiuels
wasindsrudmenns vugignguidsludiudneglefigudmevu @Eafuiiauueiisines)

YUIMstimuduanas vasivTuinsgedu gungidaadimssdnisléfuanuiauain
wramasuAuTeunguen

o]

™ L]

fPAM




78

4 NTTUIUNITVEY 4-1

nsgavheluigdnsdusiui 4-1 lusswinfignguisassidnadauiindundougiu
asvhnuasiedeuiiSinuLeiisne (Whinsasd) ANTRULYNENBLNAINATYINIUES
wuesiawe$ iliasvhuiiounglanasaugamiivhas enufeufignaioivgiiauues
e siuazgnliluruiums (2-3) iedemaafeudansiusnads

3 - .
'
2 | 2
\
] o e e e g PAL o e o o o ._3.-_- R 2T | S p— g

| I 1/ N D
T4+ 2 T+ 2 T# 2

—
-




AMARNUIN U

NAANSINNISNAGDURI AN T oL o UL LASa s ue

79



e YR v o & o
M1374949N V-1 LLﬁﬂQNaﬁWﬁﬂqﬂﬂquIﬂﬂa‘UWqﬂqqu%’au{]auuﬂqlﬁsaﬁﬂuﬁﬂ'ﬁﬂ‘w 1
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Experimental Investigation of a Free-Piston Stirling Engine
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Abstract

A Btirling engine is o hot gas engine that can be used with multi-fuel choices as the heat source. The Stirling
engine, therefore, is a potentiol engine which provides power fram bicmass, solar energy, or other fuels. The
free-piston Stirling engine (FPSE) has good advantage in size over other types of Stirling engimes. The FPSE consists
of two dynamic pistons, displacer and working piston, reciprocating m along the same eylinder or in-line cvlinders
resulting in & compaet Stirling engine. The objective of this research is to test and avaluate the performance of the
FPSE. The FPSE prototype has swept volume of 23 e, the displacer and working piston diameter of 4.4 cmand 2.7
em, respectively, and the displacer and working piston stroke of 2.1cm and 4 em, respectively. The prototype is heated
by alcohel busner and cooled by air. The engine is pressirized at an atmosphieric pressure of air as the working gas. The
expenimental investigations were condueted in order to obtuin the engine churacteristics. The testing results of the
FPSE showed that the engine obfained cutpat power about 0.1 W at 730 rpm of engine speed with the input heat of

10.45W.

[Keywords] Free Piston Stirling Fugine, Stisling engine, Prototype,

I Introduction

Global warming and environmental pollations ars
continuing affact and beconte a serious problem. Emission and
heat velease from energy conswnption is one of the major
sources that produced by energy conversion system from
househiolds,  ransportations. industzies.  Searching
renewable or sustainable energy and altemative engines is
negessary to obtain efficient engine end compete conventional
engine. Stirling engine, first patented by Rebert Stirling in
1816, is ome of mechmical device that convert heat from
mmilti-fuels o be wsefel work. Many applications were
investigated and integraled with the Stirfling engine such as
water pump. generater, linear altemator, hydraulic pump and
ake,

and

The basic free-piston Stirling engine, developed by
Professor Beale [Walker, 1973] of the University of Olie int the
early 19605, hns potential advantages because it is self-starting,
and requires no erank mecharism snd is hennetically sealad.
His suceessful invention leads Sun power Ine of Athens, Ohio
o produce a free-piston Stirling engine commercially for
example: the SUNPOWER SPIKE. The clever design of Sun

power Ine, m ousing a linewr alterator with a free-piston
Stirling engine provided high electrical efficiency and long life
but the alternator was large and expensive [Graham, et al,
1994; Lane and Beale, 1996, Lana and Besle, 1097].

Wood, et al, [2001] stadied the thermodynamic
performance and characterization for three models of eurrent
Sun power {ree-piston Stirling engines: 35 We, 80 We and 1.1
KWe. Sun power engines achieve overall efficiencies of
greater than 55% of Camot efficlenicy. Even though these
engings require no further development to achieve their
performance targets but also they need to be hermetically
sealed for fusther development, The engines are projected fo
have specific power values exceeding 90 Wkg in their final
hermetic sealed forms. The engine modules are now being
integrated an to power generation systems for both military
and commereial systems.

Wood and Lane [2003] presented the preliminary
design for a linear motion frec-piston Stirling engine / blower
coupled 10 & rotary turbine /generator. The design combines
several features of protolype free-piston machines that ars
nearing commercial production. This approsch promises fo

* Corresponding author, Tel.: (66)89545-4543; Fax: (66)2329-8336 E-mail address, f_ue_49@hotmal com
1 Department of Mechariedl Engineering King Mongkut's Institute of Technology
Ladkrabang Chalongkrung Rd, Ladkrabang 10520, Tel. 0-2320-8351 Fax, 0-2320-8332
2 Department of Chetmstry, Siam University. Phasichareon, Bangkok, Thailand, 10160,
3 Department of Mechumical Engineeting, Departiment Agrieultural Enginering, Faculty of Engineering,
King Monglut's Instinute of Technology Ladkrabang, Bangkok, Thailand, 10520
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extend the commertcially practical rangs of frez-pision Stirting
engine/ electric seneralors. The Stirling driver is comprised of
Wwo convintional, displacer types, frec-piston engines
confizured s & dynamically balanced oppesed pair. Using the
outer face of s power piston, each enging drives s
single-acting blower. The single tarbine / pencrtor use
commercist units and are separate from the engines and
connected by ductwork. The aupines and frbines utitize the
same helinn working fluid.

i, o al, [2005) proposed the desion of an
advanced small 35 Watt freepiston Stiling engine with
integral lincar alternator for space power wpplications. Nolable

atures of the desien are high thennal to electric snerpy
conversion effieiencics (exceoding 50 pereent of Camot) and
high sperific power (108 Wikg). The predictions & efficiency
and power are reasonable cansidering recently achieved pains
in performancs of the larger Sun power EG-1000 engine. Kim,
ol al, {2005] diseussed, that there wre signifieant efficiency
advantages when scaling Stirling engine shown in powen The
sinail Stirling engines should have very hish themsdynumic
perfonnance whike maintaining the simplicity and strictural
seliability of monolithic heater head constrution
Vichaidit, e al, [2009] designsd, manufactured and
tested the free piston Stirling engine having 46.65 an’ swept
volume. The prototype was operated with temperatirs in the
range of 100 °C - 280 °C a0 stmospherie pressure
Frequency-stroke characteristics of the engins ware measured.
The cxprimental resulls showsd that the masimu ontpul
power of 4.69 W was obtained at the hot space and cold space
femperature of 163 °C and 40 °C, respectively, and frequency
stroke of 4 Hz and 40 mmy, respectively
Rwankaomeng - and  Promvongs  [2014]
presented numerical and experimental study of & free-piston
Stirling engine (FPST) with prcumatic output. A free-piston
Stirking enging (FPSE} was designad and mamafacted which
works at relatively fow differsntial temperatore The FPSEisa
beta type configuration. The FPSE couples with 2 pneumatic
evlinder. The hot end of the displacer cylinder was heated
with electric heater af 250°C maximum temperature, The other
end of the displacer eylinder was cooled with a waler
cireulation having 40°C temperature. The power piston was
conneeted to the piston of preumatic cylinder for lifting load.
The engine was opersted at the initial pressws at
approximalely 6 bars. The testing results showed that the work
and powser was oblained at 1.5 bars of pressure difference and
20 epm engine spead of 12.5 N and 4 W, respectively, while
the work and power, from the simulation results were 13 Nm
and 5 W, respectively, al the same operating condition and
enging specification.

Although manv research works of FPSE have been
conducled and developed, this rescarch intends to design sl
FPSE with reasonable powsr md efficiency including
reliability. Thic paper presents the preliminary tested of the
FPSE prototype under poor eperating conditions such as using
attnospheric pressurized 4ir as & working gas and alcohiolic
burnzr as 2 heat sonree.

11 Engine Configuration and Specification

Stieling engine has major dynamic parts which are
two pistons. The fight weight piston with loose fitted in the
evlinder is eatled displacer while the close £it piston producing
werk is called working piston o power piston, The gas inside
the gngine is circulated between the hot and cold section of
encine which are called expansion and compression space,
respectively.

The single acting Stirfing cvcle engines ars typically
calegorized by structure in three different configurations such
as alpha, beta and gamme types as shown in Fig. 1. The alpha
Fenture shown in Fig. 1 ) has Iwo separately oy finders for the
expauision and compression spaces and each contain a single
piston. The bela fonk has twe pistons sliding in the same
<ylinder as presented in Fig.1 (b). The gamma configuration
vonsists of two eylindors and two pistons that share the
compression space between those two cviinders,

() The alpha envine configuration

Cooles

{b) The beta engine confisuration
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{¢} The gammz Stirling engine configoraion
Fig.1. Structure of alpha, beta and gamma

The FPSE components are presented in Fig.2. The
mofion of the displacer and the working piston wre confrolled
by flaw of the working zas between hot and cold spaces or gas
expansion and compression zones, respectively. As the
working gas expands at the hot space, the displacer maves and
compresses the working gas af the cold space pushing the
working piston to give power stroke from FPSE. The working
piston, hence, can be extracied 1o be uselul work or power,
Affer the working piston gives the power stroke, the displacer
and the working piston are refurned fo restart the new cycle
motion by gas spring and bounce chamber, respectively.

Fig.2 Structure of a free-piston Stirling cngise

2.1 The EPSE Prototype

Fhe prototype i monifsciured s lustrated
Fige. 3. The engine has four crucial components such ac
displacer, working piston sud two of their cvhinders. The
power piston and its cylinder are made of brass and stainless
steel, respectively, for fow Fricfion wd durbility us depicied in
Fig. 4. The aluminam fins around piston cylinder in Fig. 4(b}
wert shaped fur oir cooling the compressed gas betwaen the
displacer and the working piston. The displacer and itz
cylinder are fabricated from ahaminum and sainless stecl,
respectively.

Fig. 3 The TPSE prototype

{a) Power piston (b} Power piston cvlinder
Fig. 4 The piston and it cvlinder

() Displacer (b} Displacer ey linder
Fig. 5 The Displacer md s eylinder

2.2 FPSE Specification
The specifications of the FPSE are given in table 1.
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volume diagram. The relationship of electric power generation
of FPSE and time is provided in Fig.12. Heat loss to the
anbienl air is the major problem vasing low oulpst power,

101385

5828

Working gas pressura,(kPa)

Timiefs)

Fig. 10 The working gas pressure of engine with fime

Warking pressure, (kPa)

Totak volume, fun’y

Fig. 11 Pressure-volume dingran of one cycle of engine
mniing

o0
LT T
B8 -
ous 4
005 ¥
004 -
005

Power,fwr}

Qo -
Rk

i 5 %

Thne,{s}
Tig, 12 The relationship of electric power generation of FPSE
and time

V. Conciusion

The FPSE prototype was preliminary tested and
evalunted engine charncteristic and  performance. The
prototype is heated by alcohol burner and cooled by air, The
engine ie initinfly pressurized ot 1 ba. The testing resolts of
the FPSE showed thal the engiie obiuned oulput power ubout
O.10W at 730 rpin of engine speed with the input heat of 10.45
W. However, the preliminary fests of the FPSE prototype were

conducted under poor operating conditions such as using
atmospheric pressurized sir a3 a working gas and alcohol

btarner us @ low heat source,
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ABSTRACT

The stable operation of & 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. Isothermal analysis is considered in the
simutation. Dynamic motion of engine pistons such as the
displacer and the power piston are both obimed. For
engine design, the optimum parameters are given such as
engine specilications, enging chatacteristics and working
conditions Lo vield the maximum - efficrency and
relmbility. The protowpe was built and fested. The
comparison of bath experimental and simulation resulis
are provided and discussed,

Keyword: Dynamie, Free-piston Stirling ¢ngine,
Issthernual, Optimum, Stirling engine.

INTRODUCTION

Global warming affects signifieantly on the corrent
climate i all arcas of the world Many researchers
mvestigated that the increasing of world temperatore
resulis from the rise and excess of COuis the major
problem beasase of green house effect. The main souree
of €O, iy come from fossl fuel combustion as i
sutomobile, mternal combustion engine(ICE) machine,
mdustrial factories,  power plants and ete. Fossil fuel,
even though, provides sich high energy and meets
reguirement but it alse gives 0. and  peflutions.
Alternative and renewable energy. therefore, was used {o
compensate and reduce exeess COy such ag blomass and
solar energy. Stiding engine, first patented by Robert
Stirling in 1816, is 8 mechanical device that ¢an be used
to convert heat from vlti-fuels to be useful power
without combustion inside the engine and o pollution.
Mamny applications were investigated and integrated with
the Stirling engine. Free piston Stitling engine (FPSE)
was invented by W, Beale. Madern Stirling engine was
developed by using advanced fechnology materials and
manufacturing  processes.  Consequently, FPSE & o
potential and perspective engine for the practical use in
both present and future.

Wood J G, et al |1} studied the thermodynamic
performance and charcterization for three models of
current Sun power free-piston Stirling engines: 35 W_ 80
W oand 1.1 kW, Sun power engines achieve overall
efficiencies of greater than 55% of Carnot effisiency.

Comesponding Author: Rkandan@insitt acth

Rogdakis ED. et al, [2] presented the thermodymamic
mvestigation for the optimization of stable operation of
FPSE. The equations of the angular velocity are solved
analyticaliy in terms of mass of the working gas and the
displacerspiston phase angle of the machine. Using the
eriterion of stable engine evelie steady operation, a
mathematically rigorous form is obtined for the main
parsmeters.ef the engine. The thermodynamic magnitudes
dre obtained by using the Schmidi analysis (sothermal
modeld.

Kim S ¥. et al, [3] proposed the design of an advanced
small 35 Ws FPSE mtﬁ integral finear afternator for space
power applications. Notable features of the design are
high thetmal (o clectric energy conversion cffictencies
%meedin 30 percent of Camot) and high specifie power

~100 Wikg).

Boucher §. et al, {4] presented the dynamic behavior of
% clual free-piston Stirling engine (DFPSE) coupled with
an asynchronous linear alternator. Thev evalmted the
therme-mechanical conditions for stable aperation of the
engine. The DFPSE produces a mechamical power of 1
kW and it has a design operating point of 1.4 MPa
carresponding to the frequency nboul 22 Hz Helium is
the working fhuid.

Vichaidit M. ot al, [5] designed, manufactured and
fested the free piston Stirling engine having 48,65 em’
swept volume. The prototype wes operated  with
temperature g the range of 100 “C . 280 °C mt
atmospheric pressure. Trequency-stroke chameteristies of
the engine were messwred. The experimental results
showed that the maximum output power of 469 W was
obtained at the hot spage and cold space  temperature of
163 %Crand 40 “C, respectively, and freguency and stroke
af 4 Heand 40 mm, respectively

Kwenkaomeng S. ¢t al, [6) presentsd performance of
FPSE with the swept velume of 23 em®. Engine was
unpressurized. Air is used as the working gas. The
protolype is heated by alcohol bumer and cooled by air.
The testing results showed that the engine obtained output
power about 010 W oat 730 rpm of engine speed with the
input heat rale of 1045 W. However, the reseazch is anly
 prelininary experiment to determine the performance of
the emgine. This sudy, therefore, was conducted
experimental tests i order to evaluate the appropriste
valee of crucisl parameter for the stable operation of the
engine
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Nomenclature
Ay The cross-section area of the displacer (m?)
Ay The cross-section area of the piston (m?)

Ay, The cross-sectionarea of the displacer rod (m®)
Dy The damping coefficient of the displacer motion (Nsm™")
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)
Pasisy The atmosphere pressure (Pa)
2 The compression volume pressure (Pa)
B, The expansion volume pressure (Pa)
Pk The maximum pressure (Pa)
Ppean  The mean pressure (Pa)
P, The working volume pressure (Pa)
R The working gas constant () kg K)

1 Time (s)
Sa The stoke of the displacer (m)
So The stoke of the piston (m)

14 The cold volume temperature (K)

T, The hot volume temperature (K)

j The mean temperature of the regenerative channel (K)
A The volume of the cold space (m?)

| The volume of the hot space (m?)

Ve The dead volume of the cold space (m*)

Vip, The dead volume of the hot space (m?)

X The dead volume ratio

X4 The displacement of the displacer (m)

X, The displacement of the piston ()

Xy The acceleration of the displacer {m)

&, The acceleration of the piston (m)

8 The calculation parameter

T The temperature ratio, T /T,

k The swept volume ratio, V. /V,

«a The phase angle

GENERAL PRINCIPLE

A. Free Fiston Stirling Engine Configuration

Stirling engine is hot gas engine which include two
dynamic parts, displacer and power piston. The gas inside
the engine 1s 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 eylinder. The displacer moves Regenerator

the working fluid between the hot space and the cold
space mside the cylinder through the heater, regencrator
and cooler. The power piston 1s located at the cold or

compression space of the cylinder while the displacer is Expansion

placed between expansion and compression spaces Space
Both displacer and power piston are reciprocated

linearly in engine cylinder under gas spring or other

spring forces.

Fig 1 . Schematic of FPSE.
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Process 1-2
Isothermal

Process 2-3
Constant-volume
heating

Heawr
Process 3-4
Isothermal
expansion

—

Hexer

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 1s high enough to
lift against its own weight, that transfer gas to expansion
space, rising the pressure still further so that eventually
the displacer 1s 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 1s 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 1o
the maximum, it is then kept at rest at its TDC. The
working flwid-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
1s applying force to create mechanieal 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 o the load, 1t remains stationary and is
ready to ravel 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 regencrator, 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
71

C. Schmidt’s Theory

Schmidt assumptions are typically used in the basic
analysis “of the Stirling engme 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. I, thus, remains highly idealized, but
is certainly more realistic than the ideal Stirling cycle [8]

FREE-PISTON STIRLING ENGINE (FPSE)

A. FPSE Prolotype

Free piston Stirling engine was invented by W. Beale.
The free piston Surling engines (FPSEs) have no
kinematic mechanism coupling the reciprocating elements
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%pXd (em)

Newton’s second law yields:
F+Fopmng + Fampmg = M- & (8]

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

Mpip =P - atm}AP - Dpd (*p + %) @
The displacer:

My%y = (P - P)A; + P Ay — kX4 -

(de + Dh)(xp) 3)

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

X;= %sd - sin(wt) (@
X, =35, - (sin(wt - )) &)
Vi = AgXy + Vg, (6)
V‘: = A‘]Sd T VI: ar APXF + V,_", (7)

B. Thermodynamic Analysis

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

Ve | Vao . Ve (W vy 1
P=MR(31%%:~;Y|-7:‘—|$) (8
T o
Proean = P (‘{:E‘)Uz 9)
Where
3

&= (' 4+ k* 1 2thcos)7/(T 4 k | 25) (10)
S=(0X7)/(r+1) (an
X=Vi/Va (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.

Time ()

Fig. 6. Piston and displacer stoke at frequency of 6,4 Hz,

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 lemperature 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 resull of 146.29 and 134 kPa, respectively.

]

‘rxlﬂ
145 '——\___
By \\\‘\
F ~,
' N,
A 1
z
=
&
13 1
o
y5p "\___ 1
I%u 1;5 118 A:' |l)‘.| 124 126 1 13

Volume {cubic meter) Sl

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 altemator,
Ammeter and voltmeler were used to measure the engine
power. Multi-meter was utilized for monitoring the piston
reciprocating speed in form of frequency,

The prototype was sel up and fested as shown in Fig. 8.
Tswao UT-30C digital multi-meters were used as ammeter
and vollmeter, One UN-860C multi-meter was used to
measure frequency of the engine.

Voltmeter Ammeter  Multi-meter

Fig. 8. The FPSE and test equiprnent.

B. Experimental Result
The preliminary experiment was conducted in order to
find the hot temperature, T, at the heater section of the
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