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TitAog epyaociag: Zyediaon kot umtoAoyLoTiKY Tpoocouoiwaon TPOTUNNG unxovhg Stirling —
AvdAuon tng por¢ oTov avayevvnTh Kol TOPAUETPLKN LEAETH.

Ol pnxaveg Stirling elvat pnxoveég e€wteplkng kalong oL omoleg epeupednkav mpLv amnod
TEPLOOOTEPO amd SU0 ALWVEG, AAAG N avaykn yla entitevén vPnAwv BepUoKPACLWY Kal
TUECEWY eUMOSLoe TNV avamtuén tout. Katd tig tedeutaieg Sekaetieg £xel avaBeppavOel to
EPELVNTIKO eVOLOPEPOV OXETIKA UE TLG LNXOVES Stirling, oL omoieg Asltoupyolv elte wg
KLVNTAPEC YLa TTapaywyr] €pYou elte w¢ PUKTIKEG UNXAVEC. H epyomapaywyog pnxovn
Stirling mepl\apBavel mévte xwpoug. H cupmieon kat n eKTOVwon Tou agplou
T(POLYLLOTOTIOLELTOL OVTLOTOLYOL OTOV XWPO CUMTIESNC, UTIO XaunAn Beppokpaacia, kal otov
XWPO EKTOVWONG, UTO uPnAn Bepuokpacia. H unxavr npooAapBavel Bepuotnta ano
e€WTePLKA TINYN LEOW TOU Beppavtrpa Kot armoBAAAeL Bepuotnta mpog To epBAAiov pEow
tou PUKTN. TEAOG, 0 avayevvnthg Bploketal avapeoa otov Bepuavtrpa Kot tov PUuKTh Kal
MECW TOU UETOAALKOU TTAEYLOTOG TIOU SLABETEL, AELTOUPYEL WG EVOG ECWTEPLKOG EVOAAAKTNG
oToVv omolov amoBnkevetal BeppodTnTa.

Y10 mAaiolo tn¢ StatplBrg oxedlaobnke mpotuTn unxavn Stirling B-tumou, n omoia Baciletat
oTnNV Epyomapaywyo pnxavn Stirling GPU-3 tng General Motors. H mpotumnn pnxavn
pooopolwBbnke og umtoAoyLotiko reptBariov (CFD) pe xprion tou Aoylopikot ANSYS Fluent.
H HEeAETN evePYELAKWY CUOTNUATWY LE XPHON UTTIOAOYLOTIKWY HEBOSWV MapEXEL
mAnpodopleg OXETIKA e OTOLXELO TNG AetToupyiag Toug, Ta omnoia Sgv pmopolv va
peAetnBouv amnod ta undapyovta avaAuTikd povieda. Ot puBuioelg tng mpooopoiwaong
TPOCEyyloav o€ HeyAAo Babuod tn Aettoupyla pLag MPaypaTIKAG LnXavnS. H mpooopolwpévn
TPOTUTN Hnxavh Asttoupyel pe HALo Kot e TtaxVutnta neplotpodnc ion pe 2500 rpm. H péon
Tiieon NG unxavng eival ion pe 45 bar, evw n npdoAndn kat n andppupn Beppodtntag
Aappavouv xwpa os Beppokpaocieg loeg pe 977 kot 288 K avtiotouya.

YTnv epyacia mapouctaletal apXLlKa N XPOVIKA LETABOAN TwV BACIKWY LELOTATWY TOU
epyalOpevou PEoou. 3TN ouvéxela, Sivetal épdaon otn HeAETn datvopévwy Omwe n LTaPEN
XPOVLKWV SLaoTNUATWY KATA Ta onola n kateuBuvon tou aegplou dev elval opoldopopdn oe
OAOKANPN TNV HNXavr, N TTwon Teong ota Opla TOU oVayevvnTh, N TaxUTNTA ToU aepiou
€VTOC TNG LNXOVAG KAL N XWPLKH KATOVOUH TNG BEpUoKkpaciag Tou aepiou oToug eVAANAKTEC.
ATO TN HeAETN TG BepLOKPACLAKIG KATOVOUNG TIPOEKUPE TTWG €lvVaL TTPOTLUOTEPN N UEAETN
TWV eVAAAOKTWY BepUOTNTOC O€ EMUEPOUG TUAUaTA. MNpaypatomnol)nke ocluyKkpLon TNG
TITWONC Tieang otoug eVaANAKTEG BepudtnTag unod otabepr Kat MaALVEpOULKE pon.
E€etdoBnke n petadopd BepuodTNTAG OTOUG EVAANAKTEG TNG UNXAVAC. OL CUCYXETIOELC TTOU
TPOoEKU P av cuyKPLBNKaAV EMITUXWG UE EVPEWG XPNOLUOTIOLOUUEVEG OEWPNTIKEG CUCYETIOELG.
Kata tnv mpocopoiwon, umrpxav nnyég anwlelwyv Bgpuotntoc KoL £pyou oL omoieg Sev
oupunepAndOnkav yio Adyoug amdomnoinong. Ot anwAegleg auTtéG utoAoyilovtal emTA£oV
Baoel Twv anoteAeouATWV TN MPooouoiwong. H mpotumn pnxavn mapayet woyv ion pe 4.99
kW, evw o evBelkvUpEVOG KL O TEALKOG BaBpog anddoorg tng eivat oot pe 40.3 % kat 33.8%
avtiotolya. To evEEIKVUEVO KOl TO TTapayOpEVO £pyo avd KUKAo Asttoupyiag eival ioa pe
143 ka1 119.7 J, evw n mpoodidopevn Bepuotnta eival ion pe 354.7 J. O teAkog Babuog
anodoong TN MPOTUTING LNXAVAE KAl OL EMUEPOUC AOYOL TWV ATIWAELWVY BepuoTnTag
CUYKpLVOVTOL EMUTUXWG PE SNUOCLEVUEVA amoTEAEopATA TNG UnXavng¢ GM GPU-3. Mpwv tn
oUYKPLON, TIPAYHATOTOLNONKE avaywyr) TN YEWUETPLAG TNC MTPATUTING UNXOVAG OTN
vewUeTpia tng GM GPU-3. H mapayopevn oxUg TG MPOTUTNG LNXOVAC LUE avaywyr) otn
vewpetpia tg GM GPU-3 sivat ion pe 4.7 kW. To ev8eLkVUEVO KOL TO TIOPAYOUEVO £pYO
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elval ioa pe 136



kot 112.7 J avtiotolya. H Beppodtnta mou npoobiSetal otnv unxavn sivat ion pe 350.7 J,
OVTLOTOLXWVTOG O LoXU ion pe 14.62 kW. O evdelkvipevoc Babuog anddoong g
T(POCOUOWWUEVNC TIPOTUTING UNXOVAG elval ioog pe 38.8%, katd 3.8% LeyaAUTEPOG ATIO TOV
TELPAATIKO evEelkvUpEVO BaBuo amodoong thg GM GPU-3 (35%). H oxeTikr amokALon
peTafy Twv Babuwv anodoong elval katw amd 10% kot Bewpeital pikpn. MBavwg
odelleTOl OTOV N UTTOAOYLOUO KATIOLWVY EMUTAEOV TINYWV anwAglwy Beppotntag. OL
OMWAELEG BEPUOTNTAC TNG LNXAVIC QVTLOTOLXOUV 0TOo 16.6% TNG OUVOALKA TIPoadLEOUEeVNG
BepuoTNTAC. H TLUN aUTh BPLOKETOL EVTIOG TOU MPOTELWVOLEVOU £UPOUG yia Thv GM GPU-3. H
TELPAATIKA TTApAYOUEeVn LoxUG TnG GM GPU-3 elval ion pe 3.96 kW, katd 15% xapnAotepn
O€ OX€0N LLE TNV TIOPAYOHEVH LOXU TIOU TIPOEKUYPE KATA TNV MPOCOKOLWON KETA TNV avaywyn
oTn yewpetpla tng GM GPU-3. Eva TuApa tng amokALlong autng Bewpeital mwg odeiletal
OTOV UTIOAOYLOUO ULKPOTEPWY ATIWAELWV £PYOU GTOV KLVNUOTLKO LNXAVIOUO TNG UNXOVAG.
Oewpeltal OPWCE TWG UTIAPXOUV TINYEC AMWAELWY £pYOU OL omoleg Sev UTIOAOYICONKAV KOTA
NV €peuva.

ISlaitepn gudacn 560nke oTIG LBLOTNTEG TOU €PYALOUEVOU HEGOU GTOV QVOYEVVNTH TNG
pnxavng. MeletnOnke n afovikr petaBoln tng Beppokpaciog Tou aspiou KoL Tou
METAAALKOU TAEYUATOG, TNG LETAPOPAG BEpUOTNTAC, TNG MTTWONG TIEONG KAL TNG TaXUTNTAG
Tou gpyalopevou péoou. Mpogkuav Xwpo-XPoVIKEC eELCWOELG, OL omoleg umtoAoyilouv pe
LKOVOTIOLNTLKNA OKPIBELa TNV TIUN KABE LeYEBDOUC yLa OTIOLASHTIOTE XPOVLIKN OTLYUr i B€on
EVTOC TOU avayewvnTr. OL eELOWOELG AUTEG UTTOPOUV va XpnoLpomnotnfolv o Eva avaAUTIKO
HoVTEAD LEAETNG Lnxavwy Stirling wote va BeAtiwaoouv Tnv akpifeld tou.

EmektaBnke to undpyxov avaAuTtiko adlaBatikd povtélo Seutepng TAng, WoTte va
cupmepAABeL patvopeva OMWCE OL EVIOTILOPEVEC ATMWAELEG TileEoNG, OL AMWAELEG BeppoTnTAg
KOLL OL ATIWAELEG €PYOU OTOV KLVNUATIKO UNXOQVLOUO TNG UNXavnc. Ta anoteAéouota mou
TPOEKUP AV OO TO OVAAUTIKO HOVTEAO yLa TNV TPOTUTIN UnXavh NTav o cupdwvia pe ta
anoteAéopata TNG Mposopoiwaong. H olykpLon HeTal TwV ANMOTEAECUATWY TILOTOMOLNoE
TNV YyKUPOTNTO TOU AVOAUTIKOU LOVTEAOU.

210 TEAEUTOLO KOUUATL TNG Epyaoiag MapouaLAleTal N MAPOUETPLKT) LEAETN TNC TPOTUTING
MNXaVNG UEe XPron UTtoAoyLoTIKWY HeBodwv (CFD). MeAetnBnke n eniSpacn AELTOUPYLIKWV
KOl YEWMETPLKWV TIOPOUETPWY, OTIWG N TOXUTNTA MEPLOTPODNG, N Tiieon Asttoupylag, ot
YEWMETPLKEG TTAPAUETPOL TOU QAVAYEVVNTH KoL oL Ogpokpacieg Tou Beppavtnpa Kot Tou
PUKTN TNG UNXAVAG. AoKLLAGONKE éva LeyaAo eUPOG TILWV YLa KAOE TAPAETPO Kol
npogku e pla oadng elkova yla Ta opla Aettoupylag tTng pnxavng. Ektog amo tnv anodoon
NG UNXAVNAG, e€eTA0ONKE N eMiSpaon eMIAEYUEVWY TTAPOAUETPWY OTNV KATAVOUN TNG
Bepuokpaciog oToug EVAANAKTEG TNG LNXAVAC, TNV ITTWOHN TNG TTleong Kal thv petadopa
BepuodtnTag. TENOC, CUCXETIOBNKE TO £pY0 KAL N AMOLTOUHEVN BEpUOTNTA UE KAOE
TLOPAUETPO TIOU HEAETAONKE. H oUYKALON PETALY TWV CUOXETIOEWV KOL TWV OMOTEAECUATWY
NTAV LKOVOTIOLNTLKI, TTOPEXOVTAG TN Suvatotnta yla dia cadn ektipnon tng Loxvog KoL tng
anoedoong NG UNXAVAG o€ OAO TO EUPOC TLLWV TWV ETUAEYUEVWV TTOPAUETPWY TIOU
SoklpudaoOnkav. H peAétn autr Unopet va anoteAéoel Tn BAcn yla L0 TIOAUTIOPAUETPLKNA
avAAuon TN MPOTUTING UNXAVNG OTO UEAAOV.

IXETIKA He TBavr) HeANOVTIKA €pguva BaCLOPEVN OTNV Tapoloa pYacia, TTPOTELVETAL N
TPOTOTMOLNOoN TNG YEWUETPLAG TNG UNXAVAG Ot eTIAEYUEVA onpueia yia tn BeAtiwon g
anddoong NG, KaBwWe Kot 0 SLaywPLoUOC TWV eVAANAKTWY OepudTNTOC OE EMIUEPOUG
Tunpota. MNpoTtelvetal emiong n eKTEAECN TNG MAPAUETPLIKAG LEAETNG O UKPOTEPO EUPOG
TWV TAPAPETPWY, WOTE Vo evionioBel to BEATLOTO onpeio Aettoupyiog tng MPOTUTNG
MNXAVAE WE TTPOC TNV TIAPAYOMEVN LoXU Kol TV anodoon Tnc.
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Dissertation title: Design and computational study of a prototype Stirling engine: Analysis of gas flow in
the regenerator and parametric study.

Stirling engines are external combustion engines that were invented more than two centuries ago, but
their development was hindered by the need to achieve high levels of pressure and temperature for their
effective operation. However, research interest in Stirling machines has been renewed during the last
decades. Stirling engines may operate either as work-producing or as cooling machines. A Stirling engine
consists of five spaces. Working gas compression and expansion take place in the compression space
under low temperature and in the expansion space under high temperature, respectively. The engine
absorbs heat from an external source through its heater and rejects heat to the environment through the
cooler. The regenerator is placed between the cooler and the heater and, through its metallic matrix acts
as an internal heat exchanger for heat storage during the cycle.

For the purposes of this dissertation, a prototype beta-type Stirling engine was designed, based on the
GPU-3 Stirling engine by General Motors. The prototype engine was studied in a simulated environment
of Computational Fluid Dynamics (CFD) with the use of ANSYS Fluent software. The computational study
of energy systems can provide information about aspects of their operation that cannot be studied by the
already developed analytical models. The setup of the simulated engine closely approximated the
operation of a real Stirling engine. The working gas of the simulated engine is Helium at a rotational speed
of 2500 rpm. The mean pressure of working gas is 45 bar. The values of the temperature under which the
engine is absorbing and rejecting heat are equal to 977 K and 288 K respectively.

The dissertation presents first the temporal variation in the main properties of the working gas. Emphasis
is given to the study of phenomena such as intervals in the engine cycle, when the direction of gas flow is
not uniform in all the engine spaces; the drop of gas pressure at the boundaries of the regenerator;
patterns of gas velocity inside the engine; and spatial distribution of temperature in the heat exchangers.
The study of variation in gas temperature led to the conclusion that the heat exchangers of the engine
have to be examined in separate parts. The drop of gas pressure inside the heat exchangers was compared
under steady and oscillating flow. Finally, the heat transfer in the heat exchangers was studied. The
resulting correlations were comparable with widely used theoretical correlations.

For the purposes of simplification, the simulation did not take into account specific losses of heat and
work output. These losses are calculated separately after the end of the simulation and based on the
simulation results. The output power of the prototype engine is equal to 4.99 kW, while the engine’s
indicated and real efficiency is equal to 40.3% and 33.8%, respectively. The indicated work and the work
output per engine cycle are equal to 143 and 119.7 J, respectively, while the heat input equals to 354.7 J.
The efficiency of the prototype engine and the ratios of the calculated thermal losses to the heat input
are comparable with published results of the GM GPU-3 Stirling engine. The results obtained from the two
engines are in good agreement. Before the comparison, the results of the prototype engine simulation
were reduced to the design characteristics of the GM GPU-3 engine. The power output of the prototype
engine, thus reduced, is equal to 4.7 kW. The indicated work and the work output are equal to 136 and
112.7 J, respectively. The heat input is equal to 350.7 J per cycle, corresponding to input power of 14.62
kW. The indicated efficiency of the prototype engine, after reduction to the GM GPU-3 geometry, is equal
to 38.8%, that is 3.8% higher than the experimentally indicated efficiency of the GM GPU-3 (35%). The



relative deviation between the resulting indicated efficiencies is lower than 10%, which is considered a
low value. This deviation is probably due to the fact that some additional thermal losses were not
calculated. The calculated thermal losses are equal to 16.6% of the total heat input; this value is within
the suggested range for the GM GPU-3 Stirling Engine. The experimental work output of the GM GPU-3
engine is equal to 3.96 kW; this value is lower by 15% in comparison to the power output of the simulated
prototype engine, after the reduction mentioned above. This deviation is considered to be partly caused
by the calculation of lower work losses in the engine’s kinematic mechanism. However, it is assumed that
there are extra sources of work loss that were not calculated during the research.

Particular emphasis was given to the properties of working gas in the regenerator of the engine. The axial
variation in the temperature of working gas and metal matrix, as well as in heat transfer, pressure drop,
and gas velocity was studied. The resulting spatial and temporal equations of the studied properties
provide highly accurate estimates of the value of each property at any time and in any position within the
regenerator. These equations can be used in an analytical model for the study of Stirling engines, to
improve the model’s accuracy in predicting the engine’s performance.

The existing second-order analytical model was extended in order to incorporate phenomena such as the
losses of pressure caused by factors other than friction, heat losses, and the loss of work in the engine’s
kinematic mechanism. The results obtained from the analytical model for the prototype engine were in
good agreement with the respective results of the simulation. Comparison between the results of the
analytical model and the CFD simulation verified the model’s validity.

The last section of the dissertation presents a parametric study of the prototype engine with the use of
CFD. The effect of operational and geometrical parameters on the engine’s performance was studied.
Studied parameters included the engine rotational speed, gas mean pressure, properties of the
regenerator geometry, as well as the values of temperature of the heater and the cooler of the engine. A
wide range of values was tested for each of the studied parameters, in order to obtain a clear view of the
operational limits of the engine In addition to the engine’s performance, the effect of selected parameters
on the spatial distribution of gas temperature in the heat exchangers, on the pressure drop, and on the
heat transfer, were also studied. Finally, the work output and the required heat input were correlated
with each one of the examined parameters. The satisfactory correspondence between the resulting
correlations and the simulation data, enabled a precise estimation of the power output and efficiency of
the engine for the entire value range of each selected parameter. This study can serve as the basis for a
future multi-parameter analysis of the prototype engine.

Proposals for potential future studies based on the present work, include the modification of the engine
geometry in selected points, in order to improve its performance, and the division of the heat exchangers
in several parts. Moreover, further parametric study, in a narrower range of values for the selected
parameters is proposed, in order to define the optimum operating point for the prototype engine with
regard to power output and engine performance.

The following journal publications and conference presentations were generated by the research
presented in this dissertation.
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