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Abstract - 
Current work is a key issue in design and development. The 
purpose of optimizing the Stirling engine is to establish an 

accurate thermodynamicimodelitoipredictioutputipower, 

thermal efficiency,iandidetailediperformanceicharacteristics, 

and to provide usefuliinformationiforifurtheriimprovement. In 

this study, a thermodynamic modelicalledianiimprovedisimple 

analysis model was proposed,iwhileicarefullyiconsidering the 

heat and power loss of the Stirling engine. A 100 W ꞵ type 

Stirlingiengineiwasibuiltianditestediwithiheliumiand nitrogen 

under pressure and speed of 1.6 MPa to 3 MPa and 260 r/min 

or 1380 r/min. Experimentaliinformationiaboutiperformance, 

such as PV charts and heater and cooler temperatures, are 
very detailed. The increase in rotation speed brings about a 

"thin" PV curve because it makes the compression and 

expansion process more imperfect, indicating that the 

compression and expansion chambers in high-speed Stirling 

engines must enhance heat transfer. In the case of rotation 

speedsiofi1000ir/miniandi650ir/min,itheishaftipower of 

helium reaches the upper limit rate of 30.1W and 21.0W of 

nitrogen. Improvingitheiaverageipressureiofitheigasiwill 

increase the indicated power, cycle efficiency, shaft power 

and electrical power. Under the same working conditions of 

2.96MPa and 1120r/min, the maximum indicated power and 
cycle efficiency of helium are 165W and 16.5%, respectively, 

and nitrogen is 139W and 12.2%. The improved simple 

analysis model is in good agreement with the experimental 

data. The deviation of helium gas is 4.3-13.4%, and the 

deviation of nitrogen gas is 1-7.1%. The analysis of energy 

loss with an improved simple analysis model shows that under 

the same working conditions, helium has greater 

reciprocating and sealing leakage losses than nitrogen, and 

the flow resistance and heat transfer losses of the regenerator 

are smaller. With the surge of speed and pressure, the heat 

transfer loss of the flow resistance and the heat storage body 

is much faster than the heat transfer loss of the sealed 
connecting rod or the shuttle type, which plays an important 

role and causes the performance of the two working gases to 

be different. This study provides a comprehensive 

understanding of the mechanism of influence of heat/power 

loss on Stirling engine performance and suggests that more 

work should be done (for example, the mechanism of heat and 

power loss and PV chart). To improve the accuracy of the 

second-order model. 
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1. INTRODUCTION 

 
The Stirling engine circulates continuously by repeatedly 

heatingiandicoolingitheigasisealediinsideitheiengine. When 

the gas is heated, it expands to push out the piston. After 

cooling, shrink to pull in the same piston. Once the piston is 

fully pullediback,itheiheatingiofitheigasiwillirestart. 

Therefore, the piston continuously moves back and forth. The 

movement of the piston speed [1] usually rotates the flywheel 

through a linkage mechanism that connects the two 

components. The rotating flywheel is the power generated by 

heating and cooling gas. The Stirling hot air engine was 
originally developed for pumping water in mines. It is a safe 

alternative to steam engines. Development has led to the 

widespread use of small Stirling engines to pump water from 

household wells. Today, Stirling engines are used to generate 

electricity from renewable energy sources such as solar 

energy. When a silent method is needed, it can be used in 

submarines as a backup  for its main diesel engine. It is 

increasingly used to provide supplementary heat and power to 

the house. The Stirling engine replaces the traditional central 

heating boiler. This engine can not only heat the house, but 

also generate 1kW of electricity. 

 
2. STIRLING ENGINE PRINCIPLE OF 

OPERATION 

 

If the air is cooled, it will cause the air to shrink. This 

contraction causes the pressure in the engine cylinder to drop. 

As shown in Figure 1, this increase and decrease in pressure 

can be used to move the piston back and forth due to heating 

and cooling. It must also be noted that if the pressure 

decreases, the pressure and temperature are proportional, and 

the temperature will decrease on average. 
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Figure-1: Heatingiand cooling ofia gas 

changesipressure which movesia piston 

If the pistonishowniiniFigurei1iisiconnected to a disk 

called a flywheel, theiheatingiandicoolingithaticause the 

linear movementiofitheipistoniwillicauseithe flywheel to 

rotate. Theiflywheeliisimechanicalienergy. Due to the 

heating and cooling of the gas, the Stirling engine has 

converted it from a temperature difference to mechanical 

energy. 

 
The process of heating the air to increase 

the pressure to turn the flywheeliisitheibasisifor the 

operation of the heat engine. Therefore, the Stirling 

engine is a heat engine. As shown in Figure 2, the term 

heat engine applies to any engine that uses thermal  

energy to produce mechanical work. 

 
 

 
Figure-2: Principleiof heat engine 

 
The Stirling engine repeatedly heats and cools the air or 

other gases in the engine to generate useful power that 

can drive the machine, thereby running in a continuous 

cycle. The airiisisealediinsideitheiengineiandimoves back 

and forth when heatingiandicoolingioccurs, so it is called 
a closed-loopiheatiengine. This gives the advantage of  

the Stirling engine a lot of simplification because 

itidoesinotirequireitheiintake and exhaust 

valvesiusediinidieseliandigasolineiengines.iIniorderitoim

aintainicontinuousioperation,itheiStirlingiengineineedsiai

flywheeli[2].iTheiflywheeliisiusuallyiaidiscimadeiofistee

lithaticanistoreienergy.iiiWheniiitheiiigasiiiexpands,iiithe

iiiStirlingiengine 

generates power for only a portion of the entire cycle. Energy 
needs to be input when compressing gas. Part of the flywheel 

momentum obtained from the gas expansion is used to 

overcome the compression of the gas and keep the engine 

running smoothly. 

 

3. The Parts of the Stirling Engine 

 
The Stirling engine isianiexternalicombustioniengine, which 

means that the engineigetsiheatifromitheioutside rather than 

from insideitheiworkingicylinder, which is different from 

internal combustion enginesisuchiasidieselior gasoline  

engines. The gas powered motor is delicate to its fuel type, 

which gives the Stirling motor the benefit of having the option 

to create power from any hotness source as long as the 

temperature is sufficiently high. 

 Theipoweripistoniisiconnecteditoitheiflywheelithrough 
theicrankshaftitoiprovideitheioutputipoweriiiofitheiengine. 

 
 TheidisplaceriisiuniqueitoitheiStirlingiengine.iTheiifuncti

oniofitheidisplaceriisiitoimoveiairifromionei endi ofi 

theicylinderitoitheiother. 

 
 The heat accumulator, alsoiknowniasitheiheatiexchanger, 

is unique toitheiStirlingiengine.iItireducesithe waste heat  
in the engineicycleiandiimproves the efficiency of the 

engine. 
 

The Stirling engine has only three basic layouts; as shown 

in Figure-3, the layout of the Alpha, Beta and Gamma engines 

alsoiillustratesitheimainicomponentsiofitheiStirlingiengine. 
Gammai(theifirstiStirlingidesign)iandiBetaiengineiareiassociat

ediwithiRobertiStirling,ianditheiAlphaiengineidesigniwasicarri

edioutiafteriStirling'siworkiwasicompleted. 
 

 
Figure-3: Three BasiciMechanical Configurations 

foriStirling Engines 
 

The encased space of the Stirling motor is two chambers, one 

of which contains the displacer and the other contains the 

power cylinder, which is totally fixed. Preferably, no gas can 

enter or leave. 
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The displaceriisiuniqueitoitheiStirling engine design. Heat  

is applied toioneiendiofitheidisplacement cylinder and 

discharged atitheiotheriend.iTheifunctioniof the displacer. 

It transfers air fromiaiheatediplaceitoiaicooliplace. The 

displaceriisiaicylinderiinsideitheicylinder. Its function is 

similar to a plunger. It isinotiaipistonibecauseiitidoesinot 

affect theipressureibuticanicontrolitheipositioniof the gas. 

The displacer is a looseifitiofi60-70%iofitheicylinder  

length, and theidisplaceriisimovedibyiaiconnectingirod 

connecteditoitheicrankshaft through a connecting rod 

mechanism. When the displacerimovesifromioneiend of the 

cylinder toitheiotheriend,itheiair must move around the 

displacer to reach theiotheriendiofitheicylinder, as shown in 

Figure-4. 

 

 

Figure-4: DisplaceriPrinciple 

 

When theidisplacer is onithe cold end andithe gas is onithe 

hot end, theitemperature and pressure willirise, and this 

pressureirise will pushithe power pistoniforward. When the 

displacer is moved from the cold end to the hot end, the 

pressurised gas is forced to move to the cold end, pushing 

the power piston forward and causing it to expand. When 

the displacer is on the hot end, however, air is forced into 

the cold end. As a result, the air condenses and pulls the 

piston back, as illustrated in Figure 5.iTo make theiStirling 

engine work, the displacerimust first move theiair, then the 

airifirst heats up and theniexpands to move theipower 

piston. The displacerimoves first, followed byithe piston 

stroke, soiboth the displaceriand the power pistoniare called 

"out ofiphase." Since both areiconnected to the 

sameiflywheel, a phase differenceiis required, usually 

90idegrees is sufficient.iThe design of theiconnecting rod 

system makesithe piston and theipiston move with 

eachiother, but with aiphase difference of 90°.iFor example 

when theipower piston is inithe middle of theipiston 

cylinder, the pistoniis at the endiof the piston cylinder. 

 

 
Figure-5: Displacer andiPower Piston PositioniDuring 

Heating and Cooling 

 

4. The Regenerator 

 
When observed on a Stirling engine for the first time, it seems 

that theipurposeiofitheihotiend of the displacement cylinder is 

to increase heat, whichiwillibeilostitoitheicold end, and the 

cold end absorbs the heatiaddedibyitheihotiend, but this is not 

the case.iTheimainiunique function is to include a heat 

accumulator called a heat accumulator in the air passage 

between the hot end and the cold end of the displacement 

cylinder. Theipurposeiofitheiregeneratori[4]. Is to remove 

heat from theigasiasiitimovesifrom the hot end to the cold 

end; the heat accumulator storesiheatiandireturnsiit to the gas 

as it moves from the cold end to the hot end, as described 

earlier.iTheiregeneratoriisiusuallyicomposediofiwireimesh,ibe

causeitheiwireimeshicanieasilyiabsorbiheat,ibutiiticanialsoiall

owiairitoipassifreely.iGenerally,itheigapibetweenitheidisplace

riandiiitsicylinderiwilliincreaseitoiaccommodate.iTheibenefiti

ofitheiregeneratoriisithatiitireducesiwasteiheatithroughithe 

heat sink, thereby reducing the need for fuel. Similarly, for 

the same power output, less cooling and heating are required, 

so the engine is more efficient. 

 

 

Figure-6: Beta Type StirlingiEngine withiRegenerator 
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5. The Beta Stirling Engine Cycle 

 
Theifollowing illustration showsithe complete cycle 

of the Beta Stirlingiengineiinifouristages. The difference 

between the beta engine anditheigammaiengineiis that the 

displaceriand power piston are both in the same cylinder.iThe 

power in theiformiofiairotatingiflywheel is only generated in a 

part ofithe cycle, andithe momentumiofitheiflywheeli 

completes theientireicycle.iThei90° phaseidifference between 

the displaceriand the piston is alsoishown. 

 

Stage 1 – Expansion (Heating) 

 
The displaceriisiinitheimiddleiposition. The power 

piston is at the top of the stroke. Mostiofitheiairiinitheisystem 

has just beenidrivenitoitheihotiend of the cylinder. The air 

heats and expands, pushingitheipistonioutward. This is the 

beginning ofitheipowerigenerationiphase of the cycle. 

 
 

Note: arrows point to operation of components from stage 

2 to 3 
 

Stage 3 – Reduction (Cooling) 

Displaceriisimidiposition.iPoweripistoniisiatibottomiofistroke.

iMostiofitheiexpandediairihasimoveditoitheicoldiend.iTheiairi

coolsiandicontracts,ipullingitheipistoniinward. 

 
 

 
Note: arrows indicate movementiof componentsifrom 

stage 3 to 4 
 

Stage 4 – Transfer 

 

 

 

 
Note: arrows indicate movementiof componentsifrom 

stage 1 to 2 

Stage 2 – Transfer 

 
The displacer has reached the cold end. The power piston is in 

the middle of its travel.iThe air has expanded.iMost of 

theiairiisistillilocatediinitheihotiend of the cylinder.iFlywheel 

momentumicarriesitheicrankshaftithe nextiquarter turn. 

Mostiofitheiairiisimoved around the displacer to the cooliend 

of the cylinder. 

The displacer is at the hot end. The poweripistoniisiinithe 

middle position. The airiisicompletelyicoolediat the cold end 

of the cylinder. The momentumiofitheiflywheelicauses the 

crank to turnianotheriquarteriturn, moving the displacer and 

transferring air backitoitheihotiendiofitheicylinderito start the 

cycle again. 

 

 
Note: arrows indicate movementiof components 

fromistage 4 to 1 
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6. Beta type Stirling Engine Cycle 

The Stirling engineicycle described in 5iand 6 can 

beiplotted on aigraph to illustrateitheipowerioutputiof the 

engine. In Figure-7, the fourirowsishowitheifouristages of 

the cycleidiscussed earlier: heating,iexpansion,icooling, and 

contraction. The area enclosed by the four linesiis used to 

measure the powerioutputiofitheiStirlingiengine. 

 

 
Figure-7: P-V diagram representing the power 

output of a Stirling engine 

The volume initheidiagramiisitheivolumeiof gas in 

theipower piston cylinder. Iticanibeicalculatedibasedion the 

diameter ofitheipistonianditheipositioniof the piston. 

 

 
The change in volume duringithe expansion process can be 

calculated as: 

 

Theipressureicanibeideterminedifromitheitemperature of 

the gas; they are directly relateditoieachiother. 

 

Note:iTheitemperatureimustibeiiniKelvin. 

Kelvini=iDegreeiCelsiusi+i273 

 

The performance of anyiheatiengineiisidefinedibyiitsiefficiency. 

The performance,ioriefficiency,iisiexpressedias a ratio of the 

output of the engine dividedibyitheiinputirequiredifor the 

engine: 
 

However, aitheoreticalimaximumiefficiencyifor 

the Stirling engineicanibeicalculatedibased on the 

temperatures ofitheihotiendi(Thot)iand cold end (TCold). 

The previousiformula can be written as: 

Example: 

 
IfitheiroomitemperatureiiniwhichitheiStirlingiengineiisioperati

ngiisi20°C. 

Coldi=i20i+i273i=293K 

 

Butaneiisitoibeiusediasitheifuelisource.iIfitheitemperatureiofia

ibutaneiflameiisi600°C. 

 

Thoti=i600i+i273i=873K 

 

 

Based on this formula,iincreasingitheihot end 

temperature, or decreasingitheicoldiend temperature will 

improveitheiefficiency.iTheihigheritheiefficiency,itheigreater 

theipowerioutputifromitheiengine.iIncreasingitheipressureiini

theiengineialsoiincreasesitheipowerioutput. 

 

This idealiefficiencyiforia Stirlingiengineiisithe highest 

possibleiefficiencyiof anyiheatiengine. Theicariengine is 

approx.i25%iefficient,ilessithanihalfitheipossibleiefficiencyiof

itheiStirlingiengine. 

 

7. Solar Power Generation 
 

Stirlingienginesicanioperateiusingiheatifromitheisun, 

providingiairenewableiformiofienergyitoipowerihomes.iTheiso

laripoweriisigeneratediusingiaidomei(parabolic)ishapedimirror

iandiaiStirlingiengineipositionediatitheifocusiofitheimirror.iTh

eisunlightiisifocusedionitheihotisideiofitheiengine.iThis heat 

expandsiaigasitoidriveiaipistoniandicrankshaft.iAnialternatoric

onvertsitheipowerigeneratedibyitheiengineiintoielectricity. 

.   

Figure-8: Solar PoweriStirling engines 

 
Currently,itheimostisignificantidevelopmentiofiStirlingiengine 

technologyiisiinitheimicroicombinediheatiandipoweri(CHP).iI

nitheimicroicogenerationisystem,iStirlingiheatiengine is 

usedito generate electricityifor households. Inithe Stirling CHP 
device, 
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fueliisiuseditoidriveitheiStirlingiengineitoigenerateimecha
nicalipoweri[5].iUseditoigenerateielectricity.iHowever,ith

eiwasteiheatifromitheiengineiisiuseditoiprovideiheatitoith

eihouseiinsteadiofibeingidiscarded. 

 
The miniature CHPiStirlingiengineideviceicanigenerate upito 
5ikilowattsiofiheatiandi1ikilowattiofielectricityibyidrivingithe

idisplaceriandimagneticipistoniupiandidownibetweenitheigen

erators.iOtheriapplicationsiincludeireversingitheiStirlingiengi

ne for use asiairefrigerationisystem. Atinormali 

refrigerationitemperature.i(Asilowiasi20°C)iStirlingicooleriisi

notiasiefficientiasiotherirefrigerationidevices.iHowever, 

belowi-40°C, Stirlingicoolersiareicompetitivei 

withiothericoolers.iStirlingicoolersithatioperateiatitemperatu 

esiasilowias -200°C are called dry coolers. 

 

 

Figure-9: Efficiencyiandishaftipoweriati 

differentRotaryiSpeedsi(Heliumiati2.4 

Mpa) 

 

Figure-10: EfficiencyiandiShaftiPoweriati 

differentiRotaryiSpeedsi(Nitrogeni2.64iM

Pa) 

 

 
Figure-11: PV Diagram of Heliumiandi 

NitrogeniatiDifferentiMeaniPressures 

 

 
Fig.12: Workingigasitemperaturesiinitheihotiandicoldi 

endiatidifferentipressures 

Figure-9 and Figure-10ishows the efficiency and 

shaftipoweriatidifferentirotaryispeeds.iCycleiefficiencyiincre

asesiwithiincreaseiinirotaryispeed,iairesultithaticoincidesiwel

liwithitheiresultsiofitheimodel.iTheiincreaseiinicycleiefficien
cy [6] slowed down whenithe engine worked atia high rotary 

speed. 

We believe thatiif the engine speed increasesitoo 

much due toithe increase in speed,ithe cycle efficiency will 

eventually drop,ibecause the flow resistance andithe 

transmission loss heardiby the generator increaseirapidly. The 

resultsialso show that the cycleiefficiency may reach its 

maximum valueiat the optimal engine speed.iAs the speed 

increases,ithemechanicaliefficiencyigraduallyidecreases.iTheif

luctuationiofitheimechanicaliefficiencyiandishaftipowericurve

imayibeicausedibyitheilowiefficiencyiandipooristabilityiofithe
imechanicalistructure. At the same time, theishaft power first 

increased andithen decreased.  

Thisiresultiisiconsistentiwithithe results of iprevious isimilar 

studies.iWhenitheispeediofiheliumireachesabouti1000ir/minia

nditheispeediofinitrogenireachesi650ir/mintheishaftipoweriwil

liincreaseitoitheimaximum. All these results show that 

theispeed is an important parameter, 
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whichishouldibeioptimizediinitheidesigniiniorderitoiobta
initheibestiefficiencyiandioutputipoweriofitheiiStirlingi 

engine. 

 

Fig.11iandiFig.12ishowsiPVidiagramsiofiheliumi

andinitrogeniatidifferentimeanipressures.iTheipressurei

differenceiincreasedirapidlyiunderiaigivenivolumeirati

oiasitheimeanipressureiincreased;ihence,itheiareaiofith

eiPVidiagramiwasienlarged.iHeliumiexhibitediaislightl

yilargeripressureidifferenceiandilargerioutputipowerith

aninitrogeniinitheisameiworkingiconditions.iTheitotali

heatiinputianditheiindicatedipoweriincreaseiwithitheiii

ncreaseiofiipressurei[7].iiHeatiiconduction,ishuttleihea
tiandiflowiresistanceilossislightlyichange.iForiheliumi

atiaispeediofi800ir/min,iwhenitheipressureichangesiiifr

omi1.76iMPaitoi2.89iMPa,itheiheatilossiand seal 

leakage 

lossiofitheiaccumulatoriincreaseiifromi18.3Witoi36.4

Wi(abouti2itimes)iandifromi23Witoi41.5iWi(abouti1.8

itimes).i(Abouti1.6itimes);iAtitheisameitime,iheaticon

duction,ishuttleiheat andiflow resistance lossiwere 

changed from 391.6Wito 391W, 61.2W to 60.8W, and 

5W to 5.3W. The results show thatithe leakage loss of 

the regeneratoriand the seal isisensitive to the 

averageipressure,ibecauseitheiphysicaliparametersiofit
heiworkingigasirelativeitoitheireciprocatingimotionian

ditheiflowiresistanceilossiareilittleiaffectedibyipressure

ichanges.iHighipressureimeansitoiabsorbimoreigasiand

isignificantlyiincreaseimoreiheatitransferilosses.iHighi

pressureialsoibringsimoreigasileakage. 

 

Figure-13: PV diagramiofiheliumiandinitrogeniinithe 

sameiworkingiconditionsi(2.07iMPa,i500i±i20ir/min) 

 

Figure-14: PV diagramiofiheliumiandinitrogen inithe 

sameiworkingiconditionsi(2.44iMPa,i800i±i20ir/min) 

 

 
Figure-15: PVidiagramsiofiheliumiandinitrogeniin 

theisameiworkingiconditionsi(2.96iMPa,i1120i±i20

r/min) 

 

Figure-16: IndicatediPowerioutputiandienergyilossianalysis 

with ISAMiatidifferentipressureivalues 

 
 

Fig.i13itoi16ishowsiPVidiagramsiofiheliumiandinitrogeniund

eritheisameiworkingiconditions.iAtilowimeanipressureiandilowispeed,

itheiPVidiagramsiofiheliumiandinitrogenialmostioverlap;itheidifferenc
eiinioutputipoweriisiratherismall.iOnitheioneihand,iheliumiihasihigher

iheaticonductivityiandiloweriviscosityithaninitrogen;itheseicharacteris

ticsileaditoigreaterigasileakageithroughitheipistoniringsiandiheatiwast

eiwithitheidisplacerimovingifromitheihotienditoitheicoldione.i This 

conditionicausesilargeisealileakageiandishuttleiheatilosses. 

Oniitheiotherihand,itheihighiheaticonductivityiandilowiviscosityiofihe

liumiresultsiiniaihighiheatitransfericoefficientiandilowipressureidrop,i

whichiiniturnileaditoismalliregeneratoriheatitransferilossiandiflowiresi

stanceiloss,irespectively.iIniaddition,itheihighiheatitransfericoefficient

iresultsiiniai largeitemperature idifferenceibetweeniihotiendiandithei 

coldiendiiandihighithermal-to-poweriefficiency.iFlowiresistance and 
regeneratoriheatitransferilossesiincreasedimuchimoreirapidlyiwithithei

increaseiinirotaryispeed.iPressureialsoihasiailittleiinfluenceioniregener

atoriheatiandisealileakageilossesiexerteditheimostiinfluence when 

pressureiand rotary speed increased;itheyialsoiresulted 

inidifferentiperformancesiofiincreasinglyisensitivityitoipressureiatihig

hirotaryispeeds.iTheidifferenceibetweenitheoreticaliandiexperimentali

temperaturesisuggestsithatitheiheatitransfericharacteristicsiofioscillati

ngiflowsishouldibeiconsidereditoiimproveitheiprecisioniofithermodyn

amicianalyticalimodels. 
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CONCLUSIONS 

 
Inithisipaper,iaiβ-typeiStirlingiengineiwasibuiltiand studied 
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