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Abstract. In this work, it is performed the thermal analyaied optimization of a beta type Stirling cycle. Bmalysis
was based on Thermodynamics. The optimization wa®rmmed using a Genetic algorithm with mono ohyexct
function. The cycle behavior operating with airdhygen and helium, and in different temperaturesinvestigate
which was more appropriate to obtain better powad &fficiency. The Hydrogen showed better properteit it
presents a dangerous disadvantage, its high flaniityablhat is the reason why helium is gaining epdo replace
hydrogen. This fluid presents similar charactedstand properties with the hydrogen though it is ffremmable. The
air was also tested in computational engine simaokat The air is abundant and inexpensive, but presg a low
thermal efficiency to the cycle. The results ol#din the analytic computational simulation and #erimental
results have presented the deviation into the ofet7,4% for the same turn round conditions coasid air as
work fluid. With the optimization it can be obsehthat under specific conditions (hardly reachedeiperiment) the
cycle can reach high yeld mainly with the reductidthe temperature differnces between the sources.

Keywords: Thermal analysis, optimization, Stirling cycleirl8tg engine, efficiency.
1. INTRODUCTION

The Stirling engine is considered an external castibo type, generating work from any sort of heairse, like
gases, wood, biomass and even solar energy. Deffial. (1991) reported that the Stirling is the meSHicient
thermodynamic cycle available for work performaritiee Beta type Stirling engine, activated by selaergy makes it
possible to use this source of energy as fuel (GE3§7). For the correct start of a Stirling engihds necessary to
study it though thermal analysis and use optimizatechniques. Such studies can demonstrate tedfieiency for
various operational parameters and different flulBleveral computational and experimental studieghenStirling
engine have been carried out

Kongtragool and Wongwises (2006) carried out inrtheticle a theoretical investigation on the thedynamic
analysis of a Stirling engine. An isothermal modedleveloped by an imperfect regeneration Stirbngine with dead
volumes of hot space, cold space and regeneratbit@aeffective temperature is an arithmetic meathe heater and
cooler temperature. Numerical simulation is perfedmand the effects of the regenerator effectiversass dead
volumes are studied. Results from this study indi¢hat the engine interaction is affected by dhly dead volumes,
while the heat input and engine efficiency area#d by both the regenerator effectiveness and dalades.

The engine interaction decreases with increasirad deolume. The heat input increases with increasiegd
volume and decreasing regenerator effectiveness.

Kongtragool and Wongwises (2006) showed in theidgtthat the engine efficiency decreases with asirgg dead
volume and decreasing regenerator effectiveneskakPet.al. (2009) performed a thermodynamic analgéa gamma
type Stirling engine is performed by using a qussady flow model based on Urieli and Berchowitatsrks. A
FORTRAN code is developed to solve the derived tguos of the mass and the energy for all procesameters like
pressure, temperature, mass flow, dissipation anglertion losses for the different spaces (comprespace, cooler,
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regenerator, heater and expansion space) as aofuétthe crank angle. According Parlak et.al.020the developed
model gave more precise results for the pressuriepthan the models available in the literaturgli, Timoumi and
Nasrallah (2008) presents a technical innovatidndys of solar power system based on the Stirlingh d{SD)
technology and design applicable considerations lmei®bserved during the design development fairbng engine
provided with a differential temperature averagesar application. The power source will be salah/Stirling with
average concentration ratio, which will supply enperature constant source of 320°C. Hence, themsysdesign is
based on a temperature difference of 300°C, asguthat the sink is kept at 20°C.

During the preliminary design stage, the criticatgmeters of the engine design are determined diogoto the
dynamic model with losses energy and pressure idrbpat exchangers was used during the design ization stage
in order to establish a complete analytical moael the engine. The heat exchangers are designée tof high
effectiveness and low pressure-drop. Erbay and X4%997) performed an Analysis of the Stirling heagine at
maximum power conditions. According to the auth®tse Stirling heat engine operating in a closed megative
thermodynamic cycle is analyzed. In this study Rolyic processes are used for the power and displant pistons.
Following regeneration, the maximum power densitgl afficiency are found and the compression ratimaximum
power density is determined. Ahmadi et. Al. (20fp8)formed a study of a solar-powered high tempegalifferential
Stirling engine was considered for optimizationngsimultiple criteria. A thermal model was developsx that the
output power and thermal efficiency of the solarli&y system with finite rate of heat transfergemerative heat loss,
conductive thermal bridging loss, finite regenematprocess time and imperfect performance of thk dollector could
be obtained.

The output power and overall thermal efficiency eveonsidered for simultaneous maximization. Mutijeative
evolutionary algorithms (MOEAS) based on the NSGAlgorithm was employed while the solar absorkengerature
and the highest and the lowest temperatures ofvtit&ing fluid were considered the decision varigbl€he Pareto
optimal frontier was obtained and a final optimalusion was also selected using various decisiokingamethods
including the fuzzy Bellman—-Zadeh, LINMAP and TOBSIt was found that multi-objective optimizatiooutd
produce results with a relatively low deviation rfrathe ideal solution in comparison to the converdlosingle
objective approach. Furthermore, it was shown thétte weight of thermal efficiency as one of thigective functions
is considered to be greater than weight of the p@bgective, a lower absorber temperature and atéomperature ratio
should be considered in the design of the Stiingine. Mohammad (2015) employed a new generafigmedligent
models named “least square support vector machi8&\M)” to predict output power and shaft torqueSifrling
engines.

To build, train and test the LSSVM model, variogswrate experimental data from open literatureeamployed.
The outputs of the LSSVM model are compared to expntal ones and statistical parameters of theMMs$odel
including correlation coefficient, average absoligkative deviation (AARD) and root mean squar@e(RMSE) are
calculated. According to the results obtained v&5VM model, the LSSVM model can predict output poard shaft
torque of Stirling heat engine with reasonable andeptable accuracy. Finally, the LSSVM model calp tus in
designing of Stirling engine with low degree of artainty and high precision.

In this paper there is an objective performed aenoal and experimental analysis of a beta alppa Stirling engine.
The numerical analysis is performed through thelémentation of a thermodynamic model as descriledwn Then

the Genetic Algorithm (Holland, 1975) was used ptiraize, in a first simulation, the efficiency dfe motor that was
maximized as a mono objective function. In the secsimulation, the heat absorbed in the cycle wagimized.

Experiments were performed with a commercial alypa Stirling engine using air and helium as wogkfiuid.

2. COMPUTATIONAL PROCEDURE

The Stirling cycle comprises four processes: carigEmperature compression; constant volume heatixgansion at
constant temperature; and heat rejection at conatéuime.

Nomenclature
Q~ = Heat absorbed [kJ] 1] =Cycle efficiency
W\&c =Expansion work [kJ] R = Gas constant [kd/kg-K]
A = Compression work [kJ A = Compressed volume hot chamber without heat absar
Wba=c i k [kJ] Va=c d volume hot chamber without heat absarptig]
=Total work [kJ B = Compressed volume hot chamber with heat absor
W =Total work [kJ] Vs =cC d volume hot chamber with heat absorpgtigh [
T1 = High temperature [K] Vc =Expanded Volume cold chamber without heat rejedfiof)
T 2 = Low temperature [K]
AT =Temperature variation{1- T 2) [K] Vb =Expanded Volume cold chamber with heat rejectiof] [m
Te =Compression Ratio\c /Vs)

On Fig. 1, a Stirling cycle is presented in a Thedgmamic diagram P — V.
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Figure 1 — Graphic P-V Stirling cycle.
Source: (DUARTE, TOLEDO E OLIVEIRA, 2014)

Based on Fig. 1, the heat is absorbed in the bemjnof the cycle, part BC, and can be obtained ughothe
equation 1.

Qn = Qec =Wec = RT1In(Vc /Ve) (Ea. 1)

As there is no variation of volume in the procesg\ég e AB (isochorics, Fig. 1), there’s no work performance,
so, by equation 2.

Wep =Wee =0 (Eq. 2)

The overall work is the sum of the expansion antm@ssion works (Equations 3 and 4), because thegispend
on compression is part of the absorbed heat.

W =Wkc +\Wba (Ea. 3)
W = RT1In(Vc/VB) + RT2In(Va/ Vo) (Eq. 4)

Efficiency is the satisfactory result of the wor&rformed, being the quotient of the energy spengetdorm the
work intended and the consumed energy (Equaticré) 5

n= W _ RTiIn(Ve/Ve) + RT2In(Va/Vb)

(Eq.5)
Qx RT1In(Vc /Vs)
_14 T2In(Va/Vb) (Eq. 6)
T1In(Vc/Ve)
As, Vc =Vb e Va=VE, we have the equation 7.
:1+T2|n(\/B/Vc) (Eq.7)
T1ln(Vc /Ve)
Therefore, the efficiency is obtained through eiqun8.
T2
n= 1- (Eq. 8)

T
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On equation 8 the calculated efficiency equals en@acycle engine efficiency, where s the high temperature
and T2 is the low temperature. This way, a Stirling cypiesents a high efficiency, equivalent a Carnetecgngine.

3. EXPERIMENTAL PROCEDURE

In order to perform with the experimental testshvétr and Helium as working fluid, adjustments werade to the
conventional heat exchange system in the comme8tiding engine (Fig. 2). The original tube progiavith the
commercial Stirling engine responsible for trangipgrthe fluid between the chambers was replaced pypeumatic
polyurethane crosshead, two pins for manual locking polyurethane tubes all with 10Bar working cityaand
maximum temperature of 60°C as shown in Fig 3. Thadification gave the experiment the replacemdnthe
working fluid within the chambers.

Figure 2 — Commercial Stirling engine. Figure Bledified Stirling engine.

After the implementation of the mathematical mogedsented in this study, the efficiency and cyctakmvere
calculated for experimentally obtained temperatuidgese temperatures were obtained from measursmaade on
the external surface of the cold chamber (cylinuisten return assembly) and on the surface of thtechamber
(cylinder-piston power assembly). A Minipa MDT-2Blachometer was used for rotation measuremerts 4FA). A
DT830B multimeter was used for measuring the dtsdtcurrent and voltage (Fig. 4-B). A Fluke mo@2lMINI laser
- focused pyrometer was used for temperatures memsunts (Fig. 4-C).

Figure 4 — Measuring instruments used in the rebega) Minipa brand tachometer MDT-2244B, (b) D0B3
commercial multimeter (c) Fluke model 62 MINI witkser focus.

The experimental results were obtained for Air a&tgdium. The first of these fluids have the gas tanisequal to
Rair = 0.277kJ/(kg.K), and the second haselm = 2.0771 kJ/(kgK) (Sonntag and Borgnakke, 2006)oider to
obtain the experimental results in a closed platmhol 96 (ethyl alcohol 98.2° INPM) was used tivel the motor.
When the motor entered the relative steady ststenéasurements were carried out. In additioneéag¢mperature and
the rotational measurements, electrical currentwatidhge were also measured with a multimeter. fbasurements of
these quantities were carried out from a gener@dsociated to the base of the electric motor (D@m@ssociated
with the studied Stirling motor. The engine wagiatly driven with atmospheric air and then withliden. To perform
with the work fluid exchange, Helium initially st in the cylinder was collected and stored inxldialloons and
subsequently injected into the engine chambers thighaid of a pneumatic hose connected to oneeobtitlets of the
crosshead already coupled to the Stirling engistesy.
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4. RESULTS AND DISCUSSION

4.1.Analytical results without optimization

The simplified Stirling engine analysis was perfednimplementing the previously presented equations
MATLAB® software. The cycle operating in higher tparatures generates higher works, although is sutjdosses
(Fig. 5). And if the quotient between the low temgiare (T2) and the high temperature (T1) do notease in the
same or higher proportion that the proportion ofknemperature increase, although higher work \glthee efficiency
is reduced. However, higher work values are necgssaprovide engines with higher power and tordoe the
compression ratio being Tc = 10.
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Figure 5 — Graphic showing cycle efficiency accogdio high and low temperature variation.

Figure 5 illustrates the loss, although the workperature is increasing, this occurs due the ptapoof low and
high temperatures increment are different. Figushéws the efficiency decrease with increase ofatteorbed heat.
The more heat absorption, more work is generatagthnis necessary for powerful engines with higlyte, yet, there
will be more losses what will reduce the efficiency
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Figure 6 — Graphic showing efficiency accordindnéat absorption in the cycle.
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Figure 7 — Graphic showing cycle efficiency accogdio associated works to the cycle.
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Figure 8 — Graphic showing works involved in theleyaccording to high temperature increment.

Figures 7 and 8 illustrates the behaviour of thpaesion and compression works. In Fig. 7 is nolie=dhe
approach of the works as the efficiency increasdes, the high and low temperature bands choice. édigborks,
although, with lower efficiency, because the lovd &igh temperatures are closer as seen on Figow.dw Fig. 8, the
increase of the expansion and compression workgoptionally to the high temperature increase. Bwivever the
expansion and compression work increase, the waigh will only be greater if the quotient betwedre thigh and low
temperatures is high.

4.2.Results with mono objective optimization for air asworking fluid

The thermodynamic model has presented that theieziiy was maximized based on the Genetic algorithm
considering operating intervals of the alpha tyfidigy motor presented in the literature. The fesof the simulation
are presented as a function of the variables tesyer The Genetic algorithm was used due to igpl&gity,
robustness and to be presented in the MATLAB® saxfearoutine. Despite being a stochastic algorithimas often
been used in direct search methodologies becausts abn-fixation around local minimums and maxinsuas it
occurs in deterministic direct search methods. Hilge 9 illustrates the behavior of the efficiencithathe temperatures
from Genetic Algorithm. In this figure it is obsed that the higher the variation of the temperatuhe lower the
efficiency. This is due to the greater amount ofrgg in use by the Stirling cycle which provideager thermal
losses. However, equal efficiency (~ 0.54) is obsérfor the three curves shown in Fig. 9. The uppeve must be
considered due to the greater amount of work gésebiay the cycle.
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Figure 9 — Graphic showing efficiency in functioitlee working temperatures from the genetic algonit

4.3.Experimental results and simulation analytic
The experimental results obtained are present&dlin 1.

Table 1 — Measurements performed indoor using etleghol 92.8° INPM as fuel and air as workingdlui

Rotation in rpm (5,5%) High temperature in °C G%,)
1780 -
1850 230
1950 223
1980 220
1850 257

The results presented on Tab. 1 were obtained ghram indoor test using ethyl alcohol 92,8% INPMuad and
air as working fluid. The experiment results weféard obtainment due to the used measuring ingntsrwhich do
not have automatic and programmable synchronismthatl perform with the accurate measures. Othetofaaf
difficult prediction refers to the combustion presewhich is stochastic, difficult to control andliiences all other
parameters to be measured. After evidenced theonpeefl measuring difficult, other measuring werefqrened
concerning more with the time interval between theasuring than the accurate values, due to highnpeters
variation rates to be measured, probably influermethe alcohol combustion process.

Thus, in the second battery of tests it was obsktivat with air, as working fluid, the rotations ieebetween 1800
and 2000 rpm and the temperature of the hot chafelnder piston power assembly) varied for thrahation range of
180°C at 200°C. In a third battery of tests, stfing air, the rotational variation was observetiveen 1900 and 2000
rpm and with a hot chamber temperature of appratdip@230°C. The temperature of the hot chamberevatuated on
the glass surface (cylinder power piston). The tenafures measured on the aluminum surface of tle atmmber
presented a temperature average of 33°C. The tatupes measured on the aluminum surface near thehamber
presented a temperature average of 40°C.

For the experiments performed with helium as wagkftuid (fourth battery of tests) it was observdthtt the
rotation was ranging from 2200rpm to 2454rpm andemperature average in the hot chamber of 230°@. Th
temperatures measured on the aluminum surfaceeofdld chamber have presented a temperature avefa®3g°C.
The temperatures measured on the aluminum surfeaethe hot chamber have presented a temperataragavof
40°C. In the fifth battery of tests, using heliusworking fluid, it was observed that the rotatiwas ranging from
2300rpm to 2602rpm. The temperatures measuredeoaltiminum surface of the cold chamber have rafrged 33°C
to 36°C. The temperatures measured on the alumsuniace near the hot chamber have presented a ratmpe
average from 45°C to 50°C. After the fifth battefytests, voltage and current measurements weferp@d between
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rotations ranging from 2300 to 2602rpm. In thes@asneements, the voltage did not change the valdkeofotation,
but when measuring the electric current the rotatedl drastically: (a) 500rpm; 0.6A; 5.6V; heliuas working fluid
(mean values) and (b) 480rpm; 0.4A; 4.5V; transitimm helium to the working fluid (mean valueshig transition
between the work fluids was analyzed by the reductif the motor rotation with the time, due to treium leakage
and natural replacement with the air. The powewiged by the motor, calculated by these last messants was
respectively 3.36 watts with efficiency of abou @nd 1.8 watts with efficiency of 0.15.

For the computational simulation, the measured dataed as turn round conditions for the modekddition, it
was necessary to calculate the volumes in the PWf$dr Dead Point) and the PMI (Lower Dead Poinf)e T
calculated volume in PMS was 1.10521.10-6 m3 anthénPMI was 2.19695.10-6 m3. For these valuesgtiggne
studied has presented a compression rate of 1098 lower than to those found in engines basethemtto cycle.
For the first battery of tests, with turn round diions presented in Tab. 1 and simulations with &bm the
implemented model the results shown in Fig. 10shmvn below.

»”—

—t Wbc ;arfi]

100}

60|

Whycar  [kJ/kg]

—— War[ﬂ

TTUUUNUIUOUURURIeu

20 I n n n n 1 n n n n 1 n n n n 1 n n n n 1 n n n n
490 500 510 520 530 540
Tap K]

Figure 10 — Graphic showing the specific work praetliin the expansion Whdi], and specific work made available

by the engine, \A{i], after use this work in the cold chamber (cdian-piston return assembly) for the engine
working with air.

In Fig. 10, it is observed that for a constant terapure of the cold chamber only the specific expamwork,
Whbcair, increases with the increase of the temperaturthefhot chamber. Thus, the liquid specific workaiiH,
smaller than the expansion work due to losses andumption in the cold chamber due to the returthefpiston,
proportionally increases to the expansion work. stering helium as working fluid, under the sametain round
conditions, Fig. 11 was obtained. In this figurejrilar behavior to air is shown, but with a highsailability of work
of the cycle. Comparing Fig. 10 and 11, it can bseoved that the specific expansion work producedhddium is
about 7 times bigger than that produced by air idensig equal masses of the substances containda iangine. In
the experimental part it was observed the higleation of the studied motor operating with thedrel
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Figure 11 — Graphic showing specific work produgethe expansion Wheiiun[i] and specific work made available

by the engine, Welium|i], after use this work in the cold chamber (cylm-piston return assembly) for the
engine working with Helium.

Figure 12 shows the efficiency of the alpha typdi8g engine studied as a function of the tempammeasured in
the hot chamber. The increase in engine efficiemitly increasing temperature is observed. This bieihas observed
because the thermodynamic model was developed deimgj that the expansion and compression proces®es
reversible and adiabatic. Condition not observedaciual motor. In addition, the temperature of toastant cold
chamber also influences the observed behaviorathel engine has presented lower efficiency tleeutated.

0,37' T T T T T T T T T T T T T T T T T T T T
0,36}
0’35f — Narj ]

0,34f

Efficiency

0,33}

0,32} :

0,31 [ ' ' ' ' 1 ' ' ' ' 1 ' ' ' ' 1 ' ' ' ' 1 ' ' ' '
490 500 510 520 530 540
Tap [K]
Figure 12 — Graphic showing Engine output calcdld@teough the thermodynamic model developed foasiwork
fluid.

The results presented in Fig. 10, 11 and 12 hasesithe variations of the main parameters studsea function of
the hot chamber temperature. However, due to tifieudiy of simultaneous measurements of parametssociated to
the engine and internal temperatures to the detheepresent study was limited only to a compaeatinalysis between
the fluids used from the data analysis obtainethbymotor simulation model and these experimemabmbtained.

5. CONCLUSIONS

The results obtained in the analytical computalicsienulation and the experimental results have gt
deviations in the order of 17.4% for the same toumd conditions considering air as working fluidis divergence is
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consistent due to the losses associated with irséhility in the actual engine. However, with opiration, it can be
observed that under specific conditions (diffictdtreach from practice), the cycle can reach higtdg mainly by
reducing the differences in temperature betweerstheces. However, working with sources at low terapure, the
work generated is reduced and difficult to userarcpce.
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