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Abstract. The present research seeks to study the thermodysaf the Stirling engine with the goal of usswar
energy as a source. Analysis is performed for aerigal simulation for the alpha configuration. Tdevelopment of
the Stirling engine meets the appropriate use afeveable energy, as discussed today. The Stirlirginenis
theoretically the thermal engine with improved that efficiency compared to other cycles of interoambustion
engines, such as Otto and Diesel. Your cycle isecland consists of four thermodynamic procesaesisbthermal
and two isometric. We present results of numesaallation of ideal models, isometric and adiabafibe equations
presented here were used to create a mathematiodehthat resembles the real model. All simulatitok into
account two types of mechanism of the Ross-Yoké&eamuiidt's. According to the findings of the idealdel stand
out from the yield of 50.85% and a power outpu4.dR3 kW. In the isothermal models considering thatpressure
is constant inside the engine and using the Roks-gwechanism, found a power of 1.418 kW using jfuigdden on
the other hand the results with helium were simitathat makes your viable use due to helium isart gas and not
harm the environment. The present results showhiéissof using this cycle for energy generationdasustainability
for the future.
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1. INTRODUCTION

In 1816, Robert Stirling (1816) developed an engine a regenerative closed cycle regenerativeexeaianger.
This closed thermodynamic cycle engine operatesrdog to Figure 1.

The cycle consists of four processes, theyewsothermal compression and expansion and additid heat
rejection isometric as shown in Figure 1.
Considering that an initial assessment to havengime composed of two opposing cylinders and aneggor in
between. The regenerator in this example actsspstage that alternates between absorbing and ireeaesat from the
gas circulating inside the engine. There are twgelarolumes, one of them is the volume expansiahtla@ other is
volume compression.

The heat will be added to the system by the sidbepiston and the expansion side of the pistompcession will

be maintained at a lower temperature. This temperajradient directly influences the performanc&tidfing cycle
engine.
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Figure 1. P-V and T-S diagram of a Stirling Engine
2. STIRLING CYCLE ENGINE
2.1. Processes contained in the Stirling cycle
Process 1-2 (Isothermal compression) - Assumedliibatompression piston is at its maximum expanaim@hthe

piston is at the minimum. The work done is equahsomagnitude of the heat rejected in the process.
There is no change in the amount of inteem&irgy, but there is a drop in the value of entrqfsing the ideal gas
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equation wher® is pressure in kP&, is the volume in minis mass in kgR is the gas constant in kJ / kg Kjs
temperature in K and, is the compression ratio we have:

PV = mRT 1)
PV, =RV, 2
r,=V,/V, (3)

Heat transferre@ = Work done in the compression chamér
W_ =P,V In(1/r,)=mRT,In(1/t ) (4)
Entropy rate =,-s;
s,-s, =RIn(1/g ) ®)
Process 2-3 (Regeneration at Constant Volume) {flliltkis transferred from the amount of compresdio

expansion through the regenerator. Occurs a grageraase in temperatuiig;, to Taxas the fluid passes through the

regenerator and the way the pressure is increased.
No work is carried out during this process, theran increase in entropy and internal energy ofitig. In the
equationg is the ratio of temperaturds,, / TmaxandC, is the specific heat at constant volume in kJ Kkg

P/T,=FR/T, (6)

r=T,IT, )
Heat Transferre@:

Q=¢c¢(T-T) (8)
Work doneW=0

Entropy rate =s;-S,
s;-s = ¢lIn/T) 9)

Process 3-4 (Isothermal Expansion) - The pistorticoas to expand away from the regenerator to #emum extent

while the compression piston remains stationafgsahinimum.
The temperature remains constant with the adddfeexternal heat. The work done is equal to themitade of the
heat supplied. There is variation in the amounht#frnal energy, but there is an increase in egtodhe fluid.

RV, =RV, (10)
Heat Transferre@® = Work done in the expansion chamiér

W, = mRTIn( ry (11)
Entropy rate =5;-S3

s,—s = RIn(p) (12)

Process 4-1 (Regeneration at Constant Volume) pidtens move simultaneously transferring the fluatlime

expansion to compression through the regeneratain®the fluid flow through the regenerative hisaransferred to

the regenerator of the fluid thereby reducingetaperature tdmin No work is done, there is a drop in the value of
internal energy and entropy of the fluid.
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PIT,=RI/T, (13)
Heat Transferre@:
Q=c(h-T) (14)

Work doneW=0
Entropy rate =5,-s,

s - s = ¢In(r) (15)

Thus after the analysis concludes that the heat issequal tdR.T;. In(r,) and the heat rejected is equaRd;.In(r,)
and the cycle efficienj; is given by the equation below:

_mRTIn()- mRTIn( y) (16)
. mRTIn(p)

Asm,Reln(r,) are constants they can be removed from the equatich ag = T, andTz= ToWe have:

_ 17)
I7t =1— —min

max

— |~

Noted that Eq. (17) is equal to the yield equatzarnot cycle. It is known that this model is ideald that these
results are achieved, there must be heat transfeseken the walls and the working fluid, in additiorall the processes
involved in the cycle and the exchange of heat amgbrs made by should be ideal .

2.2. Isothermal Analysis

For a better analysis of the Stirling Engine, UBekchowitz (1984) divided the motor into 5 partsieh are: C-
Space Compression, K-Cooler, R-Regenerator, H-aBgddte Heater Expansion. The volumes that thesespae
among the volumes are already included for singatfon. The analysis is always made in relatiothéorate of heat
transferred to the gas, in other words the arebbsed within the PV diagram.

Considerations:
1 -Pis considered constant pressure on the engine;
2 - The temperature in the cooler and compressi@onstant and in the expansion area and heatengsant and
equal respectively to the, = T, Ty, = T,
3 - The total gas mass of the system is constahegunal to the sum of the masses contained in gathof the
system.
So using the Ideal gas equation we have:
Vr

(18)
M = p/ R \£+ﬁ+_+ﬁ+£
Tc Tk Tr Th -I;

The effective temperature of the regenerator canriien as:
T, = (T, = T)/In(T,/ T) (19)
Isolating the value of the instantaneous prespumethe cycle are:

o= R Ve e V(L) VLY
T Tk (Th_Tk) Th T

c e

J'l (20)



Proceedings of COBEM 2011 21* Brazilian Congress of Mechanical Engineering
Copyright © 2011 by ABCM October 24-28, 2011, Natal, RN, Brazil

The equation given by Senft (1985) for the fluiggsure of work is due to the variation of voluvh@andV..
Thus all the work produced by the engine @ftkil cycle is the sum of work done by compressiad expansion
spaces.

W= cJS p(dVC +%jdqp (21)

dg dgp
2.3. Heat Transfer in the Isothermal Model Engine

For a better analysis of heat transfer betweerhétader and cooler is necessary to use the energtieq for gas
work. Rallis (1977) created a model of control yokishown in Fig. 2 that can be used in the contotlime of
workload or volume of heat exchange. The enthapyansferred to the control volume is given imteof mass input
m and entry temperatufg and exit masm, and the outlet temperatufg. The operatobD is used as secondary aDch
refers to the derivative of magém / dt)

m; T; m., T,

Figure 2 — Control Volume used as a model for Gliid&R

Looking at Fig (2) we have the following equation:
DQ+(c,Tm~-¢Tm= DW+ ¢ my (22)

Where the values ofc, and c, are the specific heats at constant pressure aridmeo respectively.
For a control volume that is in the volumes of coeggion and expansion, in an isothermal model wefa= T, =T,
thus:

DQ+(c,T(m- m)= DW+ ¢ TDn (23)

Taking into account the conservation of mass angsmariation between the input and output can Ipeessed as
DM = mi-m, and remembering that the definition®¥c,-c, and integrating we have the equation that defihedheat
transfer fluid during the cycle can be defined as:

$DQ =§DW, +RT Dm (24)

Knowing that theDM variation that represents the mass variation étie chamber is zero we have that the
variation of heat in the system is transformed imtok. Thus the output power will depend solelytioa performance
of the system limited to the amount of income ofr@a Creating a volume control on the camerawehave all the
heat input less the heat that is lost in the sysegresents the work outpwatd

2.4. Heat Transfer Model for the Adiabatic Engine.

In an engine the Isothermal compression and expanglumes are maintained at constant temperatRaskine
(1859) proved that this is not possible in practithis leads to a very important issue where vokiaue warmer or
cooler are redundant. All the necessary heat tearsfcurs across the boundaries of the workloatthésmal. So in
actual engines, the volume of work tends to bebadia rather than isothermal. This implies that tigat exchange
fluid through the cycle must be supplied by heathexgers, as shown in Fig. 3.
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We will be considering the model for the analysisUsiel Ideal, which is composed of 5 parts and sidars
whether the case exchangers in the refrigeratatehand regenerator are ideal, so the gas coodethe heater is kept
in isothermal conditions and these temperatufesand T, The workloads are assumed to be adiabatic so the
temperatures ark. andT, and vary according to the adiabatic nature offaces, we note that variation in Fig. 3.

Compression Volume  Cooler Regenerator  Heater Expansion Volume
c k r h e

v my, \
, he \
Ty 7-,:'_ )
i i ,’/ M,

Temperature

Ideal Adiabatic Model

Figure 3 — Ideal model of Adiabatic Stirling engine

The energy equation for the volume can be writien a
DQ+(c,TM -gTm)= dW+ ¢ mY (25)

Making logarithm on both sides and differentiatingbtained by the differential form of the equatif state:

Dp, DV _Dm_ DV (26)
p \% m \%

Recalling that the mass of the system is constaategjual to the sum of the masses contained in efattte five
volumes. As we havBV / Von both sides of the equation can be reduced plyiag the three volumes to the cooler,
heater and regenerator are:

\i+£+ﬁj @7

Dm, + Dm, + ( Dp/ =0
’ rne ( p R[Tk Tr Th

Applying the energy equation for the volume comgpi@s are:
DQ. +(c,Tumy) = DW,+ ¢ O m T (28)

p 'ck

As the amount of compression is adiabatid€pc=0, favoring the work don®Wc=pDV¢ considering the rate of
gas accumulatioDmcis equal to the mass that enters the gas whigivén bym, we have:

CpTck mck = pD\/c+ Q/ E( nl: -D (29)

Substituting the equation of state and ideal gathénvolumes of compression and expansion and gyimg we
have:
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Dp = _yp((DVc / Tck) + ( Dve/ The)) (30)
VeI To + YV RENVT T+ N+ N T
Where:
c, (31)
y =
CV

We observe that Eq. (30) is due topm mc meThe missing variables can be found with massnigalaand the
equation of state. Temperatures interfagee Ty, they are conditional depend on the direction o$sritow. In order to
evaluate the mass flow and thus the directionaf flwe will be using the continuity equation.

3. RESULTS AND NUMERICAL ANALYSIS OF STIRLING ENGIN E

To perform the simulation took as basis a Stirkmgine of the article: Analysis and design consitien of mean
temperature differential Stirling engine for sokgplication, authoring Iskander Tlili, Youssef Tiomi, Sassi Ben
Nasrallah (2008). By having the same applicatibthis work, power generation using solar energglol is the data
from the article:

Mean pressure of work: 8,7 bar(870kPa) Power Qug&b,77wW
Swept Volume:75cm3 Thermal Efficiency : 48,11%
Volume of heat exchangers: Working Temperature:
Heater:165cm3 Tc: 390K

Cooler:165cm3 Th: 590K

Frequency :75hz Phase Angle: 90°

Fluid :Hydrogen

According to the collected data and equatiefested to the mechanism used to model the Ross-\4diag the
equations presented above, the following situatieere simulated: Ideal Model, Model Isothermal, #uitic Model.
The simulations used two fluids, helium and hydrogdich are more commonly used in high performestiing
engines.

Table 1 — Characteristics of heat transfer fluid ued.

. Heat Transfer Capacit Molar Mass | Gas constant R
Fluid Coefficient Factor (Mkgrkmol) | (kalkg.k) | CP (KI/ka-K) | Cv (kilkg.K)
Ar 1,00 1,00 29,00 0,29 1,01 0,72
H2 3,42 0,68 2,00 4,12 14,20 10,08
He 1,42 0,83 4,00 2,08 5,19 3,11

Helium is a monatomic gas, inert, stable, high Bjgeleeat and high thermal conductivity, as a cosifoof the two
hydrogen atoms has a thermal conductivity highertaave a higher specific heat, has less than ttss wighelium as a
disadvantage but it is flammable.

3.1 Results found with the simulation of the IdeaModel.

From the data found as compression ratio of 1.1#Bemjuations of the volumes to the angle of thakshaft can
start the simulation model using ideal fluid chas&ocording to the results, to find both a fluigkld of 50.85%. In the
ideal model there are many considerations whichiredependent of the type of fluid and make the medirectly
related to the temperatures used. The yield incts® of the ideal model is given by equation yi€adsnot. It was
noted that regardless of the fluid used is the paugut of 4.423 kW for a frequency of 75 Hz

3.2 Results found with the simulation of the Isothenal Model.

According to the considerations taken in topic arl equations designed to simulate this conditibrwas
simulated model of a Stirling engine isothermal. eThresults are shown in Fig. (4) to (12).
According to the results we highlight the averagespure in the cycle of 673.3 kPa for the analg6iSchmidt's and
702.6 kPa for the Ross Yoke mechanism, regardiesiseoused fluid output powers are 1.1 kW Schmidtld Ross
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Yoke 1.418 kW for a frequency of 75Hz. In conclusidoth fluids can be used and has satisfactomyltsgsising a
choice for security issues and operations.
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Figure 4 PV diagram of the Stirling engine by comparing Figure 5 -T-Sdiagram using Helium.
the analysis of Schmidt's and Ross Yoke mechanism,
using helium and hydrogen.
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Figure 11 F-Sdiagram using helium representing the

main points of the cycle.
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Figure 12 F-Sdiagram using Hydrogen representing the main paifithe cycle.

3.3 Results of heat transfer in the Isothermal Model.

According to the topic 2.3, one can make some denations regarding the change of mass within ¢imerol
volume CJRallis. Whereas the mass entering is égquhe mass coming out, we have all the heat feanesl to the
system is equal to output power more heat los$oiSa motor with 50.85% efficiency means that feesy 50.85 W
49.15 W output have been lost. Although high vakiethe Stirling engine has lost income higher ttzat found in

other heat engine.

3.4 Results of the simulation of heat transfer in diabatic Model.

Note that the equations relating the output powerisbthermal and adiabatic model are equal andcttire
proportional to pressure for change in volume. Adiic process in the Stirling engine is dividedifive parts thus
making the analysis more complete. With this thecpss is also assessed in relation to the direofigas flow inside
the engine. According to the equations and the Isitiotn results as we have the following diagrams.
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Figure 13 -Dp -8 diagram using helium and hydrogen as fluids.

As we can see there is a pressure variation ioyble that is directly linked to the variation dttotal volume of
the engine.
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Figure 14-Dm -8 diagram fluid used helium and Figure 15 -DV -8 diagram fluid used helium and
hydrogen hydrogen.

4. CONCLUSIONS

This work aimed to study the Stirling engine, itaimcharacteristics, thermodynamic processes ieehlgrocesses and
simulation models covered. Among the findings ia #imulations we can highlight the importance odwledge of
each of the variables and their influence on timetioning of the Stirling engine as a whole, thedels adopted for the
simulation were satisfactory getting the result®gsected. Because the simulation does not relgctual data for its
validity it is necessary to make a more rigoroualysis, especially in the design and simulatiothefregenerator. The
regenerator is the part mainly responsible for iobtg an efficient engine, and a detailed studytton distribution of
temperature and pressure throughout the enging,niécessary. Thus making the simulation closea teal model,
however, this work is to be a useful tool for fe@uvork and research related to Stirling engines thed possible
applications.

According to the results of the ideal model in siraulations we can see that the output powers gual @egardless of
the working fluid used, either helium or hydrogéecording to these results the use of helium asathiking fluid is
more advisable because it is an inert gas that mol cause damage to equipment or whoever is dpgrat
In this simulation we find the same value of 508%elds a high value compared to income from maécombustion
engines that are between 20 and 35%, that if ve& &i the values of ideal simulation. As we know tfalues in an
ideal simulation differ from those found in praetidn the simulation model we can see the two eotlal fluids
continue to exhibit the same behavior. The Ros®ymkchanism provides greater power output at ar@8rP6 over
According to Schmidt's models for the simulatiord aheir special considerations, we can see any muljference
between the ideal and the real model. Based orethdts in the transfer of heat in the isothermatiet we note that
much of the energy supplied to the system is dig¢sgpto the environment, yet it is known that theximum income
may not exceed the value of Carnot and that thisteves inevitable to increase further should fooasproject and
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create new mathematical models closer to realitymbdeling an adiabatic system can notice a chamggstem
pressure which could not be noted in the isomelygtem as in the isometric system we consider atanhpressure
throughout the system. The values of mass changadh of the rooms are large and have these vdiuego the
temperature of each of the cameras that constahtiyges according to the angle of the crankshath@fengine,
therefore we can see the same situation in rel&idine volume of each one of the chambers.
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