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ABSTRACT: The Stirling engine has attracted researchers’ attention in recent years due to some
advantages such as low noise, external combustion, and the ability to use solar and other new energy
sources. Moreover, these engines can also be used in applications with low or high-temperature
differences. The type of cylinders, their arrangement, and the transmission mechanism can affect this
engine’s performance. On the other hand, engineers and designers are always looking to increase the

efficiency and effectiveness of mechanical systems, which in engines can lead to increasing the engine’s

work or power. In the current study, firstly, the dimensional analysis of different types of Stirling engines  Keywords:

is done. Then, by defining the engine’s geometric parameters as the design variables, the engine’s output Stirling engine
work will be maximized using optimization algorithms. Also, in order to prevent the increase of the K i
. . . . . _ . . . inematic
dimensions of the engine and its occupied space, a new constraint in the problem will be used. Kinematic

optimization is applied to four different types of Stirling engines. Three algorithms, namely genetic Thermodynamic

algorithm, particle swarm optimization, and imperialistic competition algorithm, have been used to solve ~ Optimization algorithms

the optimization problem. The results of kinematic optimization show that the output work of the engine = Output work

with optimal dimensions has increased approximately 1.45 to 4.59 times.

1. INTRODUCTION

The Stirling engine is a closed-loop external combustion
engine that its operating fluid never leaves the cylinders of the
engine. This engine can be used in cases where a low-noise
engine such as submarine is needed because it generates very
low volume sound density [1, 2].

In this study, the four well-known layouts of the Stirling
engine (Fig. 1) are considered, and the thermodynamic
relations, Schmidt’s theory, and the kinematic relations are
also regarded. As the outputs of the current study, pressure,
volume, the output work of the engine, and the effect of
the link’s length on the output power of the engine are also
investigated. All the geometric parameters of each layout of
the Stirling engine are considered as the design variables.
Also, in order to prevent the increase of the dimensions of
the engine and its occupied space, a new constraint in the
problem will be used. Kinematic optimization is applied
to four different types of Stirling engines, where three
algorithms, namely GA, PSO, and ICA, have been used to
solve the optimization problem.

2. KINEMATIC MODELING

Using the governing kinematic relationships of each
layout, the compression volume (V,) and the expansion
volume (V, ) can be calculated. If the values of pressure and
volume relative to the rotation angle are known, the equation
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of fluid pressure variations as a function of volume changes
would be yielded. Given this relation, the pressure
diagram in terms of the volume of the engine and the
output of the engine, which is actually the area of the
enclosure, can be calculated. Fig. 1 shows the geometry
of the mechanisms for four different layouts of the
Stirling engine, namely [3]:

a type with slider-crank linkage

p type with slider-crank linkage

y type with slider-crank linkage

a type with Ross-Yoke mechanism

3. OPTIMIZATION

The output work for each layout depends on the pressure
and volume. Indeed, the pressure and volume equations
depend on the length of the links and the radius of the
cylinders. Therefore, the variation in the output work is the
function of the links length and the radius of the cylinders.
The output can be maximized by considering the length of
the links as well as the radius of each cylinder as design
parameters and by performing optimization algorithms.
Then the maximum output work can be simply achieved by
using evolutionary algorithms that are used in many practical
engineering problems.

Moreover, a constraint is used to prevent the engine size
is increased. The optimization problem will be summarized
as follows:
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Table 1. The permissible ranges of the problem constraints

a) o type with slider-crank linkage

C1

Enginetype P (kPa) P_(kPa) OS_ (cm’)
a_SC 180 1200 301.59
B SC 150 700 257.61
y_SC 250 600 38327
o RY 150 3000 1097.82
Table 2. The optimization results
Engine Optimal W GA PSO ICA
" w(ke(emss)') 31022 31754 31227
SC A 2.04 2.09 2.05
b W (kg (cmss)’ ) 11024 11702 10652
SC A 15 1.59 1.45
v w(kg(emss)') 29658 30974 27036
SC Wi, 248 2.59 226
" w(ke(emss)') 102071 100996 101249
RY wiw, 4.59 4.54 4.55
Max F =W

s-t: P, <P<P._

min

05 <08

max

)]

c) y type with slider-crank linkage

o

Expansion Volume
- j
*r—

X, .n<xl.<x

‘mi max

x:[xl’xz,...,xn]

where W is the output work and x is the vector of the
design variables. The list of the design variables and their
permissible variations are taken from [3]. OS is the occupied
space for each layout, considered based on the following
relations:

08, s = (221" min(E,.C,))+(7E}(OF ~1,))+(7C}(OD -1,)) )
0S, i =(221°E, ) +(2E} (OG -1,))+(zD}(OD -1,)) (3)
08, g = (2712 min(E,.D,))+(7E}(OG -r,))+(7D} (0G -1)) 4)

0S, 4 =’ min(E,.C,))+(2min(E,.C,)max (21, 21,)(r, +1,))
+(7EXOE 1, +1))+(2C (O -1, +1)) (5)
P

max

Moreover, the values of the P, , and OS_ are
represented in Table 1.
4. RESULTS

The optimization results of the different layouts are
demonstrated in Table 2. In this Table, the value of w, in each
case is extracted from [2]. Furthermore, the P-V diagram for
the original and optimal engines, using different algorithms

d) a type with Ross-Yoke mechanism

Fig. 1. Geometry of the mechanisms for different layouts [3]
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are shown in Figs. 2 to 4, respectively.

A comparison between the three optimization methods for

the four different Stirling engines is shown in Fig.5.
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Fig. 5. Comparison between three optimization algorithms

5. CONCLUSIONS

In the current study, the dimensional synthesis of the
Stirling engine is considered based on four different layouts.
This optimization problem’s design variables included
the mechanism’s geometric parameters, and the engine’s
occupied space is considered the main constraint. The
optimization aimed to increase the output work of the engine.
This optimization problem is solved for different layouts
using three optimization algorithms GA, PSO, and ICA. The
results show:

- Irrespective of other parameters, increasing the length of
the crankshaft leads to higher output work.

- Regardless of the effect of other parameters, increasing
the connecting rod’s length leads to lower output work.

- Alpha type Stirling engine with Ross-Yoke mechanism
has the best result compared to other layouts; for maximizing
the output work based on optimizing the geometric parameters.

- In comparison between optimization techniques, the
PSO method had the best results in three cases and in one
case, the GA method had the best results.
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Fig. 3. Different types of Stirling engine

S5 S s 5 el ailebis 9,8 Sl >
g S e &gy s s 5,5 lapae Ol s

25 092y Lod et (Sl sl s o
OleSs joige sla isw den o (6,5 Jlow sladax] (Lid
wl.’ )535,0 LSLQUW 6Lc¢ 9 Lb)du.la.w o)‘y_d LgLAO

S oo Sl S b jgige lg0 slaise
Jlossl 5 Jol5 55 5l 5350 30 ST G ol yp a4 azgi L
1y gy 00 oolail

PV =mol.RT o)

S5 sloail® 5 g j5ige 0w g )5 e gles b plp i s
b 1, Sealiyoge s ¥oles Julow ol sl Los o blu
0 0,3l 45 jebosled 0,8 o oo oy &) Slasls 5 00,5
55 05750 Sl & ol ol ol 5 o Jeol Coal Ll 5
Lople g el plos )0 aien o5 Joo 5 5390 blassl o>
ALEl x> 55 992750 Jlw slos 5 Sl y9ig0 )5 e sleo
Ol el jgige 0 p guie gl bl g Sl jgise 05 Jaue
Gl ool gladal, b oo 57wl 3 1) SV¥oles (g5lwosln Sl (53
Dl s @ e Dl 5l b O go 0 Jlw Hlad ol s
Il as le s ol Olos 3

0 S s a5 das

ol (Jloasl) JolS e )l > bk sl b

WS (o0 S9m JoU B S Aslee 5l )5 Sl

£€7.



FFA b ¥FA0 dorao V¥ v Jlo oV ojlaud Y 080 ¢ pusS yuol SOl wiins 4 puis

tSelodw Y olre 5l eolainl b ¢jgige slaguns S 51 S 2

S bodw Jloi-¥
O 9 635 2 p Sl (Sleiew Ly, 5l eslitul L
o7 5 (V) Blasil oz (lgie 28,0 ole (28,5503,
¢ s 3 8 i 15 b I, (V) oL
Sie 4 Jlom L8 i sl a2l e 52 45l
Soges calaly cpl rals b sl so sty oz Sl pss 5l b
Crlas) H5ise (79> ) 35 5ee p e 1) L3
Jolos ay dalol jo sl anilxe BB (Jloges ;0 jgame Ciond
VUSS jo a8 Syl j5ige ilide Joo )iz (Siloiw Ll

.Q}C;BLSA 43}‘&).1 Cawloadsosls ul-Mo\J

o..\j}i]sgiﬂ {a).ul.ia la ==
P30 b Wl g5 S sl 55350 50 0505 dussins 4y 4z g L
@l}ul} Q‘?“(SA gwlouoonL&.} ¥ J&w B as OJJ)’.;JB;Q

20,5 dwle 5 B0 1) b gius

AE(0)=OE - 04 %)

e
Expansion \'nl\nncr_—)

S sl gige Szl el 5 llae glos T 5 ba3ls Sl
(r)obsl (k)5sis (V) bladl oo cond gz 4
sledpd 28k 0sd o s (V) oLl pon 5 (1) oS5
s isu 5l plaSzme 10 slos o pa e a1 Coel o
Slese 1y Hlad o)l 0929 bl )l sbaaly g Cb 3L alax 5l 1530
Sy ) Syg0 4 (0) S e 2552 agly 5l (o2 590 @

:a)5’|
P(0) = (mol.R) [ (V.(O)/ T, +(V.(0))/ T,) ™

Ll oz g 4V, 5V, 5 Sbe (1352 gl O a5
o T, 3T, zed oiiiwd 23 > s o Coons blas! oz
adgl Ll 5l ooliciol b aiis Lokl 5 blasl (slod plp cosi 5

09 dmle > alail ) 5l Gl o 5,5 0, 55590

— ~ mean max )

J‘S“‘\?vaax ‘<5§“"L""‘“ Ja)‘),w P o¥ee dl"‘m )L‘:‘épmean as

Slp 38 slapz 5l Sope cul 36l sbo T, 9 ,9590 px>

mpression

D ’ Volum j
..__

0 3= S0 0 5ilSo Ly T £ 95 S il 95 g0 (531 5y dwwniin P JSC

Fig. 4. The geometric configuration of Alpha type Stirling engine with crankshaft mechanism
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Pl LW asslSe L LIS prelSe L Ly prlSe b W1

St 033 g K 0033 g 5 0 33 g K
V0 Yo \0- VA P, (kPa)
Yoo [N Ve \Y - - P, (kPa)
V- AV/AY FAYIYY YOV/$) ¥ 1/04 oS, (cm®)

o3l g Ty pleosl i oS Sy w8l (o sleaige
c\.......ul.a.a W‘Q L| L:eu.;” U"‘ C.al...u 9 '59'“"&50 oolau! VLS)LQ.LA.HJ‘ wlﬁ)
Silwtinte Sty (ol 3 90 50 (6 paiie prds asldl 13 9l 0

wiaslys @l

S5 i ,$5-0-)
Ot asteion 31 (S el (Byme VAVD Lo jo a5 S o5l
soje )0 GlF gl lawsi solaiulsyse  JalSS lap 55l
Sy gy 5 oozl b wsSIl cnl ol (g jltigs e
JolSS (98 a5l 5 omo Sl (S35 elie (e g pel>
b e sie o [VY] 00 5 o ol sl JLos @ gyl
sl Comazr e 5 Wgdoo 4t Wpsigeg S O jgam 4y aliee
D9bse Slgi apgiges S Lawgs Solas
dazme adgi Sloe adlge Klos an gl S5 0,65l
Se55 sl ol See aw Gz Ses 5 gbli Ses
S 2lrpgisesyS 3l atws ol sazme adgi Sles o il
At 1095 52 bRl gl (5t Guills Sl ot FissB
s Bi g0 4y A s 45 lapgises Sl s o
gl oo Sl adgl oozl plapgises,S Cuond cal j3 0l
Slml sl g el S5 o, TRl el ablis Slas
3,8 93 Ygoxs .09, 0 45 4 (pally o ool Jall b awas (60,8

s s oz oo 055 Slae st 008 )55 Cmaz 5l ol

S35 G spge Shes Nigd oo lrale o b a5 5| pan

1 Genetic Algorithm (GA)
2 Particle Swarm Optimization (PSO)
3 Imperialistic Competition Algorithm (ICA)

£87y

olis OY b ¥R Loy, jo adlas 0,00 o So iz lp a5

Cwlosls

0S, s =(2717 min(E,,C,))+(xE}(OE 1)) +(7C}(OD-1)) ()

oS

5 s = (2277E, )+ (7 EX(OG - 1))+ (7D} (OD-1))  ©+)

0S, o = (2212 min(E,, D)) +(2E*(OG~r))+(zD} (0G~r)) (@)

OS[Z_RY = (ﬂr]z.min(Er,Cr))+

(2.min(E,,C,).max(2r,2L,)(r; +1,)) oY)
+(7EXNOE ~1 +1))+(7C}(OE~I,+1,))

Gl lagai Sy JUbl slad oo )85 jlade (358 Lails) o

Gl S wlol 558 Lalg, Canloadosls lad S iwl jgige
Gl glad o5 iyl paiz (28,5050 Geluly 5 VG Y
gl S oo iledae |y oS (5 > slad g gy
Sygas &S (OS

max

) se sl olad auiny lie Cosload
SleMlbl 4 a2 95 b 5 598 Lalg; (bl 098 o0 llans 85 08 S5
Cawds eanlons (3yme VAl g yo 0 a5 Lol b b sla, 550
et (Sl ik JUs 4 (g3luaingr wl 50 @dly o e
S(G@s Llyy wlaly) hgise o 29,5 JB Gl 2 ogdle a5
5 L8 Dl slre polie ¥ Jgur 0583 iy (Lol 25k nle
ol ity o s3loaing: o 8 5 o5 50 JUisl (sl
...\.QJGA

Ohey w5l Glegh ol 5o eadicay e dlluse (g5leaigs (lp



FFA+ G FFO0 axbw MY - JL.: &y D)LM QY 0y9d ;)....5).:.91 «&u&n L;""'“\“‘Q(" A_v).u.u

Sl ol p YooV Jlo 5o il ISe 5 50 5T Lo o 55801 0!
NP3 LI RO EFRPCINS < [ § & RGNV SR PRSP SN FJOON
S0 el Lo Ll sl elaizl o] 3 5l as” a0 g0l 5N
adgl Comax SO L oy o8l S0 aiile o ,sSUl (pl canlos S
odel ,giS S Comax l pac 2 S o )5 4 5Lt oolas
M )f)lw‘ 9 0o (GALWO 90 L Lb)}ms .)9.»;641
o),o.v.';.......a )5..“5 60‘.&:.) 09.‘> U)JB LERC VoW ;)Lo.v.....u‘ » JJB.M}GA
Sl 5 lexwl slo,guS anlsl jo0ms oo )8 0g5 | uS o |
9 o> Canlow glaie cov 1) Sldes jiinn oo joxiww (iils
T (JolSS ool cnl U lye i oo planil (g jlasiisl <08
IVF] wsb o )
Sl w08l €98 sl el lacs 1l ol

polia ooy g8 o 955 N o308l b (slads] sla 5.5

Silwainte sl ys51 53 oadosliiwl gl yiolyl Y Jouar

Table 3. Parameters used in optimization algorithms
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Table 4. Constant values of the thermodynamic param-

eters
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Table 5. Kinematic optimization result for Alpha type engine with crankshaft mechanism
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Fig. 8. Kinematic optimization result for Alpha type with crankshaft using GA
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Fig. 9. Kinematic optimization result for Alpha type with crankshaft using PSO
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Fig. 10. Kinematic optimization result for Alpha type with crankshaft using ICA
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Table 6. Kinematic optimization result for Beta type engine with crankshaft mechanism
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Fig. 11. Kinematic optimization result for Beta type with crankshaft using GA
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Fig. 12. Kinematic optimization result for Beta type with crankshaft using PSO
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Fig. 13. Kinematic optimization result for Beta type with crankshaft using ICA
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Table 7. Kinematic optimization result for Gama type engine with crankshaft mechanism
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Fig. 14. Kinematic optimization result for Gama type with crankshaft using GA
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Fig.15. Kinematic optimization result for Gama type with crankshaft using PSO
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Fig. 16. Kinematic optimization result for Gama type with crankshaft using ICA
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Table 8. Kinematic optimization result for Alpha type engine with Ross-Yoke mechanism
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Fig. 17. Kinematic optimization result for Alpha type with Ross-Yoke using GA
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Fig. 18. Kinematic optimization result for Alpha type with Ross-Yoke using PSO
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Fig. 19. Kinematic optimization result for Alpha type with Ross-Yoke using ICA
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