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An Approximate Analysis Method to Predict Power
Output Characteristics of Stirling Engine
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ABSTRACT

A fast and inexpensive approximate analysis method to predict power output characteristics of the
Stirling engines in a preliminary design stage was investigated.

In basic equations proposed by Walker, typical temperatures of working fluids in expansion and com-
pression spaces were treated as those of working fluids in heater and cooler respectively. While the
temperature of working fluid in the expansion space was actually lower than that of working fluid in
the heater, the temperature of working fluid in the compression space was higher than that of working
fluids in the cooler. In this paper, the working fluid temperature of expansion space was treated as lo-
wer than the heater temperature and that of compression space was treated as higher than the cooler
temperature.

Also, according to them, the power output characteristics of the Stirling engine were evaluated with
respect to the GPU-3 and 4-215 Stirling engines.

The following conclusions were drawn from the analysis.

1. Using the available experimental data from the GPU-3 Stirling engine, it was shown that the app-
roximate analysis predicts the brake power with a maximum error of19 percent at 1,000rpm and
with a minimum error of 3 percent at 2,000rpm.

2. The approximate analysis data which for the GPU-3 Stirling engine were much closer to the expe-
rimental data than those of adiabatic 2nd order and 3rd order analysis within 1,500rpm to 2,500
rpm.

3. The approximate analysis data which for the GPU-3 and 4-215 Stirling engines were much closer
to the experimental data than those of the Beal number analysis.
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Fig. 1. The model of the Stirling engines for

analysis.
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Table 1. The specification of the analytical

model
Item Speciation
Name GPU-3 4—215
Maker General Ford-
Motors Philips
Working gas Hydrogen, Hydrogen
Hellium
Type Single- Double-
acting acting
Piston- Two-
displacer piston
B form a form
Drive Rhombic- Swashplate-
mechanism drive drive
Phase 120° 90°
difference
Swept volume
Piston 114.13cm? 217.65cm’/
Displacer 118.4cm® cylinder
Heat
exchanger
Regenerator Steel wire Steel wire
matrix (¢0.004cm) (¢36um)
Cooler Water- Water-
jacket jacket
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Fig. 2. The temperature model of the Stirling

engine.
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2P A e}t ol 1] AR Q1 Schmidt 3] A
WM 259 7lFoZ HAIMNY &2
Aste} rEFANY 25 4SS 1§ T
A E e 9 d&x9ke a7t Hu
26%, H4& 5%0]1 BF I FEFTHHS FF
7tae] 2E2E A7 rtErIek WA A F
7t29) 2ol BYIA HEFT A CHHa) e
a7t Al42%, 4 22% ook, &3 WA F

el 25 Asre a3 AL e L
27F A 36% HA15% ) A7 tHE
258 /1YY 2XEThet Y7l 2%
Tk WP aeee 598 Rozgd 3¢t
Ade 227t Fd 34% H4 13% 24 7Hc
o] A9} Bt A& o 24L& F AU
ot £ 12840 g AldAE 1#Y A
£7t Z7Vgtol wel & o) g &7 2A
Uebsteh ol 1as e B¢, 7B A
Z7to) e AF7tad 5% 4 4% oh2
&4 2712 vsiA &7 2 Ao 47
gl

O84E 4215710 g SHEHUOEA
st 719l &2} 750C, W7iel 27} 64T,
ZE 7t~ ol HF G ol 20MPa(200bar), 2E 7t
282X £4AE ALT AL 45X FUd=x

AdtA A AME A& ¥z FRoIT

300
[0 Predicted(a)
A Predicted(b)
250+ A Predicted(d)
— @ Predicted(c)
5 O Experimental
=~ 200+
t
5
o 190+
d
ot
a
100+
50 —y $

1500 2000 2500 3000 3500

Engine speed (rpm)
Fig. 4. Comparison of the power output predic-
tions with the experimental data for the

4—215 engine.

a9l o] 1A e} B-E &9ty
A A 26%, A4 4% 01 7MY ALe
QA7 Al 44%, H4 20% ol =g 7HA bel
AL LA Hd) 36%, 4 14% )3 7HAd
9] e AV AW 34%, Hx 12% 24
GPU—37|goll 8] vl gt Aotol w43 A

—211—




FZEANANIA A 203 A 335 19953 9%

& BYG e B ATFNA AL 24 8
Aol o1& A7k Z ) Schmidtsh 4o <@
et 4229 o 2AEL ¢ 4 Aok

2. F7t2o| FFO| ME etz "ot

g5 $ARPozAN Jlgrie exvt
704C, B Z7te) L 27} 15C, AF 72 PFY
o] 2,758kPa(4001b/in2) A} GPU—37]%kel o
&} AFItR2A Fho WEL AMEIES o
o] Z4Zte] A&x|o} FYZR A3 NN ZAF HA
Holl o3 &8& A4St AR E v F3loj),

4.0

A Predicted(Hz)
A Experimental (Hz)
©® Predicted(Hs)
O Experimental(Ha)

Brake power (k¥)
N «
) o

o

0.0 } + } }
500 1000 1500 2000 2500 3000

Engine speed (rpm)
Fig. 5. Comparison of the power output predic-
tions with the experimental data for the
two kinds of working fluids in GPU—3

engine.

Yol ol BEE AFNN22A ALER
Ao AN A3t QAL 18~77%
W90l 528 AETAE AT 49
QA9 A ko] QAHE 5~26% WAA B
ErlazA WEE AHSE A7 F2E S
8 Aend o 2 A7t AsE ¢ F Aok
olstE e olfE B ATNN AN BAAE
47 £429%F ¥ 22 AP 2 L
nAE AErhael FE0HE E4E 1A
ge Rolt, FENA2A AFE SR )

Fol 228 d3f FErtAEdel ¥ 27 g
A Aoz gzdrct

3. TEotAQ| iy Histol ©E Y&T Hot

2P6L FRRACEAN J1E7Y &xvt
760C, Bz719] 227} 38Tl GPU—37)%el
el AFtA2A FAE ASIES Wy &
E7t29 HFgHAold wWE 2AF syl
o5 28 A ALR] o} GMALIA] NLE 221
o ola) AAE AHE v Hojoh

10.0 A Predicted(GN. code)

A Predicted(Case ¢)
O Predicted(GM. code)
" @ Predicted(Case c)

oo
)

o
o

2500rp

>
o

1500rpm

Brake power (kW)

g
o
—

0.0 } } } }
0 2 4 6 8 10

A Pressure (MPa)
Fig. 6. Comparison of the power output predic-

tions with the experimental data for the
different pressures of working fluids in
GPU—3 engine.

Iy} Zo] 1500rpme] F$ AE 72
Y@FgeEo] 1,723kPa(250psi), 3,447kPa(500
psi), 5,171kPa(750psi) ¥ 6,895kPa(1000psi) il
&) e 247 76%, 3.3%, 7.6%, 9.8% °1 L,
2500rpm®] B $-oe 227} 42 75%, 62%,
127%, 162%2A HIFLGEH] 3447kPa(500
psDQ AFo 227 M AgE & F Uk
=3 71 %3] H 47} 2500rpm<! B - 1500rpm
A ALEG At ¥ ZA YERT ol A
3 upe} Zo] AgHet 1A YL @IS
7t e #HFrr2e 53T 2 I4F

r

RN

—212—



2E4d 7lge) 24 29 A

2878 GPU—-37]#o) ity ¢xzHoR
A 71718 L%7F 704C, ¥4 x5 15
T, AE7t29 FaLF ol 2,758kPa(4001b/in®),
AENAEN FLE AT F99 AdFR 9
FY 21N £ Aol A As 2AF 8]
Aol o8 Axtst o LZAF 088 &
gl de 54 A AR o3 ATt} T
2 Gdaza Ay, 333 Ay el o3 AlLte 2
#E 4&X 9} vug Aok,

A 23 R AETTAAM FE7kae A
Y jojoll @Hgo] gl Aoz /TR ]9
A S H3FH FLHA AT
By, B A7 A4d ad 228 A (Lee,
Krepchin, Toscano, 1981) 9 213t At = 4%
249 47 aded rYPEEd, FAF7t
2534 2 ol dEY 52 st Adg Aol
t}, &8 338) A (Urieli, Rallis, Berchowitz, 19
T A e AEIt2e BHEH E FF5A
32 n28tA @& e AE&X o A
7} 98k, 71l el A4 ehe 2 3HlA
ol&F o2 A4t FEvlEA S FItTL
F20 A9E 40, FY A5 269 B
st AP AN A7) 4G
32 A% EHFH S AN Aol

A= 31
TE®

30 aPol et 2o 52 23 e 98 Fe
Hzs¢ vz As 71#8 A4 2,000rpmol

= 257 A # 28%, 7| 4B A 2,500rpmel A & 1.
X 6% 2) 227 Yom, ol vd 2o A%
§ 207 7% o) 1,500rpmol A 15%, A2 1,000rpm
& A 09% ) S}l s A& O H2HE
151 & 4 ok oo Be AFge L 24
é A Adiabatic 2nd order A%, fEuEAAF BZAFE F3td A4
104 4 3rd order N ST e ANEAT HEARCZ

B Eoeimatar BAB B9 3N 9B AN E A

@ Isothersal 2nd order Ak v 2% A3 7| B AF 1,500rpmel A F

%300 1000 1500 2000 2500 3000 % 75%. 1000rpmelA) H 04%e) 237} 3

Engine speed (rpm)
Fig. 7. Comparison of the approximate analysis,
second and third order analysises with
the experimental data for the GPU—3

engine.

2 =EdA 243 52 233148 (Martini,
Ross, 1979 ; Martini, 1983) ¢ &3t AR & 7]
AZEL 80% 2 391, 1 A AFA]% o
X717 s, B2t o) o8t AlLte
FEopFELA g BAAS 298 Fitd &
B7gslol] o A7) EHFEH S AlLtet
I, FFEH 2 4 & e g
P

A 2L Folrh =g T 233

¢

>

o.
=2

o
L

J

ax

ek,

T 13} A IAF Ao o3 A4S A
e 712 AS 1,000rpmoAA AWl 18.7%, 2,
000rpmel A &4 26% 9 A7} kot 71
9] Aa3A4 HY 1,500~2,500rpmii ol Al
= a7 Hd 47% ol E2A F& 23840
olgt A ¥t 97t 2T AA vehgoy &
@2xt R 3 Moo F AR ASA o ¢ 2
Aotz e e Aol AgeHE 23 B
3xtai Ay B el d A dAlelA Vg &
A5 S AAHoln A3l A S WEe

24 o] & 4 Aokl AzpEry

—213—



FHER7IALNA A 208 A 3319959 99

5. Beal5=0ll 2|5t siadedniol wim

IY8E GPU—371 8o diaf $R2Po2A
7tE71eg =7t 704C, WY %7} 15C,
Zg7ba ol By o) 2,758kPa(4001b/in?), 2t
FAEN FAE ALY BSY 4EAY F
Ag A NA B AFoA Adst £ 24}
Aol 27 AR E Bealsroll o3 AlAre
&g v gk Aol

3.0

@ Approximation
25 L QO Experimental
“T A Beal No.

i
o
4

Brake power (kW)
3]

()
—

] Il I I

0-5 v ¥ T L)
500 1000 1500 2000 2500 3000
Engine speed (rpm)

Fig. 8. Comparison of the Beal Number with the

approximate analysis and with the expe-

rimental data for the GPU—3 engine.

2P} Zol AMerdk £ ZAE ARl
o g A e AEA Y A eart Hd 19%
H2 3% o1y} Bealwol o3| AT &e £F
x|of Wl @37t Al 46% HA 212 2M FH
AL AR ol o8 AAbRI7} BealToll 93 A
g Rt A& o 2HTES & F U+

IYew 4-2157] ol el 2HXRH[LZA
AAd71e] ex7t 750, Wztrie] &5 7} 64T,
RE7 2 o] Fye o] 20MPa(200bar), 257}
22X FA25 AT A9 AEAG B AT
ol A AQtet A TAS A Y] o AR B
Beald~oll o3} Al4rgt gkg vlm e Aot

200

@ Approxisation
O Experimental
A Beal No,

1504

8

4

&

]

¥ 100+

& %

50 —4— ——

Engine speed (rpm)
Fig. 9. Comparison of the Beal Number with the
approximate analysis and with the expe-

rimental data for the 4—215 engine.

2P A ek o) AU A TAE Yl
A3 A= A& o) wE 27t A 9%
A 1% °)v} BealFol o8] AAre ge A
Ko wal 27t A 25% HA 16% 2M 3
TAF A o) 2§ AL AE3A ] o ZF
e 7Ry GuiAdA GAA TRl &9
€ o &3=1 oA Bealsol 2% #tBo} o
STl AL & & AUk

5. 42

@A Stirling 718 B5A5E A4F 528
Ao ze s, 2xr s ke
Aol Qlov 33, 2ats A2 Zid
of ZMAAN A FAHL FELE AFTEA
T e AYAEI BRstn Y AFEHE °]
§3t22 B v & AZte] £aH7] Wi
712] AEIAAE A8 TolANP L 2 ME A
gatA] Zatvta & + o

2y A7kl 1A AR 2 229 7
To B L AFIUY ALY 2E

—214—

1500 2000 2500 3000 3500



ZHEY 718y 24 3 ALY

Zrzy 7yE71ek WA e FErtae 2=
54 A FAFARodt dAze 5e9YE, 5
243 E dYPAE  glenz $AF0U
9 2xE 7tEY 2xrn v, ¢EFD
Wel e Wrve 22 i v maky
B At o] d8e nstn, 7] A
SA ) A A g-o] Majats] ZALEQ F¥ e Fo)
7he gk AN & Atstn 2, 334E] A0
o1&k AR @ AEX 9} vnd Ao o2
Zo.

L 1Ay olA 2x9 JiFo2 HAF
e &= Adlet 4EFTUNY 2x A5 S
R ALY o 9§ Al 4R 9} A 5] e
A= 5~26% ol B R hEFT Y
25720 2 747 71719 Wl e
AErts 2xe YA G A4 2
A 22~42%, BRFNNY 2% AsekE AL
#HE A9 2= 15~36%, AW &
SEE 71EMY 259 YAIHe 2%
NERF2Ed T A0 23 B39 o3e
13~34% A ZA 1A G 229 7]
zoz YFFHNY 25 A3 FEFUH
Lx A4S 1 SAEAE At 4
2 7+ S H

2. B Aol A A3t ZAA O 9F] 717
AE7tAFER BE 2R FLE§ v
A AFL A2 AL A A
Ao} AEA o] e b 18~77% Nl L,
AE BAF7tag ALLE ZSo Aataigd A
2)9}e] 93} 5~26% HYZA FEIAEA
HFS A3 A7 428 AHET ASET
o 2 2271 AN

3. AF7t29 HFYHE 1,723kPa(250psi)
ol 4 6,895kPa(1000psi) 7HA] 4T A o] FEH o
A A SAF A A A &
2t GMAL A Hesk =2 23l o8] Albgt
& vt A¥ Bt E ol 3,447kPa500psi)
o of A= 3AF 1500rpmeY FHo 3.3%,
3 M4 2500rpm?) %o 6.2% 2 A1 7HE A
t}.

—215—

4, A 53 ZAHAPA g ANS
age 423, S 2334, vd 2384, %
3xra Aol oldl AAre gtd vud AR, F
& 24, SAME A, 3xbe Ay, B8 2abE Y
¥ &0z A& o 2P LH, 7RI A
4:1500— 2500rpm AWM HE Ak 32
Apsi AR she) @ e Hh 47% AT

5. A £ ZAs Ay A3 AL &
#x)8 A&x)9 vug 2% GPU-37189] 7
& 9xE 3~19%, 4—21571%e] AL oA
1~9% 9 o|t}, Bealsoll 2l&] A4S ghe] 4
Zx)o] & @A GPU—-371#Y F57F 21~
46%, 4—21571%9] 397} 16~25% B HEA
57 ZALS AW o3 AAEA 7} BealFol 9
& AAE gEo A&A0) o FHIA

i

Fo
ok

(1) Azetsu, A., N.Nakazima and M.Hirata. 19
82. Computer simulation model for Stir-
ling engine. I Mech E Conference publi-
cations, pp7—64.

(2) Datta, S.and V.H.Larson. 1982. Finite ele-
ment analysis of dynamic energy tranfer
in a Stirling engine regenerator. Proc. of
the 17th IECEC : 1705— 1709.

(3) Hoehn, F.W., BD.Nguyen and D.D.Sch-
midt. 1979. Preliminary test results with
a Stirling laboratory research engine.
Proc. of the 14th IECEC : 1075~ 1081.

(4) Kitzner, E.W. 1981. Ford Motor Company,

private communication.

(5) Lee, K., LPKrepchin and W.M.Toscano.
1981. Thermodynamic description of an
adiabatic second order analysis for Stir-
ling engine. Proc. of the 16th IECEC :
1919—-1924.

(6) Martini, W.R. 1978. A simple method of
calculating Stirling engine for engine de-
sign optimization. Proc. of 13th IECEC :



(7)

(8)

(9)

(10)

(1D

(12

F2EY7IASEA A 20 W A 33 1995 9¥

1753—1762.

Martini, W.R,, and B.A.ross. 1979. An iso-
thermal second order Stirling engine cal-
culation methods. Proc. of the 14th IE-
CEC © 1091—1097.

Martini, W.R. 1980. Valdation of publi-
shed Stirling engine design methods
using engine characteristics from the li-
terature. Proc. of the 15th IECEC : 2245
—2250.

Martini, W.R. 1983. A revised isothermal
analysis program for Stirling engine.
Proc. of the 18th IECEC © 743—748.
Qvale, E.B.and].L.Smith. 1968. A Mathe-
matical model for steadyoperation of Stir-
ling type engine. Trans. of the ASME,
Journal of engineering for power : 45—
50.

Shock, A. 1978. Nodal analysis of Stirling
cycle devices. Proc. of the 13th IECEC :
1771—1779.

Srinivasan, V., R.Fauvel,G.Walker and W.
R.Martini. 1982. An isothermal second
order Rigbon-Stirling engine computer
program Proc. of the 17th IECEC : 1807
—-1812.

(13)

(14)

(15)

(16)

an

18

(19)

(20

—216—

TewR., Kjelferies, D.Mido. 1978. A Stir-
ling engine computer model for perfor-
mance calculations, DOE/NASA/1011—
78/24 NASA TM 78884.

Thieme L.G. 1979. Low-power baseline
test results for the GPU-3 Stirling engine.
NASA TM 79013.

Urieli, [, CJRallis and D.M.Berchowitz.
1977. computer simulation of Stirling cy-
cle machine. Proc. of the 12th IECEC :

1512—1521.

Urieli,l. 1978. A computer simulation of
the JPL Stirling laboratory research
engine. Proc. of the 13th IECEC © 1780—
1783.

Urieli, I, and D.M.Berchowitz, 1984. Stir-
ling cycle engine analysis, Adam Hilger
Ltd. pp20—50.

Walker, G. 1979. Elementary design gui-
delines for Stirling engines. Proc. of the
14th IECEC © 1066— 1068.

Walker, G. 1980. Stirling engine. Oxford
Univ. Press. London. pp50— 58.

West, C.D. 1981. Theoretical basic for the
Beal Number. Proc. of the 16th IECEC :

1886—1887.



