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Stirling Cycle Machine as a Household Refrigerator

Toshio OTAKA*

Abstract: The greenhouse effect by carbon dioxide issue would make better recognizing the importance of
efficient use of energy in terms of high energy conservation measures. Accordingly, attention is drawn to the
Stirling refrigerator, which is a perfect Freon free refrigerator. The Stirling cycle has the highest theoretical
cycle efficiency corresponding to the value of the Carnot cycle among the proposed thermodynamic cycles.
Stirling refrigerators as household refrigerators with high efficiency and high cooling capacity have received
limited studies. The authors have designed and developed a 100 W class Stirling refrigerator for household
use. This paper presents some thermodynamic characteristics shown by PV analysis and experiments on a
Stirling refrigerator with a hybrid regenerator made of copper matrixes and nylon matrixes. And we per-
formed analysis and evaluation experiments using the 100 W capacity prototype refrigerator using the hybrid
regenerator, with the aim of applying Stirling refrigerators to household use. Moreover, this paper proposes
the small-size Stirling refrigerator with an active-type regenerator.
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Fig. 2 Theoretical Efficiency

Table 1 Theoretical Efficiency

Refrigerant ’%hgizggggsl
Vapor Compression Refriger-
ator R134a 2.52
Stirling Refrigerator Helium 3.66

Temperature Conditions : 318 K/250 K
Super Heat/Under Cool : 5 K/0 K
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Table 2 Specifications of Prototype Machine

Cooling capacity 100 W

Cooler wall temperature 233 K

Radiator wall temperature 303 K

Working fluid Heliume

Width Height Depth 260 %320 x 130 mm
Bore x Stroke 60 X 20 mm

0.7 MPa (max. 1.0 MPa)
16.7 Hz (max. 25 Hz)
Wire mesh (Cu, #100)

Mean Ppressure
Piston speed
Regenerator matrix
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Fig. 4 Typical figuration of Stirling machine
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Fig. 5 Cooling capacity as function of cold head temperature
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Fig. 6 Effects of mean pressure on cooling head temperature

BRAT EBHEETI O, F74H COP (Coeflicient of
performance) N —DODEELT 7 7 XTixh, AX—
UV T EBEOERICTE— 2 AN L AHENIPDRES
COP IT & » TN L ERERHl TN %, TD XD
7% COP IZ Xk B3, —MmICKER S HEO 55T
iR DEERINLH/CD, EHETCE—2hE#ELS N
TV WEBOFRFEICI\W T, RSEANDLHO
EYEFEMIC IR D T\, SHER R RIS 45 COP %
HHNY FRE—-COFMTERL ERYN 7108
T HEHEE LREOMmMEEN /NS V253K DIE S 75
233K kD &\ moTW5b, HETH H233K Tit
COP (X0.7L0 k-, 253 K TiX1.0LA EZ/RLTEKY, &S
T1.05CTh -7, F7, 13HzEEICY — 7 %o |
ICIMOEMEE R L TW5E I ERbh 5, EiEREEAME
WK ¢ COP 2ME\V DI, Z OFEIRTE— X R NK
WD TH D, Tz, EEEFEES®WVEE T, B
BEDEEK T 572012 COP [FEL 755> T 5B,
(4)  RURRHFRIT X % M AE A

1.2 P—r—r—vy-—s=-r-—+r—r—+r——r—rr—rrr
1o} /D/D\D\
P O O
08F
O 06F
Q ! Working Fluid : Helium
04k Mean Pressure : 0.7 MPa
Radiator Temperature : 313 K
02 Cooling Head Temperaure :
“T —0—:253K
—0—:233K
0‘0 'l A A A 'l 'l A A A A A 'l A 'l A 'l
9 10 11 12 13 14 15 16 17
Frequency Hz
Fig. 7 COP Courves
0.9 0.9
z 0.8} = 0.8}
= =
e O7F v O7F
7 2
L 06f 2 o6}
o -
05 0.5 o —
0 1 2 3 4 5 6 7 0 1 2 3 4 5 6 7
x10° x10°

. 3 3
Compression Volume m Expansion Volume m

(a)Compression Space (b)Expansion Space
Mean Pressure : 0.7 MPa, Frequency : 16.7 Hz

Radiator Temperature : 303.4 K
Cooling Head Temperature : 252.3 K

Fig. 8 PV Diagrams

RS, EBROMEE FIC LD E—x PRI OtR
RO TNDLDOT, RHELRBIFEL L->Tuhkn, L
7o 5 T, COP FHMOMBIC & PR L& — 2 IRk %
BRI VBT FRFHN AL E TH L, £ I T, RRE
ROFMEFT - 7co BIRRIRIZ 1A 7 IWITONWT
EMRE, BRENOENESE) & AEE L) SRR TEERE
HEE L CHIRFMEITO LD TH 5D, HfEE LIRS
ISR L2 L ENEB OBIRONREF %X 8 1T
Rt TNENL YA 7 IVICOWTHES L 7l KR
EfathE, RREEtE @HE) ThD, Ihbof
DESIZ NI ATHEDO MR E TH B, LIz -> T,
KRt FE % T — 2 OBKIATORD DITH TR
iz 4L, BEBIEARE— X85 LS %\l ay
BETH b, £/, BHRENORD DICKREHEZH W
N, FBEFRRACTEIRKRL Y OBETIC KT %48
KRB BRWIGHE R TRE L7k %, T HIT, TNHOZRY)
RKIHHIC BT, REORE LR /el L/ —
R O TR L 7- FOM  (Figure of Merit : LI,
FOM ¥ 0f3) %8 A3 %, COPj (j=1,2,3) L hL J —
RO TH S FOM] (j=1, 2, 3) #KIITRT,



50 B E#XYHR T HLE Bl

(2008)

1.2

L Working Fluid : Helium

1.0 = Mean Pressure : 0.7 MPa
L Radiator Temperature : 303 K

0.8 }=gg Cooling Head Temperature : 233 K ml
2 06 _ __—B—p—om
= L

0.4 _A\A’A\A_FoﬂA

02 F@g—o—0—o—Llg|

0'0 [l | 'l I [ I [ l [ l [ ' [ | 2
9 10 11 12 13 14 15 16 17
Frequency Hz
FOMj(j=1,2,3)=COPj(j=1,2,3)/ n
7 :Carnot Efficiency
Fig. 9 FOM Courvs

COPj (j=1, 2, 3) 3K, (2), G k->THE2ZLEN
50

COP1=Wie/Wi )]
COP2=Qe/Wi @
COP3=Qe/Wm 3

Wie : BURGHE (MREZEMEE), Wi: KR
Wm : E— 2 EXAT, Qe : HTRAE T
X kv, SEiEE¥ 9.8 Hz 1235\ T FOM3 110.2418
LNTW5BET ENb»rbB, FOM3 iE FOM1 O#30% T
BHbH, Tz, RRftF L T—2EIAN EDOHIF0.4~
0.5, BWHAEN & RURGHIE & ORI R A THO.7T
Bho Ko TE—ZBLVEE—FZNLE A UADE)
THEZIC BT ZEWERA K E N LR BI85 7,
(5) BRIz

K10ICKE BBz —Fl & L TRT, £E—XD
BIAN D BREEICETIFH AR SN ABEOE
KREPRKEVWIEDRINTWS, T/, BOENLHEH
BEOI HBLEGERICLDKRDNLENPL N ELREIN
TWb, ThHDOBRKEDKE A SHMED TV LR
B5b
6) TIx AR

JE AV A B R I L CEN O ER 21T
5720 FERIOEGE AT 2 1O OIEBERE & M3 572
2, KRG LTI 54 (ZF LV V7 U a—)IVKE
W, D754 v E02) 2RV, GHNY FOGEE
FEEPNIC IR 5 9 % RS IEE i B GE  A T L R L
7oo BINICEMEE Y AT LDORER Z R, BHINY F
WX T 54 VOWRBEETHEL, HEINy FITi3E
BT 0 v REL Tv B, RO BEGHC I EIRIEER
B AVWC315 K O—ERE, —EREIC L CHllmk
L7z, FEBIZ, KIBABCRED HEHEOHH & TV %
OREREZTAL ZFWEL 72, NI2ICZORERERT, i

Mean Pressureb : 0.7 MPa
Frequency : 16.7 Hz
Cooling Head Temperature : 252.3 K

Motor Input Power
160.3 %

M L P;\S/ g}\i/ork Radiation Wall Temperature : 303.4 K
otor Loss .67
| — Reversible Work
<«— Regenerator
Mechanical Loss
~ Regenerator
Irriversible Work Loss
v Cooling
Capacity
100 %
Indicated Cooling / °
Power 188.8% |
vf Radiation Loss

Pumping Loss
Shuttle Loss
Thermal Conducting Loss

Fig. 10 Heat Balance

Radiation
[Irriversibale Work]+[Radiation]=247.4 %

WEINy FRER, BEPRE, AEUE A DSIERE OZ L
R L TW5, WElANy FEERIE, ERRB A4 50 min.
BICHI263 K ICEL T\ 5, /29258 K THEEH & /n
> TWb, BAINy FEHE & BB A D OREZE P
10K %2, CHIZBEHETr — AL bORBIC L5
BPRBRENDTH B, SHEMBEMERZ R ESH T
SERD L, BHOREIIK2T0K BAELN T\,
Thud, BB O OBIBRNKE NI TH LN,
SHBSE Y AT LAORBILEN S C LI LD SFEABE
Th b,

4. NA7T) vy FBESH

AL = V7GR, REMRGHE Y L CERMLY
R A572DIC, @BUVSIRPROOLNDS, FEKICELDES
NI ERBNERED O, BRBEROEBANETH S C
EDRHBNICIE > T B, 22T, FEMETAT 4 A
TV —Y OB XD EBIBEOKE AR - /o, T 4
ATV =Y OHITIIBEB LB S & 57O ESHY
WL TEY, FHAEROBZBEMICEH D A v 2%
TWELIEDICT 4 AT V=Y OBEENPKELS > TV
bHo £ZT, IVBEELFIAD VAV 2B EL
THW, ThICHIEA D 72OITEIM D A v v 2 wRE
LTHWDNAT Yy FEAREERLGHEBICERL
72 TTTIK, NAT Uy FHAEROME X Z OB FH
PEIC DWW R S,

4.1 N7V vy FBESOHME

FABTV AV 2 bAy Y 2% RBEL THWAFA
WENATY y FEEREERL, BEA YV ak A
TYy FXPMUZAEVD, Y7 ZAIRIBICRT
k51, B LT T A 1AL A B AE50 mm O IC
YMILERL/ce N 7Y FX U7 AOREGE (L
TEREREWD) (%] i, M7 AxBEBLI-L X
IChEOAEEOK (R/IREFAav]) &L TES
5, £/, MR T IO FY 7 A EF 4



KEEMAZ — U v/ 7 5

N

Refrigerator

Cooling Coil

Data Recorder =

Stirling Machine ‘
/:/ Tl
=
8 il
G Water Tank

Fig. 11 Heat Transfer System

Frequency : 16.7 Hz

Mean Pressure : 0.7 MPa

T =)

Helium Cylinder

650

51

Expansion Side

] Copper —

Nylon

N~ Cold Head Tempertaure : 258K
® 280 Room Temperature : 291 K
=
= Freezer chamber
S
2 270F
£
S

2601 Cooling Head

250 L L A A ' '

0 30 60 90 120 150 180 210
Time min.

Fig. 12 Pull-down Test Results

Cooper

Fig. 13 Matrix

0V L WCITEDBE A HICKEBE L TW5, Zhit,
FAB YR Y 7RG TRRAIE AN 72D E A E)IC
FBHHBEN ISR LENBEEPHEKRTHZ w2
72D TH b, BRI~ U 7 ARBAIE S &M

Nylon

200 pieces

Compression Side

Fig. 14 Hybrid-regenerator

M LU EDBEA KRBT A AT PDL TH D, £
38, FAVOWRERY, A B IR T
GERDPNSLSBEENPRE VD, FAERO LD CE
WR S T & ARIR I OR 2428 IR & WA X —

UV BHEBICHWAEERS & L TENTW S, T,

BB SR AT OICHERE T 4 AV —YICH
RS CHEREOBE KL N2 50N EP B 50,
<P ARECCOEEBET ST c AT V=YD
WIS S 7002, kDB A aveBHwsT b
&0, BWEREK IS5 LR TH S,
INATY w B MU 7 AOETBLEH

ERIC LD,



52 B E#XYHR T HLE Bl

(2008)

L7 RARISICR T, WO IR 28 H > &
BTG L CHEABRABEML T 5, K2REA
RKRphsnwE E, $hbbr Ay Y 7 ZOEER
KEWVE S, ESEEREVTEENRIENKREL &
> TWhb, T, FAB V< U7 ZOMIMAEN T
o, BENZEI L TREHEIAEAL TWA 2O TH
o L, HHEENKL 725 &, ZOERITHES
72> T\\W5b, BEFE0X TE, <Y 7 ADED
BE LENBRRICKREREZRIRON R ko7, LK
> C, EEEERGINTIE, EHRAOBATIINA T
Uy FEARIRIFZEETH A EPHLNICR -T2,

Table 3 Properties of Cooper and Nylon

Properties Copper Nylon
Termal conductivity W/(m-K) 400.0 0.882
Density kg/m3 8800.0 1130.0
Spesific heat J/ (kg-K) 400.0 1930.0
Open area ratio 0.363 0.473
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Fig. 19 Schematic Drawing of Stirling Refrigerator with Ac-
tive Type Regenerator
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Fig. 20 Schematic View of The Driving Mechanism
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Fig. 21 Active type regenerator
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Fig. 22 Urethane Matrix

Table 4 Values of geometrical various Urethane matrix

Diameter 51 (mm)
Height 52 (mm)
Density 20+2 (kg/m3)

Number of cell

Weight

60 (number/25 mm)
2.12 (g)
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Table 5 Properties of Copper and Urethane form

Copper | Urethane form
Thermal conductivity (W/mK) 400 0.018~0.042
Density (Kg/m?3) | 8800 12~100
Specific heat (J/Kg-K) 385 1800~2800
Volume opening ratio 0.728 0.90~0.98
Weight of matrix (g) | 244.3 1.23~10.21
Thermal capacity of matrix(J/K) | 97.61 2.21~28.59
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Fig. 23 Indicated Cooling Capacity
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Fig. 25 PV Diagrams of Expansion Space
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Fig. 27 Active Type Regenerator used Free Piston as a
Matrix Piston
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