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1. SX=2 43571712

7

27 2X2 HZE7|(Cryogenic Refrigerator)2h?

* =X 2(Cryogenic)2 120K 0[5H-153C 0|ah)2| etAS S =20[2t &stH, SXH2 ds7|= SN2 ed28 HE ¢+
U= 2ENXHE U= SS7I1E EE ]

* XS WS |2 20 et HE8ot= WaE HA0| CHst 7|2 Mo 2 SE A0 7|8Hsto] XA Al(Regenerative)
X2 HE7 |2t SYA (Recuperative) X2 W7 |2 &2

* A X2 BST|= &5 FS(Oscillating flow)2] ZSFA2t H My 22 7t XML S 0|8510f REE HFE=
Bralo| WHET|0|0, AHY HE7|(Stirling refrigerator), HARE HE7|(Pulse Tube refrigerator) ¥ GM
H=7|(Gifford-McMahon refrigerator) 7t A4 4] HS7| 2 5}

* 2GA M2 F7 = 02 HSRAA MY HFRA usts S 2E HFs WA dF7(0|0,
E&2Z 'd437|(Joule-Thomson refrigerator) % 9E2{0|E HS7|(Reverse-Brayton refrigerator) 7t sz

Recuperative refrigeration cycles
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* FN2 S HA LA A5t Hot 22| H S22 2 MEE UXIHE7|8 A LF SSTHA| Cret
ORI M HEE|1 Uon, £hH0f| A H 52| Mzt 20f et 7= 7hs

- 77K(-173C) =1

AHE Sif
FX2 2S5

_,_

120K(-153°C) O[5} : MATtA oHGl(Natural gas liquefaction), 2K $=(Cryosurgery),
Vacuum H20 cryotraps) &

=

- 20K(-253°C) =1} 77K Ola} : 12 =M ‘HZH(High temperature superconductor), M2|M MM HZH(Infrared
sensor refrigeration) S

- 4.2K(-269°C) =2 20K O[5} : A M5H(Hydrogen liquefaction), X2 HIZ(Cryopumps) S

- 42K 0|5} : M2 ZHTH| HZ(Low temperature superconductor), Xt7|3H A (Magnetic resonance
imaging), &A7t£718 W2t (Accelerators) S

X E(-26970), £4(-253C), HA(-1961C), 2t4(-183°C) 2L BIEH-169TC) S

O (Y L Tz T
S
ir |iquefac§w LG
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* SN2 S JtA Al 7|E2EH YHE o, 1877H0| Faraday@t PerkinsZt XS AtA7}F A5H(-183TC,

=
90K)=|12, 1898 DewarOf| 2laf A2
4.2K)=AZ [4]

AW5H(-253C, 20K)AIZ

oM, 1908 Onnesd| 2|3l €&

| # 1. Ctsh R4|2] HISHE(Boiling point) % &5

H(Triple point) [3] |

0| H5H-269C,

(Bt Eoi2E K
A #eH 45
IEEKn) 119.78 115.77
H|EHCH4) 111.67 90.69
Ak2(02) 90.19 54.36
OF=2Z(Ar) 87.30 83.81
22(F) 85.04 53.48
YLk5HER(CO) 81.63 68.13
371(0.76N2+0.2302+0.01Ar) 78.9-817 59.75
EA(N2) 77.36 63.15
H2(Ne) 27.1 24.56
£Z(Normal, H2) 20.39 13.96
+=2x(para, H2) 20.28 13.80
AE-4(Hes) 4.230 -
HE-3(Hes) 3.191 -

* 1900\ HACHRE] 1950 ACHIEX] S7| A5k A AR FAIAR S T AsHAIAR 7|5 9] 2HO0| O|FO0IR L,

19463 0|2 MITE| Collins W7t AES O AsIet £ Q= MHSET[QF FX2 &7|(Cryostat) = 7HL5HHA,
ST SX 2 ES7| WY L SX 2 SS7|E FE 5t A|AH UH0| 0| R0{H [4]

- oo
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Thermodynamic Improved liquefaction Application
fundamentals tecthgIogy development
' ' N
1850 1900 Year 1950 2000

{25 O U }>>

1954, 100 t/d LOX
1952, 320 L/hr LH2: NBS
1946, 1|L/hr He liquefier: Collins
1941, 85|t/d LNG
1934, 2 L/hr UHe, expander: Kapitza
1911, Superconductivity: Onnes
1910, 2 t/d LOX: Lin
1908, Helium liquefied:
1898, Hydrogen liquefied: D
1895, 3 L/hr LOX: Linde
1877-1883, Oxygen liquefied
1861 Stirling refrigeration cycle: Kirk
1857, Recuperative heat exchanger. Sieme
1852, Joule-Thomson effect discovered
1852, Absolute temperature scale: Kelvin (Thomson) 1954, 1st CEC
1850, 2nd law of thermodynamics: Clausius
1845, 1st law of thermodynamics: Mayer, Joule

* HE20|E dS7|= the WEES 0|8510| 2RE HF= E5E 47| thiH], YHV|E 0|8 =2 YK 288
7[Hte 2 WO TRAECN, EEL ISV 20 H W2 YHIZ SHE £ s AAHO 2 WY 5]

22l HE7[= 18158 Robert Stirlingdl| 2/ ALO|S0] =D Lt 5 71 7|Zks 0t Aol M AR E|X| &4
ASLt, 19463 Philips Company0f| 2l IS RX 2 HES HE510] M 7|8 AstA|
EHE 27| EIR o0 [B], QeiEl AAE ECHE ASR HET|= M4 BET|o| ZEft &

* GM HES7[= 1960'FCH Gifford2t McMahonol| 2fslf AR HET|0|N 2= 2L|o| FASHE 56t FER0il-
free) §57| Y H[Ste| tHE S Hetst S5 Ao U7 |2 71 [5]

* HE7)E= 19600 80| M-S Syracuse CHEH| Gifford2t Longsworth0ll 2|3 GM HES7|E 7HE ot E

2 XS /L= on], 1984 E A FHF Bauman Technical Institute@] Mikulin S0 2|5l orificeS

SXHO| HENZF M=, 19900 0| AR HFV|t et 72| 222 2= FEl= LT [5]
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77 3R WS\ TIeN S8

=0l

% 0= Cryomech, Thales, @& Smitomo Heavy Industries, 52 Linde, Z&A Air Liquide, HIZ2tE Stirling cryogenics

SOIHEHCI SN2 HS7| S AIAE IR 7|

* SA2 ST d2 250 T2t HE0| JO[StER, Vs /e S E M2 LHE QHIE 20|11 )lg

- E5T 4S7I= M8 dofol| w2t &o[stLt,
= FA

Ct==2] 7= JHZO| 77K O|&2| 2E0M E8S &dAI717] £/5t01

o
of Eatdol T8t 2 TS s WAOE 7|Sofo|

- GM dS7I= XM%E%iél(MRl) Lol 4KOl M 2t 2 0.5W 0ld S2f AF7(7F HEE[0f, AXHE xS}
=,

802 7pa 10| £Q7t X511, 0|2 5 X447 |(Regenerator) A 7| 7H0| &
CryomechAtet 20| SHIAtOIM 48517t 7Hat Blo| & WES7(o|0y, B4 W2tay

72 58 Z02, Mol SXRe| U 7|&(Sealing), H5R

S S— y 1S TT
So| +eg et 7|27iLol BEstn A ¢
-HARE HEY|= 2B ASHE RIT 4K dS Al2H JHEO|
ASYAME st YAS LR X Y&t VsEe
oI5t US [¢]

14 | st=i7|sgrreely

AS. 01=2
oow ojzhoil

ZLEZ(TTKOIM
H| H0f 7| &0l Al 3|8E WE (Rotary valve)

FE O|RL lon, 7|E9| 15 dF 2lof 2&

4KOIIM A2t 82F0.2W, 50K0IIM 'H2HE2E2WE

r

I
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k5

Sk

|2 SN2 LST | F2 S n |
AS7| HEl UHHUEZY) HZSALE! FL s
) o . -
B2 | Polycold systems Inc B - o BI7je1N S0 U Jloty Sato) HiE
it b o WZER2E W @86
°° g&_\‘% o 32131 1kg(UE7| 28
e BifAf HOITEA SRHE HMOTIA AMotE KIZ
ofeg|0|E o =
st A « IR 5KV @ 0K
°° o ZZ:N/A
Stirling cryogenics o T Bl A et ME HIF
(%Pcy-@ o WZE22F: TkW @ 70K
o 3% :500kg
E{Z|
— =0
H=7|
Air Liquid o TQIM MM WHZER T4t LHZF Ol R A A|AE
lEKEL%gl) ) o WZF22E: 220mW @ 77K
o Z2F:450g
SHI cryogenics grou * MRIES MRS, A S 18
e o G2E22F 1 5W @ 4.2K
o Z2F:18.5kg(&E7| M)
GM
HS7|
Cryomech © TA A
AL330) o WZER2F L0W @ 20K
o I2F: 20 9kg(E7| H2)
c A o NS Y2 X
(rg%%j o WZtREE 0 TW @ 4.2K
o B2 263kg(E7| H|2)
HAEY
47|

SHI cryogenics group
(RP-182B2S)

HZLEZE1.5W @ 4.2K
5228 Okg(&=71 H[<)
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1. “Refrigeration Systems for Achieving Cryogenic Temperatures”, Ronald G. Ross, Jr.(2016), Chapter 6 in Low
Temperature Materials and Mechanisms, pp.109-181

2. “Cryocoolers:the state of the art and recent developments”, Ray Radebaugh(2009), Journal of Physics : Condensed
Matter, 21, 164219

3.“Fundamentals of Cryocoolers With Applications to 4K Systems”, Ray Radebaugh(2011), Short course at
Cryogenic Engineering Conference 2011

4.“HISTORYCAL SUMMARY OF CRYOGENIC ACTIOVITY PRIOR TO 1950*”, Ray Radebaugh(2007), Cryogenic
Engineering, Fifty Years of Progress, Springer

5. “Development of the Pulse Tube Refrigerator as an Efficient and Reliable Cryocooler”, Ray Radebaugh(2000),
Proc. Institute of Refrigeration

6. “Review of Refrigeration Methods”, Ray Radebaugh(2020), Handbook of Superconducting Materials, Taylor
and Francis Books
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® Comumer

Autsmotive
@ EVHEY
@ Industrial
@ Telecom

Onhers

l SiC 7|8t M2 HET K| J

@ xEV (main inverter+ OBC+DCDC converter)
@ Photovolatics + energy storage systems

® Rail

® Motor drive

® UPS

® Others (wind, defense, R&D exc.)

2019
$541M

CAGRz019.202%
+30%
GaN 7|gt seigte g J
Consumer = 2026
@ Industrial e STy SI.IB
@ Telecom & datacom i )]
® Auomotive & mobility A
@ Defense & aerospace
® Energy
@ Others B 2020
=) : $46M
CAGR,;0 3004
+70%
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=TI, GaN SystemsE &2 = 202445 E EV 0BC, DC-DC #gt7| § 4
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3. WBG M=tz | AJZH Fat Y 4

C AXL SiC I EE, 7HHE GaN AXE GaN IHY ZEEZ LbF 1 2E A&

=
S THUEX| AFO| HS 012 A2 2 WY [3]

- 7HE SiC &K= 2021 427.1M$0HIM CAGR 24%2 20273 1,555.51M$ 2 MAst 2o = MY
- SiC I} 2=2 2021 356.85M$0| M CAGR 36.1% 2 2027'H 2,268.76M$ 2 MA St o= T

o= A —Oo

- 7iH GaN Xtz 2021 24.93M$0lA CAGR 38.8% 2 2027'H 178.05M$ 2 &S A

o= MY
- GaN Ite] 2E2 20211 49.6M$0IIM CAGR 48.9%2 2027'F 539.94M$ 2 MEfet o= T

* WBG ZUHER| S8 2Ob= 20214 PC S THIAIZEt0] AIZO| HAIAIZO 34.73%2 HRES 2ol ¥o
2027E0]= EV/HEV 218 TBER|T}32.69% 2 AlES =

[
(] o= TEE’EF ngﬁ E%I-

o

- 20212 WBG HHEIEH S& 7|z HRE &M 1. TMES0[(34.73%), 2. L

OIH{E/(23.28%), 3. EV/
HEV(13.2%)
- 2027 Ol WBG TIZfRHER| S8 7|& HRE &M 1. EVHEV(32.69%), 2. THIAZ210](22.75%), 3. EAZ
OI{E{(22.03%)
2020 2027
21.34% 14.72%
22.75%
34.73% 2.89% ’
6.03% —f—— — 4.92%
22.03%
23.28% — T 3.41% ———32.69%
13.20%
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- 20214 X|o1E A|H HQSS 1. 0FA|OK54.05%), 2. S(25.77%), 3. DI=(14.14%)04 M 202711 1. OFA|OH(61.68%),
©21(24.16%), 3. 0]2(11.20%)2 2 X3¢

2020 2027

1.38%—‘ 0.47% —‘
4.66% 2.49%

14.14% 11.20%

—25.77% — 24.16%
54.05% — 61.68% —

| 22 9. WBG MHEH=X| AT X[9E 7|& MRS Bst 3] |
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2.Gowthamraj Rajendran, “Hard Switching Characteristics of SiC and GaN Devices for Future Electronic
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