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5. WEZTA ROKE SIIHEOMAEDE (HROEWN) IZX-TRZRY, #lXIXR32 & RI1234yf O
IR TH D RA54A (R32/R1234yf: 35/65 mass%), R454B (R32/R1234yf: 68.9/31.1 mass%) 33 &L Y R454C
(R32/R1234yf: 21.5/78.5 mass%) (ZH\W\TC, IREV T4 RORKE SIIFIHRE (£7)) WIS L0 & THERET
5bDOOEFEES TCOFERAOFHATIHIZIE-ETHY, ZTRETI4°C1°CBLYNSC L7en. [RBEEA,
B, C IZ3B\\TlE, R1234yf DEIENIE 2 5 & GWP XK T35 b ODIRE Y Z A4 RABEINT A\ 2R~
EBHIT, BOHERNER DM BT EEE DERIC I ZIRES L LA T 5. BIEfEICDH K58, EHEKIC
L DWBHR IR T ORBITEE CE 3, BE S 74 REJENBRICE DIEEZ(LABRLSF—F R TH 5k
BRIV TN K& . Figure 2.1-1 (2 R454C & W2 A OB FHERRICI T 5 Tes SR OHENG %
T MO X OIS, HEEBRABBOIRE T4 RIcky, 22K EGEOBEZIIMAEEOEE XY K&
SEABYMERHY, LiohSo CEMEEEN ) (WIREE) X ERT5. A<, BABBOES - AR
BERIMAEOLA L0 KIBIIK T3 5. BLEND, RAWEZ ZEHRERICHVIBRIIE, K0/ hERE
JE T OB ATRE IR B IS OGN R AI K & 72 D ARRFZERRSEICB W TIE, 20 X 5 RIRA B
RN AT RE A BAZ HASR ORRERG &2 20 L 72, ATH CIEHT R B SR O PERERTAG RS oo —iF  (Z2&IE D8
KB L O R EGER) 2 MG 5.

100

R32;R1234yf|21.5; 78.5 mass
Temp. Glide=5.0°C

80
60 =
el
[8) . o Q)Sq
L 40 FOutside 35°C o'—

20 tRoom 25°C—F—= i S@
i / _____________________________________ \ ’«l
-20 ;

0.80 1.30 1.80

Figure 2.1-1 An example of refrigeration cycle of R454C on T-s diagram

2.1.2 ZEHRSIUHRBZRE

Figure 2.1-2 (2 BVRHA SR IERERTAGAEE L — 7 OMIG 205 . TP ORI L — 7 (BEREEREE) Th
D, HEMRPEEE L B AT O RNV =T Th D . KIS EERROYI 0 R 2T, mEL—TICRE L
V7 OBAFIC & 0 O i 2 HilE LTS .

BV — 7RIS KV SRFIEER L TR 0, ML 7o ml3 7 v 7 — I KV rEDIRE G E
) I S, IRER I OEADEZHIE SR RICETFEPAICERE S o RBR B S A~ A L, JER P
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IR B LT BARHER TR L OB EAT S . ZO%T 72 —a T B IO 77 —F CHy 72 EfE
WETHHAIN-#%, BERAEL Y CIREOHEN 2 S, BIER CRIE SN ZICEREIFTIED
WENVE £ TR S, EAERE L RS, I OEE IR RS X ORI L o TR L, W
PO i BT EAERE A D ITERE L 7oA R K S 5.

EZN—TIZBNTE, BYAEZ I D EROFHE, RER X OREIZZNZENT 7 > OhliREk, REa
=B LU - BRI K VRERRETH D, EXROEER X OVEHEITE N E N RBR B HZT A
AT ICRRE L2 TR — ABGENB IO b—FIC LV HE SN D, Figure2.1-3 1ZEBONE EHETH
2.

Temperature
Fan Controller ~ Humidifier/
0.8to 4.0 m/s -10to 40°C  Dehumidifier
@ AW |

@ _ ®
@ CF‘P © NS
Wind tunnel _

|| » Test heat ‘ ‘
exchanger

Sub- After ®

-®
cooler condenser@' ‘@

BAMAA P

Compressor

X Expalnsion @q-) —

Evaporator

Figure 2.1-2 Schematic diagram of heat exchanger test loop

(a) Refrigerant circulation loop (b) Test section of wind tunnel

Figure 2.1-3 Photograph of experimental apparatus

Figure 2.1-4 [CRBREHER OB T E 4 7. RBRECHAZR I3 & S 250mm, A ZMEEVE 400mm O )R
ZABELEANT— N T 4 VIO EN AR TH Y, BT~y ¥ 52 L THEBEOBEERE (R
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EEAE) ~EaRLEnDg. ZERE DEEMRED -, WEREOMIZIIN— AN~ ftEDans— 7 ¢
YRR AATFOENTND., BEORWERIIEERS TH Y, BRI IRIE O BR o JaIR 0 22 5 O SMll 22
Bz oS T2, B HGR OEE R 2 M TREERICERE LTV 5.

250

Figure 2.1-4 Photograph of test heat exchanger

2.1.3 =EBEH

ARFFEBAFE IV TIE, WIS R454C % V7=, R454C OFE#Z Table 2.1-1 (27773, R454C 1THATDF
FEFZ2FRBEIC BTV BTV A R32 &, Kk GWP RIS BEERT D R1234yf & DIRAHEETH Y, GWP
78 R454 2 TN S WORKBTH D, —FH T, BEZ T4 RIZFRR TR D KE V. R454C (RAN
) % AW 56 OBAZHIR O MEREFM FIE 2 ML 5720, ZBRUABEERIE IR, 72388 X OIS
FEOWIEZITo 72, BBRSME% Table 2.1-2 (1R d. BEEE R OREILREE - BE/BITEE L 2WVEM
TITH->TEY, WEEEES RWEIELE a5 5 CTESAIOIRE « REEDHE /T A —& & L TRIEL
To. ZERURGE, ZEFE - BEMEEAASHR BT FRE 2SR COREYER e SRR A FLMEIC L, ARIFERR S TRV B
Rt DY A X B[ L TRE L.

Table 2.1-1 Typical properties of R454C

) o ) Boiling Temperature glide ASHRAE
Refrigerant ~ Composition ~ Mass fraction % . R G
point C C Class
R454C R32/R1234yf 21.5/78.5 -45.5 5.0 146 A2L




Table 2.1-2 Experimental conditions

Air-side Air-side inlet Refrigerant inlet Heat exchange Outlet Outlet
velocity Temp. C Temp. C rate kW Subcool Superheat
m/s Temp. 'C  Temp. C
Pressure drop 0.8 t0 3.0 20 to 40 - 0 (Adiabatic) - -
Condensation 0.8 to 3.0 10 to 40 10 to 40 1.0t0 2.0 2 -
Evaporation 0.8 to 3.0 10 to 30 -10to 10 1.0t0 2.0 - 4

2.1.4 EBRRBERBLUBE

Figure 2.1-5 (2 A E A OWPERERZ /R T, [ (@) BED (b) ZZFNENER LA VA8 & B
JEHREDOBRR LR LA /L 2 e (21-1) TEE SN 5 EEIRE(Wang et al., 2000) DR TH
2.

m—(1+oﬂ(&l—1ﬂ (2.1-1)

Pout

A pm [20P,
e = By | G2
MLV, ZZRMETERIIVA 7 VZFOBEME & HITHR L, BEREIILVA VB oBmE &b
IR TT 52 LR TE 5. BONTERT — ¥ & IR OMHBARIC OV TR 21T - 72, Wang
5 (2000) X VEEEINTNV—N—T o UffEan by — T 4 COBEBLREMEARX (2.1-2) 0%
FEET D2 L2 X0 BN G O, B L 728 & HEM & OBIfR % Figure 2.1-6 [ZR7.

Pt F2 F F3
=(:Re“(—) Qﬂ> (2.1-2)
f=G ) \D,
100 0.20
L] [ ]
90 0.18
5 LY
ISy
S 80 & 016 e
o “~ °
570 . 5 0.14
] O
g 60 g 0.12 .
2]
o 50 § 0.10
jus k) ®
E 40 - £ 0.08 .
» 30 . S 0.06
p—
< 20 P £ 0.04
10 " g 0.02
0 w
0.00
0 1000 2000 3000 4000 5000 0 1000 2000 3000 4000 5000
Reynolds Number Re Reynolds Number Re
(a) Pressure loss (b) Friction factor

Figure 2.1-5 Experimental results of air-side pressure loss
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0.00
0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16 0.18 0.20

Experimental Friction Factor fexp

Modified Friction Factor fpred

Figure 2.1-6 Comparison between predicted and experimental friction factors

EEfEa B R O—fF & LT, ZZREGE 1.0 m/s IZBT WY A 7 VO p-h #RIXE L O Ts #11X] % Figure
2.1-7 (B L UOOICENEIVURT. ZOMOSEMATRFIZFHE LTV D . KFH RS RBREHRERICEB T 5
I OWREZ{LZ R LTS, REY, A 7 /VTHEUIGER CE T\WA 2 b, Baiasii A D3R
FE7RoTED, MU XLV E—ICL Y RBAENFEHARETH D Z EDRMRTE 5. B, JEMHEA
NDA— S—b— FBRENCHTWD X OICR X DA, ZIUIEMEH A O DA RS2 X i EiiE D
BRTHD. MBEOHAOZ XA —BIOWEEREIZL W RHBmEBEZEH LR, ReEMizcksnT
1XQ=217kW THY, %ﬁrﬁ%%%a@tmﬁ774bi7@c<&ot{w V22 A EGE 2 3.0 m/s
F ST T2, BHER OMERERIEFRIE OO L D TH D KA HIFHEE Q, XAt s 72 LTz
%®ﬂ@¥ﬁﬁ§%Annkivﬂnx7m~mﬁ%¢5tb®ﬁﬁ%ﬁ¥’%ﬁwfﬁemﬂpiwﬁ
HL7z.

KA = (2.1-3)

WAT,,
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3 : 100—

Condensation

R32/R1234yf i i
21.2/78.8 mass% 1 80 -
ATgige = 7.6 "gc ;reﬁn = 20568 °C . L
vap,in ~ ir=- 4
G =134 kg/m*s  Q=2.17 kW 601
2|y, =08m/s KA = 164.8 W/K . i
- ! ] : ] -
© L
a | b T~ i @) 40
1 I o -
= | o . I~
= [ ) _ 20F
: 1 | Tairout p
! _

500
h ki/kg

(a) p - h diagram (b) T - s diagram

Figure 2.1-7 Refrigeration cycle during a condenser test.

250 1
0.95
200 v 0.9
3 N 1085 .
2 150 - 2 08 =
9] @ [
T:u 2 0.75
> 100 T 07
< c
>~ iz 0.65
50 0.6
0.55
0 0.5
0 1 2 3 4 0 1 2 3 4
Air-side velocity m/s Air-side velocity m/s
(a) K4 value (b) Fin efficiency

Figure 2.1-8 Results of condenser performance test

e GMBMRER B F OV —N—ff & a g — 7 ¢ BRI D EREFE I (Chang and Wang, 1997)
WCEVHET LI LICEY, BIEE7 0 8 (7 0 VB LIOMBEENRE) OB IR TR 7. Figure
2.1-8 (a) BLD (b) 1ZTNTNZELAF 7 MAKELE KA HEB L7 4 VHROBBRTHSH. WKLY, 225
JEGHE O RN KA EITHEM L, 7 4 VRIE T3 2B ERL TS Z DR TE D,

ol KA EB LT 4 UROEZ AT, GEMBVRESR a.., & T (2.1-4) (T VRO,
Figure 2.1-9 (ZIH BRI BMRER L 225 BR O BIfR 2/~ 3. KX D, AREASHRET OB EVR ER OfEIT 1000
UTFThY, N7 REZILENOBEEEMRESR (Jige et al,, 2023) DEOA—F— LV /SN2 LD
MWD ZAUE, RERIZCEVGONT KAMBOHFEFEREEL TN EBEXLND. SRIEL I KA B
TRBOFEIREZEIC LD EH LTV DL S EORRIRE I, G MO ER—E (ZHROGE 1T E
WNEER R & A2 CHEAATRE) TH D EWVIHIED S EIZHEINDMETH Y, WEl A 7 BT 25
WD L 5 7B R A~ RS HEE L RENELT 5 RICBWCUIEANRETH D 2 L OEAT &7z,
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ZIETBAE R B RIBROMEM 2R L TV D 720, B « AW T IcB W THECEREZEIC LD IE LY
KAEORHIZINETH 5 Lt bhs.

1

A CL_ T t) (2.1-4)
el \KA No@airAair AWAW

aref =

5000

4000

3000

2000

1000

Refrigerant HTC W/(m?2+K)

Air-side velocity m/s

Figure 2.1-9 Condensation heat transfer coefficient evaluated from condenser tests

KO RN KAERE DT, BAEMHITIC LY KAEZRD 210 OBt a1t o 72, BRI, Baci
RO EHRBEIIC B L, BRI 31T D IO R T MR R & WA O BMRE R B A HHIET 5 2
CICRVRD D, BMREROMEREIL, MATICEVEOND MG L, FAEN —8T 2 X 5 iz
BAERTHEIC R VRO D, S HIZ, WEOENRRIZEVAECDEERTEZZET 5720, WEOEHHEE
b FIFHR BRI T 2 JRFTOMEZ RO, ERE LSBT 2 X5 ICBFORIAZMIET S Z LIk ko
7z. fid% Figure 2.1-10 (TR XY, HBOCIRESME X OBMRERSMITENZEE 219 2 &
INTETEY, TR RIIRETHL LA TE 5. SBRAERBAIR G G OTMT 21D, BHERO
PEREFHMFEAE A fEN 23D & & I, B2 DM T OB RIC OV T b AT C & 53 A FiE & L
THTETHD.

4000

o]
o

—HTCref
— Tref —-HTCair
) L 3000
° —Tairin X
o 60 ! X \\—
3 L Tairout E 2000
© 40 — e =
@ =
g 1000
20
kS
0 0
0.000 0.200 0.400 0.600 0.800  1.000 0.000  0.200 0.400 ~ 0.600 ~ 0.800  1.000
Refrigerant flow direction m Refrigerant flow direction m
(a) Temperature distribution (b) Local heat transfer coefficient

Figure 2.1-10 Analysis on local characteristics of a condenser test
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2.2 AEOBXNTE

2.2. 1 BES L VAIFERR

W OEEEE, Tb bR JOBMRERIE, EBRT — X OfffTCEZ R ORKEE, WmEBZEHR L A
TALDY I 2 b— g URITICRERERTH Y, FHREIC OV TRHENEMIC DWW CTIEMEICEHR T 5
TFNERBTOILEND S, AFETIE, HEEZ Y T DAEET, BVxERZ IEEF MRS CHlE
L7c. Table2.2-1 1%, ATV T 72 & THE LIMER JOBREROWE, 26 KNTENS DFF
BET NMAERORILE RT. £ DOAIX, REFPROP (Lemmon, etal.,2018) THEHEA[HETH 2 3 HIEEIZ X
LEGEAEPITONTWARNEDTHY, xiX REFPROP TRHETER2WAEETH 5. 20k, THALUAOHIE
BIOEHRET VIZOWTL, FE (2026) OMELZRI N,

HFREZ A < &4 TV D REFPROP 1238 C, R3S KL UEMAE (T, Huber et al.(2003) DHL5ERT G
RAEEFEE (Extended Corresponding State, ECS) [ZHEDWTHE SN TWD. ECSET A TIE, XgET5
Tk & IR (BBEC%T LTI RI34a) ORIEHFEAIR L OB WFHRORSEIEE R, BMmEsR) ol
ERWT, dRiAROBMEIEE A HERE T 5.

Table 2.2-1 Measurements and Calculation Models for refrigerants related to this project

Viscosity Thermal conductivity
Refrigerant Measure Model REFPROP Measure Model REFPROP

Pure fluids

Duc et al. Duc et al. Taskira et al. Taskira et

X X
R1132(E) (2025) (2025) (2026) al. (2026)
RI3M1 Tuhin et al. Tuhin et al. A Tuhin et al. Tuhin et al. A
or CFsl (2014a) (2014a) (2024b) (2024b)
Silvia et al. Silvia et al.

HFO1123 A (2025) (2025) A
Mixtures

Masumoto
R474A et al. X X

(2025)

Duc et al.
R454B (2025) JAN A

Duc et al. Owaleur et
R454C (2025) 4 al. (2025) A
HFOT1123 Mondal et

AN VAN

2.2.2 HEDRELES L CBIES
Figure 2.2-1 1%, KEEEMIEICHH Lz & v 7 L& 15 (Miyaraetal,,2019) ORIEFRFZ R, ER 2 AD
M2 EINCEET 5 2 L THEOHANICBIT 2HKE T v EA$5 2 LN TE, J6E L@k
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DESBRROPEN TR LE 2D,

PA
Entrance region
P, = Measured
ressure gradients
AP, P 8
. Entrance region
P, . Actual distribution = Measured
pressure gradients 1 X
AP, r—— . . >
P Actual distribution Measured pressure gradients
3 . 1
L L, . \Virtual pressure gradients
; i X \for developed flow
Volumetric | /
flow rate ; ‘ ':-:---
cmEdD  Jm BB B 1B B L ap,-ap,
Long capillary Short capillary L, LI,
1 N ‘
QPL\ (\_E%) (f 1) _P W L"

Figure 2.2-1 Measurement principle of measurement using tandem capillary tubes

HIERE R OFI & LT Figure 2.2-2 12 CFsl OREDORERER A RT. U RANRERR T, BHRIE
REFPROP ® ECS EF /I L AHEBE TH 5. REFPROP T, CFsl OHIEEIZIES -85 X — 2 3HH&)
ThnTWenZ st dhy, HEMEVIKOOEEZ THIT .

1 1 L 1 1 L 1
N . 30 L 1 1 1 1 L L
240 4o CF,l Experimental resul
N o 4 MPa £
NN (Liquid) * 3MPa 28 | : 'zm::“ CF3I -
n AR L a
220 NN * 2MPa * 3MPa (Vapor)
NN 26 4 L
= 200 - -:'\; - — ECS model (without fittis ¢
£ RN 4 MPa “ —-—- 1 MPa S o
= NN —- 3 MPa o244 —.—. 2 MPa * L
:180- RN E-=-2MPa B = —-—-3MPa * ‘,“
3 NN 4 £ 22 o Tt
. N o =] et -
2 NS 2 ¢ - T
> . > 20 4 T 3
140 N - * -
T CE I -
120 4 N -
16 -
100 . : T T T T T . . . . . . :
310 320 330 340 350 360 370 380 320 330 340 350 360 370 380 390 400
Temperature [K] Temperature [K]
(a) Viscosity of liquid (b) Viscosity of vapor

Figure 2.2-2 Viscosity measurement of CF3l

Figure 2.2-3 (Z/8F A — X B EAT > 2% D ECS T /W L DatRE & JIEME & Oz 1”3, ECS £
TNHONRT A—=ZFHEIZ LY, BECS 7 MIMEMEZ L1 %FEEDOETTHI T 5. 7235, Figure 2.2-3
O)DOFIITERE > o v —iE (RES) THER LR LRENATWS.
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Experiment data

----- Two phase dome
2504

— P=4.0[MPg)
— P=3.0[MPg) X RES method
— P=200MPa) 4 4+ ECS method
—— P=10[MPa|
200
~
A 52 -
£ Tle X
= 150 HE § _§
= = .0 el o -
7 e
g * %g
= 100
- Il ) ]
<] A
T T T T
325 350 375 400 425
50
—4 (b)

1 1 I
00 05 10 15 20 25
Reduced density, é

300 325 350 375 400 425 450 475 500
Temperature, T[K]

(a) Viscosity distribution as a function of temperature (b) Relative deviation plot

Figure 2.2-3 Viscosity calculations after parameter fitting

2.2.3 MMBEORATAHES &K CHIEH

Figure 2.2-4 1%, BMmEEHEICHEH L7 IEEHEMRIEOBREIFK K L OWIELEE OME 2R3, JIE
THREEAEE AT DE N RERNICERE L7 EE 15 um ORH 2 KO A& iR Z 2T~ 7 BRI @ B N2k
L, ZTOREOREMELEZRET HZ & T, BMREELZHEHT 5. ZoRSMRIEAA — A 7Yy
PVEBEICHAIAENTI Y, IEMEENZEZN DREZERRDOND.

___________________________________

Wheatstone
‘T'u_:}—EL bridge circuit

Dummy Mereury
circuit relay

off | o

Measuring
Cirauit

er supply

|||_|}_1 Fom

Polanzation Voltage

(a) Electrical circuit diagram (b) Schematic diagram of measuring apparatus

Figure 2.2-4 Thermal conductivity measurement using the transient hot wire method

Figure 2.2-5 ([ZHITERFIF L OVT A —ZFHEEDOH & LT, RI132(E) (Zxt3 2R E2 79, R1132(E)ZDOW
TIE, Table22-1 1277 L7238V, REFPROP TIELEHAR TE 7223, A NEDO FHIZ L - THF S/ ikhg
JifER (55 2 4rfit 4 %) % REFPROP (ZHLAAA TEHE L7-. Figure 2.2-5(a)8 L ON(b)i%, BMRERAFE
T2 ECS ETND/NT A =L FHEZATHORIO TRFER TH Y, KB LOFEKDOWT b FHED & ME A
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RLTWA. Figure2.2-5 ()33 A —Z R E2T o> - O THFERTH Y, FHHEMEEHEMEN L < —FL
TWDEZENIND.

140 313
@  Experimental data
| Refprop 10.0 & &
304
1301 & & I
- 295
120 & & )
&~ I 286 B~
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g ™ 10 I Lo7s £
E7 & £ 140
(=9
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g % 100 Q& b . 1204 + Aucs
b= ] =
2= e é) F 260 'E ‘? Ko
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242 o E
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Reduced density, 6(—) ﬁ ~ 40 -

(a) Measured and calculated liquid thermal

conductivity of R1132(E) 10 7
—
30 399 g 5
@  FExperimenial daia - 1|7
®m  Refprop 10.0 2~
2 N | 387 E‘
. " I T ~ 0 -*— —————————— - -
26 4 ..D [ .0 - 375 _ 8
. ¢ ®% o0 =) -
£~ @n 4MPa [ 364 Il -5
£ L] e a 0. g <
El 2 oo s L 352 &
tal 3 % o 0-
= a o 3 MPa | .. E
EES e 340 2
ET % e} 5 T T
T = b g
N A o b2
154 ] 2 Reduced density, 6(—)
‘ - 317
16 d
7 305 . .
1 MPa (c) Calculation values after parameter fitting and
O P S S s St deviation plot for thermal conductivity of R1132(E)

Reduced density, 5(—)

(b) Measured and calculated vapor thermal
conductivity of R1132(E)

Figure 2.2-5 Measured and calculated thermal conductivity of R1132(E)

2.2.4 BEMEOHHAETIV ECSETIL
ECS E7/VTCIE, MRIL~/LVAFR/LY BRI RLX —RUREE S RAOREE o & EMEfRE 2 0% H
W, MRTEROERE T BIOEE p ICHISTH2BRBIAEOEE T, LBE p, 2RDD. Thbb,
LUF O3#NE SRR A i < .
a’(T, p) = ag(To, po) (2.2-1)
Z(T,p) = Zy(Ty, po) (2.2-2)

TEPEE O—Fl & LT, 22 TITMEZIRY BT 2. HE A & T BAERUR ORI, iR 4(T),
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FRRETEAN, (T, p), FEF ARG TEAN (T, )2/ TR, RO K 9 1c&£ T
n(T,p) =n4(T) + An,(T, p) + An (T, p) (2.2-3)

22T, ng(MIFEGRAICHE D NI RUTE D W FTERIT DI, An (T, p) 1T EE =T A, 2D
EH/NES W2, BREIND ZENEW. A, (T,p)IZ ECS T &2 AW TRAUZ LV EHET 5.
An. (T, p) = +An,,0(To, poP) Fy (T, p) (2.2-4)

Fy (T, p) ISR E DB REE T v, WS FRAE RN TR EMNTROOND. YIIBEOLEATE
DIDIIENRT A—=LTh Y, AEMEFEMER BT 5 L9 ICEHROBRENIREIND.

BVRER G Rk FIECRE SN D, B SEEOEOZEL 3 D TR E <, Olchowy-Sengers (1989)
DETNTEHEIND.

BB L ORISR D ECS 7 /L DM FIHIZ D\ T, SCER (Huber et al., 2003; Morshed et al., 2024)
G LI RY AW ARR

2.3 ERT—2R—X

2.3.1 ERT—2ONES L VHEE

AHFFE TR L TV DB — % X—Z (RECDB) 21X, MEWN, RELILEN, BLOT L— F{E
RPZRN DT L OGHEEMRE, E7EHEKICEA LT, A NEDO F2ICBMR L TV A IR e RS A3 Bufs
L7237 — 2Tz, CERHPIZAB SN TOWAEAT = N OIE LI IERAEE I LTV 5. 2026 F
3 A WS TR 97000 SLL EOT — 2 pRER STV 5.

Figure 2.3-1(a)lZfmET — ¥ DRk DO, F£72 Excel v — MIERN SN T — 2 Z2 4. BUREIC
BT 2RO, £, BEHE, KR 74V 7 1, BWHMER o2 ToERIE, BVYREE 1 R
IR CATICREER S CRIEHT 5T D, 1 DO BELNDIEHRN 1 DD Excel 7 7 A /VIZE &
DB, Web BITHESE SN AREVT — # _— A D A7 1 RECDB (284% &5 . Figure 2.3-1(b)l%, RECDB
IZEGR ST, WL OPDOWIENZOWT, BNARBOERMEZ BRI E7HTHSH. Web DT AT Al
BWT, BT — X ORBIOFR, FEORKVIAL, WIER~DOT 7R ENAETHD.

l Data Plot

Data offer from project members and collaborators \

1 Calculati
e e — v

{ Heat transfer type, | [Experimontal data |
| Tube type, Refrigerants :‘\Calculated v-alues

Paper submission
& publication

bitancel v pmm

(a) Data collection and structure (b) Data display for in-tube evaporation as an example

Figure 2.3-1 Web system of heat transfer database (RECDB) for data collection and data analysis

2.3.2 +HEAETMMmmRAE

RECDB DO#7-72ihE & L C, tHRAZGHIEY — L&A L T 5. BARIET TH  —RABIZL T
5, —flE& LT, Figure 2.3-2 |Zff & OREEDE NEEHEBVRZEIZ DU T HEE & FHBIR & D Hk 217 - 72 i
RamT. MR ERE N EREL TRT28TH Y, FEBREIITEIFE T T < WHEigAHE
OF—4, EHREIOT —4% (BUREROMEITEN) RENREENTWDHED, T—FDIELOENKE
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W23, RECDB OF — Zi&BIMEREEHH L CTF —Z OB 21TV, HBEIOFHEMNFRE L 72 5.
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Figure 2.3-2 Correlation evaluation function
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Figure 2.4-1 Machine learning approach proposed flow map.
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ZOWRAEICIRRANEL S, Zhicx L, #eEE ik, KT — 2 2 AW, FERIED DB HE7 Btk
MaFE ST LIChY, SEEPOWHNRTRNTREL 25, 22Tl BERORIA R EE
FiEEGLE L, ThENO TPHMEREL i L=, 7ok, #EAR (Linear Regression: LR), 7 A K== —
Z /% v hU—72 (Wide Neural Network: WNN), 7R — kX7 & —~< 2 (Support Vector Machine: SVM)
D 3 OOFELE IR LTz,

FIZEYRIL, ANEEE M) ORICHIERBREZE T 25 b ERNRTEET L THY, T /LOMR
PERE L, RIEaX P BMENE WO FIEEZRT D, —FH T, BYRERRO X 5 72500 FERIENE 2 & e R
RIL TR AR BEELRL2 ZERELWEAERHD. Z07d, XR—=2T7 A U ET/LE LTEST
7-.

VA R=a—F %y bU—27 (WNN) %, FRVBICEZHO=a—n  ZRET D Z & T O EREHE
NaeFEBR LA L=a2—F Ry NU—7ThD. {EROERBE Y NT—7 PEORSIZHEAZE DI
%L, WNN L8 DR 2 KT CHMEDN D@L T — % ORFS A DRI E T 5. ZoMEICE Y, Bt
BRI IT DI EAEHRCL B BRI Z SR IR R 2 Z LAl & 72D, —HT, NTA—X
BOBMIEIRFEOY A7 0HRE I A MOHKE W 8O FET H720, #U) ER LSS &
HORENEE TH T,

PR— IR T 2 =< (SYM) X, A7 —F Z@mRuZEMICTR L, il 7053 Bt P 2 W54 2
L TCRURB X OV EAIT O FIETH D, KR, 1—3 B (ZTEA D —F VL RBF I — V7 E) %
W5 Z LT, JTEOZEMTIIMIE BN R #7227 — 2 12k L CH RIS ATRETH 5. SVM 1Tk
RNT =2 THEWIEMEREERE L, FEREREICH L THEDITH LD T, BT 5T MTMA T,

INHDOWMFEET VENND Z LT, AT A—4% (MR, 2WVEE, BORBIGME, BsH
FBIR72 E) L BmER L OEMERBERZ ORERICTEET L 2 LN REE 0D, £, BEOET VAL
W FHiT 52 LT, RbEMERTHET VEREL, 1RO A HMTEE 7213 287 ikt
FIEEMSIT D L2 HBE LTz,

2.4.3 =8T—42

T, 18 FEEOMMIE A R E L, SRR EEIE SR D 22,608 SO FEERT — X B S
NiF—42%y Nl LI RERET D, 20T =%ty ML, SHERERSMR X OB K
ZHEBEL TR, ERMr LB AEE AT 5. W, SRk, BucHastEkiir T ) Bl
LTHR, ZNENOENRET MUK S LD L O IZ&FI ST 5.

BT =2, W, fFREE, BEmIREE, E), AR AV T 4, HERE, FEEOERSEMITM
z, BAATBLOBRRZ G A THREEND. S 6T, KRB LOKHICE T 2B, ME, Rk,
B, BMRERR COBWMMELEENTEY, A5 20 OANEEEHWTFEE 1T .

Table 2.4-1 (2 L7582 — # O BEFEETRS L OGRS 72 2R 88 L7 7 — 121, R32 (3609
A5, R134a (3100 %), R245fa (2392 %), R744 (2387 &) NELEENTEY, FIERHEEE GWP
W7 &, BWMHEO BRI DWIENRNT AL EEN TS, ZHUC XY, ZERHEICRHT52Em W T
HIVERE & LHAMEZ A3 D8 M Tz,
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Table 2.4-1 Experimental parameters considered on the database.

Liquid

. Hidraulic Liquid o3e
Refrigerant Tsat Twan Pressure Vapor Quality Mass Flux Diameter Cu'il‘lie::rtl;li . Density Bmll;:ii :zata
[°Cl [°C] [MPa] [x] [kg/m?s] D), [mm] A [mW/m- K] o1 [kg/m?]
R11 57-75 69-85 0.29-0.47 0-0.99 150-560 1.95 72.8-776 1348-1395 100
R123 49-81 51-132 0.208-0.50 —0.3-0.85 167470 0.19-1.95 62.4-70 1306-1399 213
R1233zd(E) 25-145 0-173 0.129-2.49 0-0.9 30-1000 0.650-6 51.3-82.7 842-1263 1371
R1234yf 641 6-60 0.385-1.04 0-0.99 50-940 0.564-4 58.7-69.4 1029-1157 1828
R1234ze(E) 0-72 0-77.32 0.215-1.7 0-0.99 20-940 0.65-1.75 59-83.1 974-1240 2124
R1270 5-20 7-107 0.676-1.01 0-0.95 50-300 4-943 107-113 514-538 158
R134a —-7-70 —1.4-103 0.22-2.11 —0.1-1.07 1-3710 1.9-127 61.6-95.4 996-1319 3100
R141b 34-60 39-63 0.108-0.25 0-0.93 50-306 8.6-10.92 81-88.1 1162-1216 122
R152a 10-32 12-67 0.372-0.73 0.0-0.96 100-580 1.1284-2 95-104 881-936 251
R161 —5-8 -1-17 0.368-0.56 0-0.99 100-250 6.34 121.7-129 733-757 160
R22 —15.5-35 —14-287 0.29-1.354 —0.06-1 50-700 15-13.84 78.9-101.7 1150-1332 2104
R236fa 31 34-53 0.330780 —0.02-0.8 200-1200 1.03 71 1338 151
R245fa 18-130 0-204 0.116-2.34 —0.03-1 15-1500 0.636-1.75 55.4-90.2 938-1355 2392
R290 0-35 2-94 0.47-1.21 0-0.99 50499 1.54-9.43 89.1-105.9 476-528. 731
R32 8-40 9-92 0.364-2.48 0-1 45-499 0.643-6 77.6-138.8 892-1195 3609
R600a —20-41 —18-142 0.072-0.54 0-0.99 20-500 1-9.43 83.7-106.6 529-602 1460
R717 —25-10 —14-8 0.151-0.61 0-0.96 8-100 4 502-566 625-671 347
R744 —50-25 —44-28 0.687-6.43 0-1 76-720 0.81-11.46 80.7-168.7 710-1153 2387
Total 22,608

Experimental parameters reported on the used database.
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Figure 2.4-2 Considered number of data points for each tube type.

2.4.4 HHSE OE
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ETORGEICHAVWONDE LT HIETRTT — ¥ 2 EMIEOM FIERT 5. ZORRNFIE
k0, EFLOTRIMEREZ L0 EEES GHET 2 & &b, mFEE oMbl & Mo 7.

B O EET VA B L7, RbERBERETVEREL, BMRERO TRIET IS
WA L7z, 22T, BEEBBLON T TV EROE S 2 Z L2k AT T A—2EZE L, FiR
GMEB L OB & OBIRIEZ BT I X 0 RIS L2, BonTHET VL, ERT—F 0
PERH ) B & ST D OB A R LTz,

(b) FRItERED T

BRI E 7 L O T RIVERE 2 5HM 3~ 5 F8#2 & L C, Root Mean Square Error (RMSE) %%/ L7-. RMSE
T HE & FERED 22D “FEEPE LR TH Y, RERBREICHEE TH D720, B LIP3 BIT 5 ER
RIEOFGIZE LT\ 5. 7eds, & TOfHTE LUV T /L ESEIE Matlab 2024b % IV CTHENE L 72

FFAf L 7= 28 EET /L OHTC, Bagged Trees E7 A3 bIENT-MEREZ R L, RMSE 1£1.9695 Th o7z, K
VNG, Gaussian Process Regression 35 J2 U" Wide Neural Network 23 W EREZ /R L, W3 4L E RMSE (3 3 A
Thotz. — 5T, BEEIFET AL OAREETET /LILZ RMSE 28 4 2%, FEBRIE L OTMESKE N
ZEDVHERR ST, KT TV OFEMIR LG R Table 2.4-2 (277

Table 2.4-2 Evaluation result of the machine-learning models.

Trainig Model Preset RMSE MSE RSquared MAE MAPE %
Bagged Trees 1.97 3.88 0.91 1.02 28.85
Fine Tree 2.20 4.86 0.88 1.07 28.35
Medium Tree 2.58 6.64 0.84 1.37 34.22
Exponential GPR 2.77 7.65 0.82 1.65 63.39
Rational Quadratic GPR 2.79 7.79 0.81 1.69 64.33
Matern 5/2 GPR 2.84 8.07 0.81 1.74 66.12
Wide Neural Network 2.87 8.21 0.80 1.86 75.15
Squared Exponential GPR 2.87 8.22 0.80 1.77 67.35
Trilayered Neural Network 3.10 9.62 0.77 2.14 77.29
Bilayered Neural Network 3.16 9.98 0.76 221 80.91
Coarse Tree 3.18 10.10 0.76 1.85 44 85
Fine Gaussian SVM 3.21 10.31 0.75 1.78 66.32
Least Squares Regression Kernel 3.23 10.44 0.75 211 76.95
Medium Neural Network 3.30 10.92 0.74 2.26 82.53
Narrow Neural Network 3.64 13.23 0.69 251 86.69
Boosted Trees 3.77 14.18 0.66 2.52 63.36
Cubic SVM 3.86 14.89 0.65 2.46 84.43
SVM Kernel 3.94 15.51 0.63 2.25 76.22
Medium Gaussian SVM 4.15 17.23 0.59 243 76.78
Quadratic SVM 4.28 18.33 0.56 2.58 85.87
Stepwise Linear 464 21.56 0.52 245 56.20
Coarse Gaussian SVM 5.05 25.53 0.39 3.09 98.68
Linear 5.12 26.21 0.41 3.40 86.95
Linear SVM 5.26 27.67 0.34 3.32 111.09
Robust Linear 5.56 30.94 0.31 3.29 69.42
Efficient Linear Least Squares 6.41 41.06 0.02 4.36 145.44
Efficient Linear SVM 6.62 43.77 -0.04 4.16 119.09
Interactions Linear 6.96 48.47 -0.08 2.37 53.53

Machine learning model type and performance.

(c) Bagged Trees E TILD#5RAEHT
Figure 2.4-3 [Z& B 64 2 BVRER O EBRIE & FREO ik 2om4. Al s <, ftlhiavs
ERTHDH., HREEICH LT, ERME L FREZ ZNEFNHEOTHTRE L. &KL LT, %< 0B
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Figure 2.4-3 Comparison between the Experimental and Predicted Heat transfer coefficient for each refrigerant.
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Figure 2.4-4 Experimental vs. Residual heat transfer coefficient.

Figure 2.4-5 {Z SHAP (Shapley Additive Explanations) AT (2 J 2 RS0 2 O RFMAS R 2~ 3. AHilhX
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Bt A L, HELZ D BMRERENR WBZ 525720 ThH 5. RNT, BEIRRAK 1.9 O SHAP
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ﬁmﬁloﬁﬁfké_kﬂ%,im%@i@wﬁwwﬁgﬁﬂ*%~&ﬁ%é’t#ﬁméht
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Figure 2.4-5 Mean Absolute Shapley values corresponding to each input parameter.
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3. {E GWP ESRENERSEINF DOERIER & RXMBBRABMORRE
(REBFEKXP)

3.1 ¥E

A7 aY =/ b TIHHEERE SRS (GWP) 28 150 LLFOK GWP IRAHIEEE 5L LTnb. b
D% AFFEHIEE A L TR Y, BSSHERNIZI T 2 5 &k OB ICB W T, IREBERE OWMER
RPN T D RBWERE DI T (BEVH(L) FEE 70D, REHETIE, K GWPIRA W BTG T 5
THEE OB D=0, IRAWIOEEALIL A B = X L EMA L, RELEZ G U 7 As B0 R0 7 itk
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AR T2 K F AR B PN 35 1 D IR A M I DA ZEb & £ 5 DREVERFR O "8 b ds K OVERE - KBS
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3.2 RREEHLUT—SBHEAZ

3.2.1 EEREE
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FICEHigs CORRMEIC L VEEEIND. £, WMEORFEBRMEITRER ORI T =% 7Y v
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26



&

o : : >

@ i H

§ EI Absolute pressure transducer N E]

< [}

g Thermocouple é

= E 5 2 100 mm

5

8 ) Cover plate

w Sampling port {;Q} [ 1 3

l l : Observation window : I
Subcooler _——|— i i
|_ Channel “>Thermocouple
Flow meter Pump
Figure 3.2-1 Schematic of the test loop. Figure 3.2-2 Schematic of test section.
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Z 2T, hepuin lTERTHASRALO TOMEET U Z VY, QpuliER TS TOMNMBARTH S,
i d K O BMEER o [FRED bR 7.

g1
T =T, (3.2-3)

2T, q XFECEBEREEEORGRER, TwidT A 7 va Rz BiT 2 EIRE TH Y, BER
OFFAMIE N SREE TO—RTAMBEERIZBE L TRk, TIET A M7 v a VHRICBIT 5%
BRETHY, AP v a VHADIKBWTHEIE SN WERENGRD -,

3.3 1B GWP BEmIE DN - RERMEERE

3.3.1 BAWIE RATAA O BB EVEE S EST(

PR G MIEDGE, KR CREih s gy A EERE Lo W e o, 2SR CIRHh SR o0 i B2 03 & <
Y, BRESANPEERENDS. RKAROBBHEE I L7 b KR mIC - TR T L, EEUCAHD
IRIREENBADT D, o, LIRS HIEOEEIMEERY, MBS A LKL TRTT5 2
EDRHBLNTNSD. ABFETIE, WHRAEEEE LTI ST 5 RIBAE)Z & TRA W R4T4A (XA
¥ T¥MRASH) 2RBRAGEICHNT, 1.0 mmx1.0 mm OIE SR %2 A % WK1 5 %
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Figure 3.3-1 |2, AKER 1.0 mm OIFIBHITTIKIZ BT HIEA M R47T4A (R1132(E)/R1234yf = 23/77
mass%) DERERa %, ﬂ@f(mo*ﬁbfrﬁ(ﬁhgzmﬁ F7o, KPIZFHEOZDIT, [FL
TA BT v a U THIE LA R1234yf OBMRERZ HbE TRT. WTOEEERERFIC %wf
b, W0 E OB L RATAA 36 LUV RI1234yf OBMAERIZMNT L7z, Zhu, 189 E OO ERE
WL 720, WIREMEHIOE R Lc7e o Th D, B EIEE 100 kgm?s!' O TIE, RI1234yf &bk L
T, R4T4A OBMRIEERIT 30—-40%FREEMEZ R Lz, Zhuid, BEEEN NS, BENIEHMEWEA IS
WYEEBIRPUC RN T 2 BB (L OEERNRE WD EEZBND. —J7, EEHEE 400 kgm2s! OFMET
X, WIFROM D ELRMIZHE VLT RAT4A & RI234yf OBMEERIZFEIRE OB Z R L, KL OEEIT
REEEE SRR TNE o 7o, BEEE 400 kgm2s! O TIE, 1Y E 0.8 LLTF OISR Y FEFPH
TIHEEERIIBRRE CTH Y (Nogami 5,2025), HRAVDFLFRODEED K&\ BBl 5o ClId B LB
PUTER T DI BS DB/ NS N T L il LTz,

10 T T T T T T T T T T T T T T T T T
L G =100 kgm?s™’ A R1234yf L A R1234yf
o g =5 kwm? e R474A % e RAT4A
Zof ¢ | 14 -
R HEREI T
X
<, 0 1 | L ]
SF : t
F s dx 33 1 A
s,
2r * * s o] [ G=400kgm’s" 1
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Figure 3.3-1 Condensation heat transfer coefficients of R474A and R1234yf in the multiport
channels with hydraulic diameter of 1.0 mm. (7, = 40 °C, g = 5 kWm?)

3.3.2 BEWIE RATAA DR E R T

Figure 3.3-2 (2, KDJEFE 1.0 mm O FIBHIGEE (235 1T DIRA W BE RATAA ODAEFEMRER e &, 74V
T4 x WXL TRT (FEHD,2025). £z, HPIZFEREOZOIZ, RICT A M7 v a o TRIE LT
M R1234yf DEMRIERZ HOW TRT . R4ATIA OBRERIL, WTHOEEHEICB W TH RI1234yf &
FElE U C 15-50%FR K <, IR BHELRMFICB W TR Lz, ZhiE, ROEHOFERKE N
WO G DA, ARE B S CIIRIR S B EL O D 7o WEIRIE S AL S 4L, T ORI &/ L 72 2L
BIEIZB W CIHILIIEICER T 2 EASLOEENFEE L R 5720 Th 5. mEEEESMETIE, MR
FEIZ BV T HIERERE & [ARRICKUR S IRV EELA 1 BRRIRC T v — Bl S b A8, IRE Bl

FEERIETIE, 7T 7R T 7 — BRI & W o Te IR R A OREMRAN BN D . 77 7O A T 7 —
BRI TR S 4L DB ELDO D 70 W BMESTN/N & < MBI DG A ZIEE W BMBR RS DAL 5 73,
IRA IO E T IR K 3 DS L OFENEHE L 720D 2 EBNHE ST 5 (Jige 5,2023).
AREBRTHRBEDOMM N HNTE Y, (REEFHERMF TIHLIRA B BRSO RENEE L2 D
LB L7z, F7z, Figure3.3-1 \I/R LIZBHEIRDGA L T 25 &, AR TOBYREROMK TN X
VEETH Y, (BESMBIOEBEERN SN L 2R L
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Figure 3.3-2 Evaporation heat transfer coefficients of R474A and R1234yf in the multiport channels with hydraulic
diameter of 1.0 mm. (7; = 15 °C, g = 5 kWm?)

3.4 REMKE K UVRBHRRIC & 5 EEMEE DT

3.4.1 ZEMHRICKHEREHE

NP FIBARIE RS L2 351 2 IEIIBIR G I O R BB EIE, FEIIBIEICR L - BB (L O 8T L v i
BEEE U TR T 2728, WHITHIGR K IZ 35 1 2 WIS IR ERIN 35 L OMBEAA (LI Bl OB FE 3 B 22 &
i%a&%%ﬁméﬁﬁﬁiﬁm okLr*mﬁﬁwiﬁiﬁ ZHEH LTSRS STV 223,

(P NI B 1T D IR AR BE O BB ER I T REIER OB\ T Fo R mAIEE 5T
b%M\Kﬁ Tiiﬁw‘“ﬁbﬁ%%®m%7v% ML E N7 HIHITR R I 2 LB A TR L,
ZORMEWLEE (7 /7 — FELLEE) 1281 2BVRERAZHE L, £EMERIC X 2EEMEEFIZ SN

TRl L7z, 7/ — RELABEOFEMIZ OV TIE, 4 EIC TR 5.

Figure 3.4-1 (2, ZE PR 1235 1T DIRA M EE R4S4C OEMRIEFR o %, BRI ¢
B D 728012, IR IZ BT 2 Mim it R1234yf 35 KL OV R4A54C OBMRERZ HbW CORT. W OEEHE
BLOWBIZRWTY, BAROBEIIHE O B EVRE O L 2 BUR RO KGR Sz, 2
TEH 10 kWm? O Gefth: Tl il HE i O BMREERI L I & FRRE TH Y, RiuntERIC X 2 EEYRERD R
FRIER)Td o 7208, B R O WG Tk R454C O R ELE ) O BRI TG & ik LT 15% R E S
VMIEZ R L7z, S R1234yf & bel3 2 &, REAERE 21T 5 R454C OBMRERIL, (KBRS T
IHMEVMEZ R L2 b DD, )& WEGE RS Tl R1234yf & A2 BYRER PG 7.

REAGEER D O RmLERIC L DU IREN R AR T H LN TELLLD, "M A= R AT EHNT
WIEERAR DBIZR 24T o 7=, Figure3.4-2 12, EEHE 100kgm?s!, 74U 7 1 02, BAFEHE 30 kWm? D5
2R B IRH B L OFEAEEEIZF 1T D RAS4C OB O FTHUEAER 2R3, W oBEmEIZE W

WX LR T

Th, EFBIREEOMEICIZR SN D EWVIRBEIZ BN TRIERTER S LD BIE S iz, Figim & bt
BT 2L, ZOMA-OZEOKIGOIEMA R MmO TIIBE Sz, Zid, RmQEIZ LYK S

N2 UERN B HE /e v BT « & L CRIAEAERERE L2729 &%2 b U EDZ Lok,
BR A AR WAL, ARG N IZ 31T DIRE M O WIS EVR I L TREVRENIZ I S 1
fC%?LE% 7§\"f£\‘¥}\1\‘{/@1_ ﬁfjjfg?)}:) & ffﬁ%mu L7.

29



10

| G =400 kgm?s™
x=0.2
8 L .
:; 6L % § i
e | ]
S :
X
= 4L i
3
2F o Rasac (Smooth surface) i
A R454C (Anodized surface)
0 R1234yf (Smooth surface)
0 1 1 1 1 1 1 1
0 10 20 30 40
q [kWm?]

Figure 3.4-1 Effect of surface texture on boiling heat transfer coefficients in the multiple channels with hydraulic
diameter of 1.0 mm. (7, = 15 °C, G=400 kgm_zs_l, x=02)

(b) Anodized surface
Figure 3.4-2 Boiling behaviors of R454C in the multiple channels with smooth and anodized surfaces.
(I:=15°C, G=100 kgm?s!, x=0.2, g =30 kWm™).

3.4.2 REBWRIC &k D8R

FEILPHIR BRI CITRE Bl R T RS L ORENEETH L7720, REEHRE SRR T 2 InEh
LALOIMHE L OEEVEENEE CTH 5. AL T, MNOEBICE 2EEMEEEZ BN E LT, FHKE
WIZ L DIREBBEORBMREN T OWCEHME L7z, £9°, WM Fmc > « v &0 Lzl (74 v E
X8mm, 74 UEIFE2mm, 74 Ly F 10mm) 2B DHIREETE RA54C DARFEMBZERO AR 21T -
72 (Numata 5, 2024). ZO#ER, EEHEE 400 kgm?s! DM TIEFHNOHFRIZ LV 1.35 (FRE OIREVE
EHRNA LN b OO0, [REEHERETIEZODRIIBEN TH T, 22T, X RALOHEEAE
T L& LBITHERBORELZ H L LT, ZHOBBHM T «+ 26T 50K CLT, B~ 1 S iiig)
ZHRUWEL, ZOEEABILIHE L OMEBYEER RISV TR L 7=,

Figure 3.4-3 (2, ffl~ ¢« RIS T DIRAWEE RATAA OERFBBRER e %, 74V T 4 x IZx L TR
7 (Numata ©,2026). KIHFICIE, HEGO72DIZKITELE 1.0 mm O FIBHRIEEEIZ351F 5 RATAA OEMRE
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Fra bbby T, HEEE 50 kgm?s! OREEHEEFMEIZBNTS, WHlT 0 RO BRESRITIS
POREES & i L€ 1.3-2.7 fFRESWEZ R L TE Y, BESILOFED K& WRE EEE KM IZBW
THRWVEEAMEES R 2 MR Le. 2L, 7« S X DM OBIRIC L - T, dHimEMR ORI
Mz, YEIEBIRIUCER T 2 RERENENHE SN D 2 & TSR Szl B2 b b.
F7o, WHIBAREICH LT, 7 « B CTIXERIA 77 FORENRL V&I Y T ¢ F THH &
OB LR SN, UL, BT 2MEBRICB T 2KEOMHAICLEY, UV o=y MAMEES
ehlEZOND. b OBEEYRER L OMBEESLIH OB FIZOWTIRGEET 2729012, Bk X
ORI & O r b 21T > 7= (JHH 5,2025). Figure 3.4-4 |2, EEHEE 50kgm?s!, 74U 7T 1 02 BL)
0.8 IZHB T DI DBIERE R A T . ARZ AU 7 ¢ FAFTIE, WHIBHITEEE T LR T 7 7 DM
M7 kv akransgd & biz, Bl ¢ O/ XITIH > THIEIE G MICit 2 #sm L7220 HinEh§
LR DB SNz, En, T« > OBEIBHICIZ B R RIS T B S AL, WRIEN T ORI O
bBEINT. B AV T A FHTE, K24V T 4 OEE EHA_THM Y ¢ VEFORBEITELS, K
TR EICRVEEL BB I, DLEDZ Enn, T 1 12 X DAL O HEFEE R R IR S M
BEDEEMEESS L OMBELILIHICE 2 TH D Z L AR Lz, —J7, BEMEEIZ I FITGIE RS L2 b
LCEIREMERT DL 2R L TEY, SH%IMEBYEERN T & EEKOBEKIZ OV TRARZRRE
izED D TETHD.

10 T T T T T T L) T L]
| R474A y
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Figure 3.4-3 Evaporation heat transfer coefficients of R474A in the multiple and oblique-finned channels.
(I:=15°C, G=50kgm?s!, g = 5 kWm™)

Flow direction —

(a)x=0.2 (b)x=0.8

Figure 3.4-4 Flow characteristics of R474A in the oblique-finned channels.
(T:=15°C, G=50 kgm?s’!, g = 5 kWm?)
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HEATOBRIEZ BfE L, R IUE 28 LI KEIEFIRAIREE N2 3 1 2 IR G m B o Wi Bk 3 L OY
WRIEREE O AIGAL, 72 6 ONTERE « ZABBMREZER O AT O & & b2, BRI ~OR MmN L OV
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4. IO LOREBEFHEICK HRENEDHRSRE - BiEEEORLE
EREERICET SHRMRE (UAC)

4.1 BREXBBADESTEDER

4.1.1 BEBBICAVLATWVWSTILEI=VLZHE

T =T ASAENL, BAARN—RBEANER S5 BB 22 OGS O BRFE IC B W T ERTL
SNTBREO—FTHDH. 2010 FRLIRE, EEMERSFICENTYA 7 aF v RV HIRE LTO
B EL, G RBIRDR > TND. GEROEBEMZZH AL HIRIL, mE8GE & L CHIEONEIESHRE 7
FERTH o772, EFEOEZFNAX—B L OESEEILBLEL 2o m D, RIS X 2 @R
ORI N AR BN EFE O YLR DS TRE R L ALE OB ER L7z, 7 A =0 AL, — RIS
N CRUIE S4L, AKITEARE 0.5~ 1mm F2 5 OFGHI 22 e 23 10~20 EREFNICELE STV D EEZ A LT
L RICE R B 5.

VL HLENOBRETIE, WUNRIRIZIE T 55K MR OREEN DR TIBMEtE s s, =A%
RITE O PR 35 1T 2 B BRSO AR FE Tld, REENIC LV BRI ED B, T I EIR
TEATERC S D Z &1k h, MEBRKEE D bERERNA L35 (B2, Miyara, 2015).

4.1.2 BESEBRICEITAEREORBEERE

B2 MU A VEEES AU B, ERNICBWTIE NS Razrdar—ARy (BUF, HFC) %
WO BeMEIEIAED DL TR Y, BUiiss HmIEEc B 5 HFC A BOIRBNREH L > Tns. &
BT, 2050 FEDOH—RYy = a— N TAEBICHT ZIREHRES A (LLF, GHG) #ifoBans, EEil
ZEES R AT D L U TIRWHIERIR R (LR EL (U, GWP) AT 2IRGMEEOEAR A IS
TWa. L, ANOFEfE SNDIEHINES MBI, B—mEt s ik U CENBRENERDME T 5 &
WOBBEAZR LTS, ZIENSCESHRENTIX, BB X OREED OREIC XY KM OFE /)4
IR0 A LT <, ZAUSHE D R B O BB D RIEO R — 1 2 &, REEEZAET 5. £,
WO ZFBIRIT BT, MBS 0 MR AR T 5 & TR I b sk oy AN IEAE S 4,
BVRERNH—BIEONMEFH LY KT T5. /o T, HEROZIEBEICH L, T OIRAGHBAA
DARBEREIS T 2 09~ 2 5 7= R ER OB EP ML ETH 5.

4.1.3 IS LORENEIC K 5 FEBERFERE

LRIROBEALZ T Lo OBl % £F 5 BASHIC B W T, REVR ORI & Wt L O F i O ME
BWEREA RO D ETEEL LD, HlziE, " Rt uxz—F 0k ) RERENMELS, EEmE
M LRV T WA W2 IR BV T, BBIEBRA O KA MR m R IR S e < <, W
B E COWMBEN T 25 Z ENMBILTN D (Shen 5,2021). Z D K 9 22 WhlEBHAA OB IXHim D
£ O A K CHERICAE L 5708, RiZE GRS (B 21X, Jabardo ©,2009) RIwAVED R S
AR S5 (JERD,2018) Z & T, TIHORMEELCRMFFHEDZEIZ L > T - BvYsEo et
SNHZEDRMBNTND.

T =T NIMESLT T A Vo oA R LB G IESCBEO LD Ira—T ¢ 7N Z, (kAR
AU EE D L 9 7L SOS 2RI LT R EABESe, szt (7 7 — KEgfk) o= D Xk H7%
BRALFLOG Z R LT REAFL & W o T2k 2 7o PRI K RinFriE 2 WE 52 2 E kA &Mk T
bbH. T =T LE MR EMREKERT CHR (7 —R) L LTHETLHE, TAI=T LKA
PLF OISR @1-D)IZHE > TELEIERTE R S 5.
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2A1+ 3H,0 — ALO;+6H" + 6¢ 4.1-1)

ZORE, TR = AREIIEK SN DBBICEED S/ #E5ER, 7/ — REBLRMFICR RG22 &
ﬁ&%<@ﬁ%%%’;ofﬁién1mé(mziJmmmgzmﬁ AR L LT, TV

=T AETPERTTT J — L L7ZBICIE, 70 =0 ARENCITHE S TRE 28 Y v — iRl i i
ﬂ%mém,ﬁ@&&@@¢fi%%?@$ T AL AR SN D Z ERambTnh. Fiz,
[ UAR— 7 AR LR e — IS - CTh, TOF /&I 2 BRE L FRE-CEBAR I 8R < RAFT
LERMBNTEY, BemHPOF 2 MAORE S %+ nm 2> 58E nm £ CTHIFEIT 2 2 L AHKS.
Figure 4.1-1 [ Z7 VI =0 L% U VBHTY /) — FEME LZZBRICT VI =0 AREICERL S TR — T 2
FL D Fe1 SEM B E 28 LT\ 5. EAE 100 nm F2E OB 22 LA by H I BB S ks
0, ZHERERE RS> TODEETNEREINT. 20X ) RSB EREREmICB T, HEcE
T DRI DOAERY A M KRT 2720, WEEE & U TRHAT 2 & BYREROKIEZ2 M L3R 5
A% (Shen ©,2021). L22L7eA 6, WEICRIFHIRE LI2OBHITINEAEZIT S &, WhIEHHARIZ KIE 72 ik
WAL, K T40K UL EOFBEEIAAIEE O ERNRBO bz, Z0 X 5 22 bR O EF1X, Wi
KA OWAREIERIZ b7 > 7 SNICH IS O & 72 D02 KIE B W ORI 72 ZRIT K > THAE L, |
O RICKE RBEEZE L B2 BN, ZOMEEZT, ENIAFEBERIEANFT— L X — -
PESETIN T ZE B R bEHE (NEDO) X 0 2021 EEN S 2022 I ENE Sz VX — « BREEHT Ao
Wge 7 v 7 AT R mHIEC X 22 WEBEMEE 7 0t 2B 7o Y =7 MZBWTHE 5(2025)
XIS AR KIET TV = U AREITR S I B b DT / HE DB A Uiz, Wi A
Fe7rtexz—71zH0, EEmEmICT /— NI K> T EMEZ RS S5 &, EIT9E
[FRRIC R ORIER OB S OBNNHEHR SN0, BHOT /#iEE2 7 ) — FEILSEMC X - Tl
T 2ZET, WEREAOBENEZMHEI TELZ LE2WLMNE L. 20X 51T, ZERZE i OB
IR EEDO WIS FF RS L O U D B ZEDO R R 2 KREL AT DR+ D — Of%é_k#6,$7m/
=7 MZBWTIBEEOREIZB T DIRAWBEEOWEICKIE T L EHEEDOZEBIZ OV THRIELT-

500 nm

Figure 4.1-1 SEM image of anodic porous oxide fabricated by anodizing.

4.1.4 X7oozsH rOBRE

MRHEAUR G W P #1500 52 KA 1) T 7 i@ 20 = SR 2SR B T O B 78 2 i P 255 55 20 L 72 fRG W P IR
A IO BARE KOG, IR G W PIRA WO WM - 24 - BRETRETEAMN, <Hibias o BRI &
O AT L OPERERH, RS IS RIS T 2 BRFANBRFE ) 7' m Y= 7 NI 2023 FFEE L D BAG L7228,
X 2024 FELOVZE L, 720 LZ50EEZH L TREEER FICBIT 2 BRI &2 MGEE L T
L. ARV MZBWT, K GWP IRA DT « BEfE I MIT T EASHAZR R IO IS O 8T D
THETL, B2 R RIb T 272 D BEREMZFET DL L bis, ZROEEAREVE~EHT 25
O OFEE ATV, BREICK LTIV = AORIR, Tk, FM OB SRR mT -6
TR ZITO Z &2 HIRE Lc. T =0 AOREMERIE O L E LT, 21X Figure4.1-2 T/RLT-
£97%, 7/ — FBILOEWRERWTHEORE & 7257V =0 AR /2R — T AEEE KT
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LT LarAhD. £, TORENREICHRERET D7 VI =0 20K EIMTI L, FHRHEZ B
L, PEREA EA~FET o EMGIE R

Nano-structure

oxide

Refrigerant

O

Figure 4.1-2 Schematic illustration of heat transfer surface with nano-structure.

L2 7B DN D L 5 e ERND 7 v —X7p ZRE~ORELIRIZEET 58 LT EF R RSN TE
0, 2L RA~OMEL L IZEE N R D ZENTHRIND. W0 T, R7r Y=y b TIIEMIER =R
HREE DSR2 N LT BMRERHEIC E O X9 e BE KIET ODERGET 5 & & b, Z7RE~OLERME
EEDTRGET 52 & & Uiz, 2025 FERESICI T 2 I BAE & U CRAWHBEO UBIEFEIC KT TR MM
RS DONEAERFET D & & I, REHFEDOERTFIEN S /UE OWEENEE &) o T2 ILBREDZ LW FER
~HEATTREDEEER AT O Z L2 B LTz, £72, W4T L CE I/ OWE RIS & H5EVEE S MET L,
it 2 1R OGRS & 22 7 UF OWIE TR O i 7> HAREAS L Z I 2 2 /UE D b 5 RE RERFI LT,

KT =7 NORKAEE T D 2027 EFEICIE, 2026 FE E TG DN AR LI HHT 258 L
7= BT HA SR D R G & B REE DB L A 1 = X IS i E O Kb, (=B L)
B3 D REAF A M LT AREVE 2 #5872 R 5 C L A B L L.

4.2 EBEMRLEICETEZ7IA—F

4.21 PLEZZLRE~NOZAEREREICK HaRMEERLE

T =0 AREICICE IR R S &5 720 OBEMEEE LT, RRFHIBWTILEBR T / — Nk
{bik% 7=, Figure 4.2-1 [ZFTE O BB KIEE I BT D2 EERT / — REBCRHCHIE S 5 BIE—FE
MR Z R LT D, EBREEREN 0.7 M OB, BE—RERHE AR IZNC BRI R Lo bic
Y — 7 &R U CE A2 T A 20 B E— R AR AR LT 0, LRI T L I = U ARE L E
BICIER ST Z &R and. —F, EBMERENRHELT 5L, EEIIARLEITRE L, BILRERT
N =Y AREICH) IR I TN ERTREIN. o T, ARFHCBIT 2 EMREREIT0.7M
EEESME L TRBREZED D L.

\Y
N
o
o

| concentration: 0.7 M

H___‘

0.255 M

0 25 50 75 100
Anodizing time, t/ min

150

—
o
o

a1
o

Anodizing voltage, V' /

[e]

Figure 4.2-1 Changes in the anodizing voltage with time during constant current anodizing.

Figure 4.2-2 X7 / — FELIZ L W 7V 2 =0 AR S 1072 % FLUE Al B B3R i oD A& AR FE - BN
# (SEM) #Z =L T\% (Figure4.2-2(a)). £7-, B SNTLAERICEZEOMILOKRE S 2 2{b3H
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D720\, 7 /7 — FEBALZIZEE IS ITE DR HNRE L, B b4 Db PR AL PR 4 s L 7= 7% 5 % Figure 4.2-2(b)
KO\ Figure 4.2-2(c)\2Rd. 7/ — REBLAERIC X o T OMALEZ AT BN T L = 7 AFEH I
ENTEY, RENZAELINTWIHETPHALNTHS. £z, ERLEMILOKRE XX, BOR
TEREHR] 6 DR RDIFERLICKREL RoTHEY, BILWOILFERIZ L > THIRO KR E 7R — 7 A B[R
BN T V2 =0 ARENITK S NI E B0 5.

e,

Figure 4.2-2 SEM images of the surface of the anodized specimens after pore widening treatment for a) 0 min to ¢)
240 min.

TERR S TR L R 2 & O\ ZFEAMIC B9 5 72012, Figure 4.2-2(a) (2404 9 2 alokl 2 @ HLSH (2 HiLD A
Fr, PEARATEEIZ K 0 Wi L A2 47T > T SEM I & W #8152 U725 R % Figure 4.2-3 (T3, BrmBlg2 ofs R &
O, 77 —FBLICE D T A =0 ARBE IR ESNTZBRIEHOIES 1TB L Z 700nm BETH Y, O
B OFMILO K E XK 70 nm Tho72. ZNHD X D AeRE DT/ #EENZALUEL U= Bt & =2\
RENIERK L, T OEEEREZ T2 2 & CHEEOTIBICRE T REHEEOBEEZ MG LTZ. THOIC,
LB O AR LT AT 2 AT 2 BRI 2N D OB A L, —EE LA THEIET 52 4T
TSN ER 2 FIARAL L 72 208 & SEALBR DI K & O WIS ERAH D 22 B OBIZR 3 L OIS BBV D i 21T - 72
R454C Z & U TIREICHRE L, 30 kW/m? F2EE DB IR & G- 2 72 BRICHIE S AL 7o Bm iz 2R AL PR 0D it %
R L TR 1IB%RRER S 2o TR Y, RELHELIZ X 2 BYRZEROM EEPRBO N, o, O
DBGEERI T O R1234yf 2 HWTBEOBRER L B L T SWEEEL 2> TRY, FELHE
IZ R DEEMEEZNR RO bTe. 20 X ) e RELHIC X 5 BRER O IXBEERHOBIE/HR LY,
TS 2 i D IS IS 9 D B O KIAE DN IAME L W AR BIER Sz 2 e nh, EmfEEICE - T
BEUBIE DL DY 2 5 Z & TR RIA O AR MERE S AL, ZN D EERL T 5 2 & TESEBMEE S
LOrEZ LN,

400_nm

Figure 4.2-3 Cross-sectional images of anodic oxide formed by anodizing.
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4.2.2 BRENEADT /— FEILLE(IZFH T 7=1REE

(a) BNRNEOEESRICLIBILEERROEAH

421 HOMFHZ LV, W OMBREIZHMLBEZ RIS E 5 2 & TAMRERELHEL T 52 LAk
HTEBRWEMNERoT. EIT, FEBRITHELR I DL E OWBENEE~T ) — NEE(KIC L 2 2 fLEkE
IETRLA FIREDS, ERICRGEA T o 7o, MFHIHENL D, B —H — R — L TOL7EM DL A A 7.
FATHRBRICHB N T 0.5 mm AORKKIEAZ G T 5L NEEZESMN4eom (UYL, ©—I—hOEMIK
\IRIE L CT / — FER{L L 72D BT Figure 4.2-4 |28 LA M OWT 2 SEM IC X WBIZR LT-. #5Ha
IR T L7228 S, BLER b XU OWNEE, BIELA o 133 & SOl o sb i & LTz,

| Counter electrode(Pt) ‘
Observation point a
Observation point b ﬂ
Observation point ¢

Figure 4.2-4 Observation point of anodized multi-hole tube.

Figure 4.2-5 [XBREEE 1 mA/em? & L2 EBHKT / — FELIC XV FHEOT AV =0 AL 7UERE
IR S VTR L2 RO Wi SEM B E. 2Rk LT 5 . B S /E Ul D) lem O L L7z,
Figure 4.2-5(a)3 X U* Figure 4.2-5(c)lZr L7227 A ENIC TR S 7o e b B IS, st & kb im L T2 ey
ML LTIEINIZE—ETh o7z, —F, 2708 O EENEER TR S o b IO JE X1, Figure
4.2-5(b)TR L7z X D 2ohi & bl U TR LD JE X 23 <, 0/ UE T N EE 1T b i & Rl U TR
BHZENSND. [FRROEMAEEZ, EREEL 3 mAlom? (B L CTIT- 2B S iz ilkl o Wrim
SEM BE78 Figure 4.2-6 Th 5. BIMEENEL 25 2 & CRIGEICHY T H2EXENE 2 72729, Ak
L 72 BRI S 1% Figure 4.2-5 & Bl L TP OMLEICB W T HIEL o> T e, 22T, /%45 m
IR S VT BRAL R & 2 OB TR NBE IS TE R S - L RO R S ok 2 F T 25 &, 1 mA/em? DEE
W7/ — R TIER L 723E CIXZE DR 1.67 THo72Dizxt L, 3mA/em? DEEIRT / — REE{L TE
LR CIXZO®IT 173 Lleol. Thbh, 7/ — N UM OBREENEL 2D L, FENEE L
ZVENE E TR SNABIEMDIE S DEITIEN DD EBZZ NS, ZHUuL, ZIUERKEO X S 2A
D OBV ONERICBWNTIE, KIBRTOA TP LIS WD, A A2 &k 2 ERBENEE
THZETHILEEOHEZEVENME T LI D EEZ NS,

Figure 4.2-5 Cross-sectional SEM images of an oxide film formed on the surface of a multi-hole tube fabricated by

constant current anodizing at 1 mA/cm?,
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Figure 4.2-6 Cross-sectional SEM images of an oxide film formed on the surface of a multi-hole tube fabricated by

constant current anodizing at 3 mA/cm?.

P Eomat kv, 2708 TIISMNE TSI L RS TERL S 4L, 2O a 3 2 EIREENmWIE EZ
DEMMBBEFICIR D Z Ny hole. 22T, AMEICILEIEAER SN D Z & 20l d 5 72o12, FhfE
WZIE~v AX U 7 & LTe L C7 7 — RBREIZ & 2 R RZ 7VE OB Ik & 374 7=, Figure 4.2-7 134
40 cm DR RE OBFRALFERTH OB GEZ R L T\ 5. EBFICY 72> Tid Figure 4.2-7@)IC R L7 X 912
SMENEL PVC 7 4 NV LD AF 2 7T =KD IR L, A DOSUSH3A U 72V IRAE CREMFLEE 2 fiii L 7.
T 5L, B TH ORI Figure 4.2-7(b) IR L7z X 5 TS SR NEF L, REHO — 3 afR L <
BY, W—RBILEEREC TWRNWI EREREZCTLHL N ThH 2.

a) Before electrolysis b) After electrolysis

B )

Figure 4.2-7 Appearance of the edge of a multi-hole tube (40 cm in length) before and after anodizing.

Figure 4.2-8 1% Figure 4.2-7(b)IZ7R L7222 7B NEED W SEM 4~ L CE Y, ZRENZIEmT LY
BEE lem 5L Sem #8232 7Y 7 Le. S5 1 om HUSRIZERT D iENEBEREIZIZT /2 —
AL & > TERLEZIEN TR SN TV AR TR O LN, LD HiEN Scm OHSIZHE W TIERL
FEDIER TR BRI oTc. Zhud, BHEBIZEORERND IO K S ICERNZIVEREDOANY
AfHEICOARER L, REHNBEDR]— R LSEIT L 22Tl B HiLD.

a)1cm b) 5 cm

2 um

Figure 4.2-8 Cross-sectional SEM images of the inner surface of multi-hole tube at a)1 ¢cm and b) 5 cm from the

edge.
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422 T HMFHC LY, Bl 28 OEMEKEIR P ~DIRIEIC L HWETIE, e &bt
AE 2% am%ﬁ%@ﬁ#ﬁmb,ﬁ%ﬁﬁ®ﬁ~&%ﬁkﬁilﬁf%ot Z DR Z%1F, Figure4.2-9
BRI R Le &9 7, BONIBICHBIEMm & 72 252 5% E L, BWNE~OFFEE ERm EXEs
B INE D ERRRE L 72, Figure 4.2-10 I3ffBhEM E L THWZASME T VI TEONBIEETH L. &
mﬁ%éaéﬁ%£W%_ﬁA¢é@_,%#T%Wﬁk%%#ékﬁﬁﬁéﬁbf PHRDSEERL S HL7s <
RHTEND, HEMRET VI FEICE L CEMM IO MR 2 R T
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Figure 4.2-9 Schematic illustration of electrolysis with auxiliary electrode.

Figure 4.2-10 Platinum wire with alumina tube.

B A B LW T VI =0 AT ) — REgfb & L, il L OWrm 2 SEM (2 & 0 8152 L7-f
R% Figure 4.2-11 |27, EAMAENIL Z AV E TORERFEIRRIC Z LB 2B LR B3 FLER RO ) — IR ST
DEEFDBE SN, ENBEIIBLEESER SN TE ST, —#IETARANCER L T 287038152
.

UEofER LY, %W%@W%’ﬂ*??/—P@k%?&of%%gﬁﬁk&ﬁ%%%éﬁé’k
M2 RIEETIEREETH D Z 3o Tz. 7/ — R X DB 2 & o 572 0121E, N ER~
DIRDIBRFIFREN K > TEIRP DA A v OYLEAEZ fEH T 5 = kf%%m&ﬁm%mﬂﬁéiaﬁ%ﬁ
RTREMAGDEDLIVERSH DL LD EEZ X L.

a) Outer side b) Inner side

2 um

Figure 4.2-11 Cross-sectional SEM images of the a) outer and b) inner surface of multi-hole tube after anodizing

with auxiliary electrode.
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s GWP Bt & L CRAZE STV % HFO RGBT, HIKTOM M TIZEWRAEEE ) MRV /2 HFC R
PR IRAMEE L UTHERT 2 Z EBRARORNIZH H. IREGE LT 554, KROGA, [FH—
FEINCHT 52N ENOMBEOBIFIRE N R/ D 2 Lnh, RIERERO X 5 ITHE L2 5 HE DER
BEREDRSIET 5. Bl2IE, BEOLE, [IEAmIZE W RIS EENELIICER T L0, KRt
H B O AR TIX S W A I OMREENE < 72D . Z OWREITIRAHIED KR EANREE L 0 mW - DRI R
HRED FH 2R ERRIMEREE T SE 5. —F, ZREOERE O FI3E = %L X — 0@ a0
RO LN TVAHD, BHZE TOM & 2R OREEDOKE/INNSLE L 725, BURTIIEGEIERD
KIEREENRNETH D Z L0 0, BRAMmBOIER, T72bbLEG i Z KA I 2 252V RElic
5. ZOEOIRYEOL LB TOMBEE LT, GBEREOMBRIIC X D5 R R E O KR, K
BHRIC X DN EES TR ORMER BT b, 22T, RESLEORHANLEATHD EEZ, UTD
3RREICK L CHFZERRFE A D TN B

a . PECHIVERES N BE AR OB ENRE & R A RETHIET L OB

b . EFIHEEE N OB LRSS TR OB EN R & TR TR R & OMREN TS L DR BME B o0 B %

c. UBHEBRAAIEENE O HEE & AR T IE OB

ZIVENDIFFERRFE DR F 7R T

5.1 KFHERICEITHEXBESHEZMARORS FERUENBRLR

5.1.1 ExRELHHM

LB TSRS Ilmm TH Y, WD 7 1 >« Fa— T B KR 4mm PLE) 2L T
WD/ NE N LD, W ZIR A & LB 2356121, RURAR A E IS KIFE TRk
N DOFEPAHBNCRKE L 25, Bl2E, KFEROGE, 1ERBROREE TIXE NI L > TREEHB DMK
ML IR D PRI BIE S DD, MRS ICRIUTA = A A Z R LT <720, BUiEhfy
PRI RAZTEACKT 2IRBI G OREN NS 70 b, Thbb, KV, e LA, $hiE TR To
BRERFEDER N R ONRL 25 EZDND. ZOX ) R RII~A 7 ok L I d 5, it
KEDOFRE NS~ A 7 2 ~OBBILKIK _FARIER T2 REBENCHTL2EIOLTERSIND
Bond %#¢X° Confinement Z{ CH¥FE I 5 (i 5.1-1).

(pL — pc)gD? _ i (5.1-1)

Bo =
o Co?

T, gl XENIIGEE, DIXIREEOKIVEMELR, pIBE, oIREENTHY, RFL, GITEME, K
FH7Z "4, Ongand Thome (2009)1%, ~ A1 7 Bt ~DEBI % Bo=1.0~11.1, Jige and Koyama (2011)I% Bo
=1.1~1.4 & L, Gomyo and Asano (2016){% Bo<15 THRIER)DFENEND & LTW5. #lZ21E, D=1mm
DY 2 fAFIREE 20°C D R1234yf “AHIARENT 2356, Bo UL 1.55 L7720, 1ERENL~A 7 vk
~OERBI L 72D FELZ LD BN I W TR E R INTRIE S IR CRIE S L5038, LIRS i
DA, MELRHZITREIEEE O - O KK A mIRENRHTHY, ZORELZMDLZENEETHD.

2T, AT, N 1 mm OACEREEIZHR U CABEE FROKEEIZE W THRA FEBSIOES
I ZFHA, BT LTIk & oFE Yy, T U CHELE AW B CORMEZ M L=, 7ok, RA
REIIERIE RSB T 2RO BEEEGTH Y, BURBIRHEA RE O 2 EBERNRT A =2 Th 5. W
IR A RROEFRMR DU, AR EENDRIRSHOVEREEGL N TE D, £, BUH
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5.1.2 EREELFE

FEFRALE ORI % Figure 5.1-1 (TR 9. WBHTITMMEE & LT R1234yf, FEILIBRA ML L LT R454C &
Mz, =Nl SAFERIRE, ~ 73Ry My 7Y U AT R ClEERS L, 24
BREBE CTHRERENNESNT. ZOXT R FIIREERE — E I 2 6k 2 o' — % THRE) S
NTHEY, RBEHOENEHNCELL T —EMELZ G TE 5. MUNEREKIR A O FZEHRIZHB W TR
DCTHBERARA L N ThDH., T b= —FHERNBLZHBETHY, A e —F—DAOYT 7 —L
% 5~10 K OHEIPANT—EIZR-T2. L e —X—5EXNEE T 28546, BATNIIEREIC /2 2 D3 EER
WEAENEL DV 7 7 — Ve REIELRNRH L. TOHE, AMre—4—0O8ANT), LT
ARE A OV 7 7 — )V & IEREIZEHII T E e\ 28, ARSEER I3 i 24 & i C % 2 kil —EE
Bt B Uiz, BB BiRicid, BB E R CNREZFFORA T v L AR AE (A1 v e—
H—) HFEL, HEEEMACRILEELRELL. ZZCTEHRAANOEENEE L /05, Fa1HER
WZBWTHIEY 7 27—k e LT-FHAICHREVE 251 L, (REVEE & 5 PHER SR OMREE A2 12 L CHEB L 72,
AA FREFHHFBRIIEA A b — & — OB Fit, AR FICESIEE S 7z, RIS m A iR
EIR CIREEICRFE Lz, TSR CoEfiE L, 77— iR E RV R TICREND. V—THNDET)
X, R 7 EROBFICRE S NIRRT F 2 AL —FOIRELZRES 5 2 & THRE L. IRA M R454C
EHWEFERTIE, R7HRo 7Y o VR — TR AR, mEVKRE LTtk A ew
N7T 7 4 TEOMEFI L. BRI D2MEREE=2 ) 75570, 7V 7 KR— M
HEAEE L VEREL, BEAREMENO VT NAZALTE=XY 7 LTz,

High speed camera

Flow
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Gnm : Mass flowmeter

P : Pressure transducer
AP : Differential pressure transducer
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Figure 5.1-1 Schematic diagram of experimental apparatus for two-phase flow experiments in mini-channel.

FHAIBBRER DM IS K O BE T IE IR & Figure 5.1-2 1R 9. BHRIBRBRESIZBA AR U & — R 3 — Mg R
T, Ll EICHEE 1 mm OFFBHREANTSh, BREZEETIZOMESATHS. ANBX
VCH O ORI, ThEhAT o L 2B L OGO 7 T o D3 2t L, O Vo 7/ Ty —
ENTND. AEED S IZHDOEFICHEREM AR A RE OV E2HRE L. EMRIZAT >V L AHHOK T,
PO LT oikteidE & Lz, BRI AT TH DKo b el K OB S8 2 853425 2 &M
T&5. UV EBOMAYICIIH— NEBAEE SN, FEOREFEREOREBLZRETES. HER
B2 VOB, WAGMICH LT 44 mm, WEEESAIZ 2.0 mm & Lz, $7205, FHERT
4.4 mm O X OERFEFELHMEE 72 5.
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(c) Cross-section at the center of the capacitance sensor

Figure 5.1-2 Detail configuration of measure section.

5.1.3 ERBERLEER
EREE T A T i LT BUERIEHE 2~ B HE L 7Bk, YT 2 Rm iR ot a £ T koo
T D Weber HUCHEHL L7, &4H & ONEAR Weber 22D EFK % Eq. (5.1-2)I2/R~ 7.

. 2
D
WeG = pGjo_G B WeL

.2
_ P’ (5.1-2)

2T, o i EENENRIESAHOBFERAHK [m/s] T 5. 7R X JEI T FH AR L L
2. BEHRIZ A Weber 28 Weg, HEHIIZHFE Weber 25 We & L 7= BBk fR X%, Akbar and Ghiaasiaan(2003)
2 X BB RGER IR & & b IC Figure 5.1-3 12”7,

KR E EDE ORI B W THEELIE S R 6T, RIS 3 O R B EL O 72 W BRI B S Tz
B ) S FC RE IR & 1B RS fE L O 57 LT Akbar and Ghiaasiaan DEF /L (Weg = 11We,) &Eifa—E L7=. Akbar
and Ghiaasiaan D €7 /L%, KIZEHEE 0.866 mm~1.6 mm DZER — KRICEIT D EBRFEREZ S L IT1ERK
SNTHDTH DD, Weber HEHWD Z & TERERLMEDMEZBET 5 2 & Thk X 2B A HE
TE 5. LM TIEA T 73 (MXR) ([2IEB T 5548 We B E TR 228650, BE
Terflirn it & ORI R bR o7z,

R1234yf “AHIED RN A REORFHEZESR) & 2= OeRE RS PDF 4, AKX E E x B L OGS 5 it #Ehik
K& & BT, Figure5.1-4 (a)~(c) 1T/~ T. MEMENIE, (a) IO WEIRGE, (b) BIRFE, () A7 7T
Holz. HHFD aaye 1R A RETH D, Figure 5.1-4@)IFHR A REEED/NEILIFELLTHY, B
BLIESFEAE L TWRNWZ &3 0D . —F, BRI (Figure 5.1-4(b)) TlE, BELIEOEIMIZ K D/ V 24k
DI TR TE 5. FHXKHEIZ 44 mm THLHR, BELEZRATE TS, AREIENMET T2 &,
M ESS AT IRNBINEND AT 7 E 2D, Figure 5.1-4(c) TlE, AT 7 Oi@imic ko K&z
TSRSz, EERKEOK T THAZ 7 ommEE»™Ed U, RAAEEMET L TnD Z L&A iR
SNTWDA, PDF TOWEA T 7 L DIERA FROE— 7 (TR SR o7z,

Non-disturbance annular flow

Annular flow

Semi-annular flow

Slug flow - = = Akbar and Ghiaasiaan's model

®P>O®O
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Figure 5.1-3 Flow pattern map with flow pattern transition boundaries proposed by Akbar and Ghiaasiaan.
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(c) Slug flow
Figure 5.1-4 Void fraction fluctuation and its PDFs (R1234yf, G = 200 kg/(m?s)).

B )R AU E R ITRET D IR AR A R RO I E B E OGRS R A Figure 5.1-5 1R 3. KUK
THAPR DR A REGHA TR OB EREN LI 50, FERIPEAHE TITHEE & & HITEBOM
B OEFIG D EAT D IO OB ERENELT 5. ZOFHITITEFEFA O FFER =IOV T
B OENIE Z B fE L7252 T2 T 9 2 & T, W OEI SIS o EAm AR L, FHUTTIE
ZARGE LT RAAR AR D DRI ER OB RO EH SN ERELMHEH L. MY, ~A 7 eXFr—10
T % & DB NBRIRITIZXT 35 Cioncolini and Thome (2012)(2 & AFHBARDMEHR TR I TW D, (ERRE
T RA RRITEEREIIEKGFEL 2N ERNbro T, RRELEEDO LT R, RREOE
{bI% Cioncolini and Thome DOFHEIIZ L 2 HE L IFIEF U TH o 7223, RA REN 1 ICHRIT 2T
THEXEL Y BIEVVEEZ R L., ZHUTHEORE TH 5. FEHRIBGAEDLS, EMHISHALE & [ U3
MTHLHHN, HTRVMEE o7, F72, BREIEKICHTHELDENKEL RoTWND. FRZ, KUK
REZETELDENKREL RS> TWVD ZENLHEMHRDICHOND I EmORELEZ NS, £,

R=N

EEEHK (G=200kg/(m?+s)) TiX, FUHEEII L THLMNIARA FEBMETFTLTWD. ZhbikiH
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Figure 5.1-5 Time and cross-sectional average void fraction of R1234yf and R454C.

JE R D FHANGE B % Lockhart and Martinelli(1949) (2 X 2 0BT /L CHREL L 7=, #HAE R % Figure
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Figure 5.1-6 Frictional pressure loss arranged by the Lockhart-Martinelli method.
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5.2 IFHMERBANERRRORRBFE

521 = LHM

2 LB TR TR S D 2 &, ENBEKROIRD 72 O FIHREE TR S LTV 5. 15
TRV AL D KIR AR, AN —HOMOENENE L LD LI IO I NN, KK A HiTORE
BEHERITERREST CRARLEEIRGET 22 000, FMETOWERES XOEKEEENK
ELERDBNDRH D, BIEITBOTUIHEEITE D INEEER H D 2 &, BEEEBERLP SIS
KFET 228, AR EOHERK CHERAN R T2 2 L0, MESERITEMEE 2 5. —F, MR
B & AU, TREAREGER OB TR R E DR R L 1T R R 5720, I BHRDESC A O it £ )3 R
BT DB & ORLZERBINFEAET D BRSO AESRMENIERR L ITR R B2 NS, —BIZR
LEMMIMEEVERE DR T, EBRIEOHEKICORNDEN, —FH T, FIA4T7 7 b LEREAEETIC X
STV Txzy L, BUGENUET D ARELE L HD. WBEORELILE 2 4E LA ZRRE T3 D0
7¢ (MR 5(2014), KE 5(2017), S 5(2018), Huang ©(2024)) TlE, FEEIRSCEEITE, ~v X
DIRBI ATV IEIC B 2 DB OV THE STV DD, Bl — 72Kk E G0 E@EkEThd 2
EBMEIND. 22T, AR TIIRFELAE 28 L7z 12 KOKEMERR 1 mm OIEFBRENH
2B FRIIT 6 LT, R1234yf ZHEE Li-t — &% —I1C X 5 FTEMAIC X 2 KB ER 21T, L
D> 5 OYEE Al RS AT S & RLEERB O L T ORBFFE~OREBEZFE L=, 2B, EBRIR
TEEE O W — T 2, — T NOEFEEIC KT 5 RO ENEOFF BTN — T B T LT
BT X2 AL —F EHWE. ZOERETNEL, R ADE LA, RBEAD L LEESGAICONT
FEBRAEIT, FOAERETIM L7z,

5.2.2 EBREELEEBAE

FEAEE O % Figure 5.2-1 \RT. WL — 713X T R TEEICTH Y, KR, ERE,
BEes CRERR SN D, FTRUAIIHE 51 THEALZLOLFEUEXTH Y, RERE CiiBiikH A2 b4
L5METHoTH, ~EOHEME CHBZMIECTX 5. BRIEEIIR V7 FiROE & &7 CrHll L 7.
N—TRNE N e —EIEDTZ DD T F 2 b L —F DL —TF ~OEH L, R 7 L A LRBEAD B
D2 rEHIHRETE HMHEEE Lz, B A 7 LV TOBGHERCIIARENNR—ETH DL EEZOND.
—7, REEILE OBGRENER Z R TERE L — 7 T O BHAICIE, REBREA D OBERSGMARE - E L
TLHEAENEZ., AT X2 AL —20mlEX v 7 ARV D86, R AOBRENEERERD. 0
Sity, AR COENEROEIC LT, HREE - ELROT-ORBIMAOENNERTLHZ L
2725, THa b —FOERERBRIALD B & Lok, RBRSALNENN—ETH DL ERSEEBE
L7ebDThD. BBHANDOEKJLIEILI S L e — X —CTOMBAETHRE L.
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T : Thermocouple

G, : Mass flow meter

P : Pressure transducer

AP : Differential pressure
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—— '

Figure 5.2-1 Schematic diagram of experimental apparatus for evaporating flow experiments in parallel mini-channel.
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AREREIE S & Figure 5.2-2 IZR 7. MRS TSN T NV INE e —F — L BARY h—FRx— K7
0y 7 CERBADHEETHY, E—F—Z FICL OKERICHREINZ. e—F—%, 7 m >y T2
AKOI— MY v —F— (EA625mm) THEAINDS. MEXMIL200mm & L, HMNEAE OMEILHEHE A
MLSNTEEF L E Lz, A~y X TIERIESHERS L OENIC L > TSR I SNA RN E 2 b
L. 2T, ANy XTI T IS ERERE L, WEADERESBKOMOEM A 2 BT 52 L
T, ~y AREOFBLEFMUT. MEAE 0 I —¥— A& L, MAXBOEEEREI L TG R
BIOBRERLER L. ok, BERIIEBECOMEIN+o/hane&x, 7T Itk b —F—[lIT
BRI LT v — ABVERHZ L HHAME & Uiz, fafnifE XE S coE) (MADEDORNFTHEE) Zxt
TOMEE Lz, FHAR COREKNL & EIIRZERE 4 B L 2 WS R INENE (U E U 7o 8 /) AR
EEL L.

© Temperature measure points
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to accumulator

200 (heating section) " SUS plate

—
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(a) Side view of cross-section in flow direction

Flow —— 250 o Temperature measure points

200 |
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Porous metal N\ Heating section

(b)Top view of test section.

16.4 (= 1x12+0.4x11)
1, .04

Cartridge Heater
¢#6.25

(unit : mm)
(c) Channel cross-section at the heating section.
Figure 5.2-2 Detail configuration of parallel channel test section.
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BRHETHoT. —J7, WIRBARICZEZRN S 256, S TOREDRROZAIC K-> THRA A
U, BOEINDHEFPRIEFEENOEEINT. 22T, 7Fa b —2 2R B ADICER L, I
BT D22 M Ah % #E L7235 8 O EERRE R 2R
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Figure 5.2-3 Local heat transfer coefficient.

IO OFERIT, NEHEMEEDENNIL D LEZ LN Z 0D, BIBREBENDZOERNEZELETDH.
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(X, K OFRBULFE CH i &2 27202 b DO Th DM, ML > TBEIEE N R/2 > TW\D Z ENahDd.
RiH LT A 7 7 TR 2 ELS L ) SRR EAGFE L TV D54, EgREENRKE LT 5. 2
OREOBEIXHEOTRERLEMENRH D LB bND. Tb BRI LR 2 B3 U iR
A CE 5. £ 2T, o2 KR W E) 5 1n) O WG IEEE Sy A Al U, RefE ISk LT A & » 7 L7z Time
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Figure 5.2-4 Continuous images of evaporating flow behaviors.
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(a) Ah =0 mm, xin = 0.271, xout =0.945 (b) 4h =4 mm, xin = 0.270, xou =0.9445

Figure 5.2-5 Time strip visualization of experimental results:
Effect of the gap between porous metal and parallel flow channels
at G = 100 kg/(m%s), Q0 = 120 W, g = 8.33 kW/m>.

5.3 FEHABEANETORBMRIGE & AR BREDFE L BEFEOMRE

5.3.1 BEREEM
MBS N IR AR O FRENMFIEIZ B D HFZERCR (T 5.1) 25, Rifisk) DR E I L THXT
HICIR<S 720, HERBEOWEE &V RA FRBET, 20O EIRNES 25 2 &, —J7, WIIERFERNE
BE ARG O BGRBVEFEIZ BT 2 P28 (B 5.2) 76, WANREEO ARES) 2 —EIROBE, WAHRE
WIEJHRR O3 U TRBIRDS S AT 5 2 &, IRENRITNHL & B TIIBIE O Ml TRz ERZ KT
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SHEHLN, AEUEETIEIRIAARYy b2 U xzy hSWDLHZ L TRRERL N LSEL2EPELND
ZEDIRENTZ. —F, WEOHFTE (Shiga 5, 2024) D, BBHAE W INEANC X B RSESILE NS
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Figure 5.3-1 Schematic diagram of experimental apparatus for pool boiling experiments.
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71, MEEZED 7V o Z WS 2Hz TTF— 2 n A —% AW CEHI L7z, K RBE NS X 2 IR <
Traly (a~ULET ZA 114A) 1T K HAMTHIEZ TR L. 29K ¢ IXSMAENORE 77 A K dT/dx
NG, BEHEIBEVE ATy B X OBYEER o TR TR D=,

a = q/ATyan (5.3-1)
q = —A(dT/dx) (5.3-2)
ATywan = Twan — Tsat (5.3-3)
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Onset of nucleate boiling) T 5725, ZOHE TIFEEHRO EFBEETE Z > T\, ARERTIE, [=EHEIR
FEZRFMFEDOIRE 7 74 ROLEHIIL TV DA, SZRREZE(bA D BMEE(LTIE, FEEO(EEAmIRE
CEERNAANIE CH D Z L 2 ME LI REEE CIIRERBENEL D, MAROHEKBETILE —4
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Figure 5.3-2 Detail configuration of heating section for pool boiling.
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Figure 5.3-5 Temperature distribution in copper block just before the ONB.

BT S - B IR % Figure 5.3-6 |2, BMniE= % Figure 5.3-7 (T~ $. X, #bEEEIAA.S ONB T
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INTHRET 2 fAFMREE & BEm OIREE #2, FFIPBR G IE OGS 13 L BER DR ETH 5. FEBRTORIK
BUR AR CIIIEIE DIRIE TH - 72, IEMBIIREED HEGR AR 2 H K S 2 & B ZRHIR O IR A8 CHE i 2B 738
EF 5. Ri34a & RI234yf TIEZ DOEICRE RZERITR SN2V, R4A54C TIHELS, KBRS T
BHEE Cdo o 7. BB ARIR ZLE 1 R134a 23 K <, Figure 5.3-6 [Z7:9° L 9 1 R454C OISR AE 1T R1234yf
CHE L CRISOBGRHR CHAE LI b OO, BEERMAEIL 3 K IZE®mWMETH 7. ZIUIFILPRE M
BEDOL G, PRI TR AR BRI ZR L, KIEFR LT < OWREBEECIE@mb Rl nn%< kb
L TREIRENEL D0, [N ET 51213 R1234yf OB MG ZE DL O EE 2 /38 L4
L1 EBEZLND. —F, FBELEBBE COBMSERICER T2 &, MMmBHIIE<TR4A54C 1TB L
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Heat transfer coefficient for each refrigerant

Boiling curve for each refrigerant measured
measured in heat flux increasing process.

in heat flux increasing process.

Table 5.3-1 Wall superheat at onset of nucleate boiling.

R454C R1234yf R134a
q [kW/m?] 55.16 53.99 38.43
ATyai[K] 22.24 18.94 13.65

IR AT CHREE LT[R UNBAE O SRR IC BT 2 Wbtk OB D 2 )~ 7> 2 v k% Figure 5.3-8 1
7K. R454C (Figure 5.3-8 (a)), R1234yf (Figure 5.3-8(b)), R134a (Figure5.3-8(c)) il = & OPBEERAR A
IRENTWD., BT ABGN G, SIEBEREOIE VDGR S L7z, R454C [ZH A CTH— I CII R TaBEDR
BBRE, TbBEEE CARAERBENRKENWI LEZRLTEY, ZORRICE > THMBE CIX
EWAMRERNGONTZEEZOND. 2O X D ITHISHERE S IO BVRER A OB )

sz,

(c)R134a

(b) R1234yf

(a) R454C

Figure 5.3-8 Boiling behaviors for each refrigerant at the same heating rate.

WAz, FEPBIRGH I3 U CRfiE R O 8 L MRk b OS2 B 2 54 L 7=, 4 IEI21E R32/R1234yf FE4:
BIR O I e OV I R1234yf 2 L 7= AEBR THW IR AWBE O L % Table 5.3-2 12 F L IR L,
DIBSITW % R32 DR TRTZE LT3, 0B, 20%DHEA, o7V v 7 OEANRIX 22.9/771%TH
D, R454C (21.5/78.5%) IZUTVHRREE Tdh o 72, 10 % DA O IR S HBEO BT A KB RICHE T 5
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WIS Hh#R A Figure 5.3-9 (¥, WBIBBALA AN QL E LB TR INTE Y, BRI & WIS HH A6 R 2 7%
THEBIERICERT 22 LT, —~KUCBEmBEAENMET L, BMEERNEL kot vk, FiE LI
gl T BEWERRIZ K i@"ﬁ’ﬂfﬂ(mf‘@?/a TN E o7z, F7z, Table 5.3-3 (WS HHAAIEZVE % fafn T
11, FHENE L HITRT. REEINTHLE 9.6/90.4 %O FFIEE 20 CTOETHSH. fafiRED L5F

(2 &> THIBIAMBEVE MK T L7223, ZHITXTANZARKEDOH A L RTENOKRTICLLEFZLEND.

Table 5.3-2 Mixture ratio of R1234yf in R32/R1234yf zeotropic refrigerant mixtures.

0% 10% 20% 40% 50%
Mass fraction of R32 [wt%] 0 9.6 22.9 40.8 49.7
Mass fraction of R1234yf [wt%] 100 90.4 77.1 59.2 50.3

Table 5.3-3 Wall superheat at the onset of nucleate boiling, saturation pressure, and surface tension.

Tet [°C] 5 10 20

ATyan, ong [K] 35.11 23.62 14.36

P [MPa] 0.5571 0.6463 0.8561

o [mN/m] 8.572 7.867 6.507
BRI 20°CIZB W TR A2 Z L S B 7256 Ol % Figure 5.3-10 &, WhISEALAIEEVE 2 Table
53-4 12FENEIURT . UBIEBHAABEVE IC KIFTIRA O EEII/NE <, RI2Myf fimi L 1IZIEFCTh -

72.50%& Lz 2 & CHIMBE X VIR T3 2 A A R S iz, 2, FIEIRIEE IR T EE AU (R32)
DMEIEHNZ T DD, KIABENLC 00 e AR ARRIZ L > TH R E TO R R REZ (LN /& <,
WR LB N0 B ZBND. BPEERERTIL, RAMEIZOVT S RI1234yf L VK< 72
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Figure 5.3-9 Boiling curves of zeotropic refrigerant mixtures (R32/R1234yf : 9.6/90.4 %).
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Figure 5.3-10 Boiling curve for refrigerant with several mixing ratio at 7. = 20 °C.

Table 5.3-4 Wall superheat at the onset of nucleate boiling for each refrigerant with varied mixing ratio.
Mass fraction of R32 [wt%] 0% 10% 20% 40% 50%
ATwan, ong [K] 13.99 14.36 14.23 13.35 12.61

5.4 F&®H

PR RS TIE, MR O M — AR O WREN R, SESIRIER TS N OB ENRFE, © L CIEMIBMIEE
TN ORFERMRE CHERKEN 2 RI2T L B2 DN DB R 2 R & LI ZER s 2 ) T
. TR TR ONTERZ LI TICE LR

a.. DHGHEII IS RV I ARV O BRENRRIE & AN A R aREKrM:

WES ITmm O PR (2 %F LRI EE R1234yf & FEIRIR G R454C % W T2 K ERIR —ARRFER 2170,
WENERZ, RA R, JENERZFHME Lz, MEEIE A7 75, X7 =27 =0, Bk, #Bilo7
WERIRTR A BIER ST-. KIRESFE D Weber & Weg, Wey CTEEFL L 7= @R R X CTl%, Akbar and Ghiaasiaan
OFRIERER T T L MR —E L7272, R454C TIHBRAIRFE~DEBERE D LEW Weg, D F Y EWKAHE
BEIC 72 AMEADPER S 7=, A FRIX Cioncolini and Thome DFARIZ & VI [R UMHA T - 72703, T DA
AR L D HIE< 72572, R454C X R1234yf K 0 ORI & 72 o 7=, IBVESE Tt COFHITH - 7=
728, RA54C D4, FAZEAL DRI TEEEDZ KL E FEMMED o T FRENED & 5 . BEERE /)48 2813 Lockhart-
Martinelli £ CEH TE 2. R454C O " FHHARHREUT Kim and Mudawar OARBIZC L 0 ARV Z 7R L7z, KEE
EETOEWVEEZLREEL TV D AHREES R EIND.

b. FNGEEE PN O RS T DIRBY T & BURERFE~ DR

T2 FLAE A A5E L T2 A B RS 12 38 1) 2 2R FEBMIEFZBRIT VY, WA DA D~ 2R B
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EOIEIHENIC & > TAMRERPE T L2, MEESETERIA Ny FOI U=y MIRIZE > TsE
el S, PFEBYRERN A B L.
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6. EMBICEITHAEBBONEERED L BESUTMRT
1 GWP BE& miEEMRRIEOREH (FREXE)

6.1 BARFARBE

VTR, WHRZETRA B IS B\ TITHERIERE L3 & LTI GWP (MiBRIERZ(LARE) Wit~ DHa# 7350 < sk
HENTND., WEHYA 7 VBT, WIEEERSES R TRENIRE <, BB LB HERER SN
DTE~ENERERBEGEZED D20, K GWP I IEA~OERHIZ TR GWP Mk U 7o i IRt o
BB ARAIR Th 5. RFEICOR DEIRBRAFE ORER, FHBEITHR &> 77 T X OEHERBE RN 2 A L
TEY, K GWP GRS GIZ AT 7o JERESER EHER 2" 2 & C, AV A3 TOK GWP i~

DEHPIFFTE 5.
i GWP GRS O M B FERERGER G HERF OFESZIZ T T, MDA EMIC SV TiE, RO[EHRETT
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N T2 IRE D7 BRI~ O I VAR B O v BT IR BER A O IE R TE R S LT RN A Z 0.
> X GWP W% WY A 2 VOFERbEE 2D &, WA 7 MBI DR ROV TRE

i 208N H 5. EEEOBRE TIE, JEMSR AL 2BV CERIR O mERRR L 720, R

DEH W BRI AEBEOWENZ X > T EOREERE SN D DI OV TR EBZ . FDO, it

A O BLEOMBE S ORRFFEAL OWELZ X0 MR D FREOFHlA LE L 72 5.
> K GWP Wit LT, FEILMBEMEN G R EME LTRSS TS, L L s, REM

BECITARR LTI U CBMPER (LT D728, [EREHE O PERECH IR R & 725088 % AT " etk

HY, EAEHETHET VOBEICLY, e o MicB O TERSEEZ TRICE 2 X 21T 20N
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Z O XD IR GWP IRG W BRI T OMILEMRIZ W T, JEME O MR L EME L Ml 3 2 72012
& GWP IR A BEIZ T U 72 /ol I O B3 « 370, FELPIRA M & v i O v firet, FELIRA M I
DIEFMEREOHENEE L 72 5. U EOEROTF, WOMSHEBIZST T, Mgta I L7z
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M ERERE CIE, RN OB 31T 2 MEE-CIR AR IR O > — L, JEMEREEIA D mEI D 72 D 15 ik
WAHNWSEA TS, WY A 7 VBN TR BEEMERE L 0 k& M S 7o muaigimol R 2k L, £
Mk e O A 7 NAERB & HERF T 28U DI & FREVEZ FF MM A VWO N L Z N Th 5.
D, JEAFHEN TIIm BN B ICIARE L, & OWRMEEIIG U TR Y 0N 5. = ok
ZAGITT A 7 VN Tl Z 2 kk & R BIGORRICE BB 2 KT . Bz, W/ mEighiE &% o rL
(X EREHEN O BRI R0m B I O R 0 (T84 T T L, HFERITT—F L Ok, Rk
JEAEREN TOFRIAREEICREE KT T . 207D, YA 7 VBT 2 m Bl OREIZIS W TS, fEx
DIRSE - FENFRIFITIT D Mot 3 5 M O & 12, BREIZIS CTIRE M O 241
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Figure 6.2-1 Experimental apparatus for solubility measurement.
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ref Mref + Moil
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LinL7edn, FEHREWEECII—EIREICB T 2BAUE N LW RIE IR R2 57280, AL L
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DERNET 5 2 &R S5 . Figure 6.2-2 ([ZFEILUBRA M IO FHRRREIZ 35 1T 2 5B A IR OIRAIRAED
W& 2 RT . BasNORLSY Z BB (Oil), v s @%Lt%ﬁ@dh@)ﬁx%ﬁmﬁgwn
R (Ref (liq)), HEFFURRBOMEE (Ref (s¢)) & LT, MIZRT 3 DOFHERREENZ 2 H41% . Figure
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Y LRI SR T 2R T, RIS X 2B O3NS K 0 RS & g IR A Y o T BISR
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Figure 6.2-2 Conceptual diagram of mixing conditions in the test vessel.
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Figure 6.2-5 Refractive index of POE/R454C mixture depending on the refrigerant concentration in oil.
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Figure 6.2-6  Conceptual model of volume change of the refrigeration oil/refrigerant mixture.
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Figure 6.2-10

Comparison of mixture volume of POE / R454C

mixture at 90 °C.
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Comparison of mixture volume of POE / R454C
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etal., 2025)
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R ETDH LD IR SR AR T 25681%, IR G S BN WA O B2 2B OB — IR 5
RSN TWD T, S0 HESINICRT L CEN TR e DR 2 Rm et & 5. EEE, R
BEtli & L CTRET ST D HFO SRz & e bR S it lc o\ C, JF E5(2024)7% R474A @ PVE
%9 2 EEMREEIE & LT, WIRICHE O S OMARE B O L IRER L OVE & OBRE#HE LT
WD, LU D, Z0O XD REMEAICE T 2 S ILRER T, Bkx ZeIELiR G miic oV T
R OFHmIE 4572 SN TV ARVWORHEIRTH 5.

Z 2T, AW E R TIX, HFO RMBEZ2 & IR A M B OM BB X 2 aRtEE LT, 1’
BB A AR T D A A0y DRI~ O BRPUEIR 2 EBRIC L VLT 5 L &b, B bz LR
Z RCR RIS K D BERIREE TRRE A A Lz (S, 2024).
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W, IRERENIRBRASRCESER ST EBEBRE —XICLVITo TS, £, ARBRTIE, Wil
DOIELPIRA O % B/ MRICIN 2. B 728, FELPHR AW BEOWMEER L NCRBEB SN TN DA
T A VEICINZ, XNy RR_EN L THREEZITD, SFRBRETNC Y 7o KR U Bl
BEICRHINLIWHE Y TV 7Ry 712KV R L, FRIERFOBBMRZ FRIcilEL, ik
WAL E LTHRD RS 2k & LT,

Figure 6.3-2 [ZRBRAEZR N O 7Y 7 UTo i i, G R G 70 O iy B I SR U 7o i I 2 43 Bt
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Figure 6.3-1 Pressure vessel for refrigerant and oil mixture.
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Figure 6.3-2 Refrigerant extraction system from mixture in sampling vessel mixture.
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LR IRE %], MERITIRANIC BT 2Ky O-EEI[%] THh 5. 7ok, KHPICITIEERICEIT 2 FTHEK
O X O, FBRIELLE & 72 2 IR FEREPH &k LT\ b . Figure 6.3-4 ISR S LD K 91T, 20°C
WZBWTIE, AR IR & 1ZIE—E L TH 0, BUEMITE Z > TWew. —JC, Figure 6.3-3
IR END 60°CIZRWTIE, MBYE /D 30~60%I28\ T, R32 OIEMERLR S TR O L 0 HF°
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D DR wf%ﬁﬁﬁébgﬁﬁé JEREHE~DORLE IC B W TIEERIR — WM@ﬁ@%ﬁk&@ %F
@I—JU‘/A(%%%/EﬁVAﬁ@{ML WXL > T EDOREREIND DI OWNTIERM R AL, WZEREE I
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RA L N TERHMFTRE T H D7 7 A N—ikiEE 2R H L7z (Watanabe 5, 2024). Z OFHHIFIEIL,
DRI DT L > TN T 2EAIZFIH L TR, EECmF T 7 A Nx—a7 L0 s
TN REAE T L, BOT7 7 A4 3—a 7 NICRE > TL 2E058E (R RE) Z3HlLTns.
HONUDKRIEIZL > TROTEBWEREE S LR KRE &L OBRREZHWT, WEES Z5HhL7-. #
WEER Y BENE S 25720, KIEE S OREREN R 78D &0 9 Rz Fo.

FERIT, TEMEHSIR VA S &R IR TE T O L7280 B R AENIC B W TIRIEE S ORI 21TV, fiak
MEO RIS T, FIREESICET 2ET LV TOTFRIAREMEIC O W TRET L7z, FEBREEE O X
EHT 7 A NI OB X % Figure 6.4-1 IR7 7. KURIEL, 27 Ly h— X0 EfEZEAE LT
fa L, {;lugqu’zi’ L CENE B ICitaT 2. WKL, MESH=Z 7 Lo vT biigdt &8
L CRBRAICHAGT 5. KRG E TR &R 2/ LT, ke ERNICB EE gz 7252 L T,
ﬁm%imépmhém%kﬁ SHTERRMA R S 7. 2EEARIE 900 mm, KURIREGHA O RBRE
HOEToOXMIE 680 mm, NEIL 18mm THD.
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Figure 6.4-1 Schematic of the experimental setup: (a) observation system for annular flow forming a liquid film
using a porous mixer; (b) measurement principle of the fiber-optic liquid film sensor, where the reflected light

intensity varies with film thickness.

FEBRTIE, KBXOZHEORMED 7 U &Y U KERZ AW THIRIBERE S Z281E L. 05670k R
WZDOWTHFETT 5. Inoue and Maeda (2021)1%, KUATEAUIC L o TIAK S L7 WK IR & O BEGR 204 Wk 0D 3
ESARINERSATH D EE L TRO6.4-DZEH L TWE, 22T, REEBRE S NETEE, I’
RSN FREAREE 72D, HOI1E f & U TELIROEE R TOEE A 7~ Blasius D (f,=0.080Re¢"?) & HW

Tn5.
_ 2 M P b 3Re, 1D (6.4-1)
\/—llc PL t ¢ .

ZORE AN THE BV FEZERAER & TR RO #k % Figure 6.4-2(a) 1R, fER LV EBRTH LT
Y)iENsfE & Blasius DX A W T PRI L7ZEIZIZRE 2BV AH Y, PRHIEABEKFHME SN TWD Z L 00
5. T ORERITKIR S CIXELTEREf L D b RE REBEESEHAE RS> L Z/RLTW5hH. —F T Figure
6.4-2(b) T & 912, Wallis DF(6.4-2)% W5 Z L T, %%T%Eht%fwﬁ®ﬁ%ﬁfﬁ<%ﬂﬁ
% ENTED. Blasius ORTITFFICKR E AEDBIMUIARVIRIE Re FOfEik, J 72 ERbHHRIAIC
WTC, AEBRFBRIY ZOEEEBES I THAEETH Y, BIEOEE AR L 0 IR iome
NOWEES REL L 2N TED.

£ =fy(1+3007) (642)

6.4.3 RKFICH T 5EHMEREREME

228 & AR DBRIRGIR —FIRICI WV TIE, EERIEEICIN 2 U x 5 LU ©IRIE Ok I = ik 5 €
FNAPEREEN TS (LeCorre,2022). ZDETFT/MIBWTCIIEEEE LICEAET S Y v FIEE Ol
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W DOFBAEBBD TL 7L 725 Z ENFEIN TS (Wang 5,2022). 2D X ) Z2RUICE W T, RIKT
ED XD B Lo TIHESNTWDEA S . BIRIEOFEBREEH MW T, #kSh 2RIk
BEIC X > TR Z BT 2B 23R E L, HRIEEEEE OV THRE L.
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Figure 6.4-2 Comparison of measured liquid film thickness with model predictions: (a) average liquid film

thickness calculated using the Blasius equation; (b) base liquid film thickness calculated using the Wallis equation.
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Figure 6.4-3 Liquid separation apparatus at the pipe outlet: (a) cross-sectional view of the separation system; (b)

base liquid film discharged at Outlet 3 (left) and unsteady ejection of the liquid film at Outlet 2 (right).
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Figure 6.4-4 Liquid flow rates collected at outlets 2 (transported by the base liquid film) and 3 (by wave-induced

liquid): (a) water (1 mPa-s); (b) viscous liquid (glycerin solution, 33 mPa-s).
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B E—BE), EME~O ANEINE X OUVE~ OB oI TR A TR SN D,

G hs+L =G hy+ Qony (6.5-1)

ZIT, hg, hlEFERTFRWMABLOHHREICB T 2L —Th 5.
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Figure 6.5-1 Energy balance model of the rotary compressor.
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(b) EmEBAETIL
JEAEREEN 1, S b a BB 2 E U7 BARE) ) L (2, BREEN DL Z NN T 5 Z & TRMiid 5.

Lag = Gr(hgo — hs) (6.5-7)

ZIT, hgl¥F=r hr U= EfEOmHET 2V E—ThH 5.
FEEEOWEY S L 1%, KRIERAL,, WHAREAL, HWIERAL,, 225 TROLND.
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L= Lon/Mme (6.5-9)

LT 5. KURBRAL, L, BB A 7V EEY A 7 L DP — VBRI D 7% BT FRNERIT 5 2 & TR
5. Fio, WRAB LOEHERIIZNZENLUTO L IICAREL 5.

AL, = AG,(hgo — hs) /2 (6.5-10)
ALpe = ¢;FU = ¢; - Ar(Py — P,) - 2R, N (6.5-11)
(c) fEEEIEH
RET XKD, KEDFEBLOEDEN I TO LI ICERIND.
M = G-/ Gy (6.5-12)
N = Laa/L (6.5-13)
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Figure 6.5-2  Validation of the proposed model by comparison with experimental data:

(a) refrigerant mass flow rate, (b) input power, (c) volumetric efficiency, and (d) total efficiency.
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Figure 6.6-2 Figure 6.6-3
Test refrigeration cycle with prototype compressor. Vane and piston made

from new material.
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1.23 R—=2tn—) V5 ER FURBOERRYE

WA L EMER 25—, v—VU v 7 E R b OREGEEN T EFICEEESTS. v—
VU ERARNAAII F U7 EVICHEESNTE LT, 77 7#iOEEAIH L CHNAIICHEET S, L)
ST, R— M AlICEEET A — Y VB R N O I, BEAD LB RED TN,

B C-3 TR INAEAMBI 2@ Lo N—r a—1 o 7R b M OEEEEREC SV CHERT
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HIls, N—=r e m—Y XN OEENRELZ B L BRI A ER L, #EaMB AL
T35 A O IBEIR K C O BRI & 5 L7z

NR— I ARIC 22> TR Y, TAAHERO T — U 7B R R UAVEIZEE L T 5. Figure 7.2-5(a)
WRT LD, N=rhii e —Y 7R ML, WML ED E 2T S 2 LD, AR
TIX, Figure 7.2-5(b)Zd & 212, Sz FHIZ Lo _—2 e n—U 7 B A R ASH LT 72k e
T, 0= IR M EEREEER SE. N— O 12 B2 REETHEE L, WY A
Nlze—RELEZRELZ. NV AILFTE2EHL, v—V X MR- ET LM, 77078
VIR—EET AL LRL. 7T rlban— R N COMIZIZTRVEZ 2RI TRBY, 1
— U TERARNATIHHICAIKTE . X—U O LT NICLE>Tr—U VT ERX FrOT0) OfREE
NEDLDLIZS, a—1 7 ERA Ry BRI —ET Imm 20 EROEDD X —47 v 2RO, a—1U v
JEA R OB GEHEIL 72 REBREEE 2K % Figure 7.2-6 ISR LTS, n— U > 7 E A b 2 34ME 44mm,
AR 30mm, &S 30mm THDH. N—dE 2mm, £ S 23mm, &S 26mm ThHDH. R EEZ TR
FRIZEAL, MBS TEREZIT 2

FEBRIT, I R454C & PVE I (VG68 FHY) DEREE F TiTo7z. RX—rbm—U 7 EX b OAE
bk, $heklFEt, HAMEL, Sk EAME L TERLE. X—CWEOM LT /125 20~50N %
THEZ, F—H%—% 5~20Hz CEREh ¥/, /7T 7 bn—) RN BIOR—Ea—T v
7 EA R OFEERBIZH 0.1 Limin O A A V&3 L7203 5 EER U JEJIEERN O OEFE 135 20°C~40°C
ThD.

PRERDOR— Lk DO — ) TR N U EMA G DRSS, N—rlkn—U Y T ER N OEERN
BT DB ZRRANCHEVIELTWHWA Z ERHRTE., K<HE>TWARETIZZ 77
f AL & AFIER CEE CENTWD Z A2 ER L. —EDERMFTOERBRPIZT Y ORENRED DD
i, AANVEREOEBENEEL THDI L EEXONS. JEMBEERR T IC L REEOREN A T, B
BRENEIZE L TV DE D EEZBNRD.

BEMDORX— EEEMOr—) VTR Ny, HBAEMOR— LSO n—Y 7R M UL
A, WIThOSRAED, EEr—V T ary s e DFEHEPIENT EDNERTE . $EFE T OM
HEDEEFREDOFANEME L TNTH, T30 #HED BRI S VRRBIZ 72 > TV e,

cylinder block

contact
points

rolling piston

(a) vane and rolling piston (b) experimental model

Figure 7.2-5 Experimental setup for friction coefficient between vane and rolling piston of rotary compressor.
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Figure 7.2-6  Experimental setup for friction measurements at vane and rolling piston of rotary compressor.
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Friction Coefficient, u

Figure 7.2-7 Experimental results for friction coefficient at vane and rolling piston of rotary compressor.
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oEﬂﬁi%'E/—\M&fﬁfﬁ%%%ﬂif/—\bﬂif: BEORMRTHD.

HrEkR A2 A A DR *ﬁiﬂmm &5 X 10758, L & E BEERE IR 2 1K T3 DA & 5
ni-. %’E/\Mé:%f‘k%fﬁﬂzﬂ\bﬁt TITREER 33 X1 X 1074 8L LoD & X BREBRE O MR & | 1&?@”5
RN LT, BE Hﬂd:%:n‘ﬁ?%/\bﬂit A ITIEA B OFRER OFPH CTIRBEBUR I O T I3
7einodo. [A CAMGH T oHIVTIRATEIRIEIZ 72 2 W 2 ReklF - L 0 S EAMFELDIE 9 236 < 72625
ZEERLTNAS. LERST, m@F%%@mu BV T, @Aﬁﬂt%ﬁﬁAbﬁé&ﬁﬁ@@f
RN D EEZBND. LnLERnD, a—U 7 ER NATHEAM, N IcgkEf AT 5 2
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FBEEABITIZE-ETHo7e. MBEOBEVCEDERLR LN 1. T = DEL I RRLRET W
DT, SHICHHNZITI TETHD.

1.2.4 SikLBEEMHOERRHE

BEME 2 LT BROBERER I OfER 2 D TV D . BBk 2 EIH e 88k 3 JOMEEMEHTI L1 72
KB TP A FEER SR —1 - A - T — FMRBREITV, HEERBRE O BEFEE & LR S ©
B LT, EROBENRIE L TR 505, BRESEORFOZRE LT 57200 FE L. HEEim» N7 A
ORAE L, FEBIEIHEEE (VG68) Zifi L7IRAE CRRBR & 52 L7-. BEFEBIC L 2 bRz, LB
BAMEEZ MO CEHII L, HWEERER TR L T 5. REH SCEMEEDOZEIC O W T 2D TV D
EZATHY, FROFEMIONWTITE> THIET 5.

1.3 EERBORGRRZETA -ERBOBMSHRICEST SRE

(1988, 1989)IX 600 W 7 T ZAD 1 — 1 o Ak oHlm— 2 U —EHEHEAN JIS OFEHES: (FRISIR

FE7°C, EENEIEEE 55°C, @ENVE 11°C, WAEJ) 0.54 MPa, M:HUE ) 2.06 MPa, HER22) O F CE & iEls
(3405rpm) SN TV HELEITOWVWTEREIT, IROEHZH SN LTS, OBEMEIE 90.3%, @
0—U 7 EANOBHEREEEER 32pm, @u—Y T ER N ET T2 EUBTTIRRRE RS
MENTWD, @7 7> 7Hhl iz M CIiBEMEEIEREN TS, 512, Higl (SUNISO4GS) @
FEMEAREOAEESR A (FRPHAUE ST 2.06 MPa, R 22 OFIFIRMEIE 15%, “FHHRE 100°C, BREE 2.4 cSt, b
B #0.865 x 1073 kg/m?) O T T 2076 mPa+s ThoHEHEL, FEMREBIFIC I 2L —a v &21T
W, EBRTHOLMNZENTFERICESNT [ R—2 =) U FTER Y, R=2 b U H D7
— VEEBMREY 0083 THDH] ZEERHLTWS.

AR EEFERABR T 5 1U7- Figure 7.2-4 & Figure 7.2-7 DFER T, 2 EHM BRI/ N S & & D
FRECHN I DIFZE T RN TS ST BEERARERAE 0.083 (ZITVMEIZ /R > TV D, L L, AHFZERRE COFHAME
DM TRWIE SN BEBEEE E OMIITAERENEOOND. bbAA, Wi, Higmh, ez
EORRTFIFER L TWD DO EBEX BND. FRT, s EE @O EI CEEBRE N IR T3 2 5
PERBLI S TS, ZOREFRIE, JEREHE O BdGEIRRE XS ERNRE L R2DHD T, ZOEOMRE
Vial—TalrTAIXATHROTEETHIEEBZLZOND.

FEBREEFERER T O N - BEBUREUE 2 VL, TEREEE O Al EhiE 4y O IEBNIC B L TR ) R fiEAT o <
2l —varEITIZEICL ST, ERHMEMCTOBBIZL 2HRAOMBIELRDLZENTED. n—
2 —[EMERETIE, 7T 7iiRoER R A 0 —V X b0 Hlne £ ER R L Ny S
THHIZ L. BIR(1983), 41 5(1983), 1 5 (1989) DT 2 & -4 UL L.

0—% U — Lt O TEE S I AR 2 R L2 SIS BEE OBEN D X 0 IE (kT 50, B
AR L@ sEER 21T 5 A BN R A e RIS T 2 HEGETEIE E D D REDNEIZOWVWTHEEA
EHEDTND. SHERIC BB EAMEI 2T 2 2k, = OEEBEAINELT S, Th
DRI RETHEZHALNCT L2 ZEREETHD. S5, EEERETT - 2B OEREEA R O RS
WZOWTHINT L, IREZR/NNCT D7D NT VARG OV THMRFTZ2ED TWD . il OfERIZD
WTIHIB> THET 5.
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8. EMEHMICELE-EREESMHOMRE L ERYMEFM

(ZRNRVRAVROY M)

& GWP IREWBHIHIST D, JEMETE OB RIEZ G L, T OREZ B 6T L cig & &M o8
FMZBRFET 5. PFE S NI FM & i R d L ORIREREE R E~RREE MBI OFZM G217 5 .
SBIT, R &EEE Lo m il & O S rERHE, EREb R L oM Z1T 5. RIFEXGEE KT
SR LT, VERRIERME, #EESHIVERM 2 WIS ORISR EHEH ORET 21T S . BRTLEE
REOMEIORGEMEE R, B, SIRME, B, WIHME, Y 7RRleWlonclTng, K
GWP (B I L 2 FR T2 FERMEREER i | 20 U 7o &R S S AP B O EE I IE 2 I 5202 L, EfEE o /N Bl
2D LB E LIEMIZERSE 21T o TE T2,

8.1 &EREEAMMDRE

8.1.1 Ei#EAOMHRE (2023 F5)

JEMEREIX, SRR TR S WD, ZOFRT, BEEEICEE L TERE) MEHEBR L. i
i, 88k (FC200 3 L < 1X FC250) AMEASND Z ENZ W2, Uik, $skiciNb 28 &/ &k
DT NI EEEMEIOBRRE AT o7z, BARICHIZ Y, BEFAME LT 5 BAE L T 28 MEE 4 LU T
{2759 (Table 8.1-1).

Table 8.1-1 Mechanical Properties of Existing and Developmental Materials

Item Unit FC250 Development product
Density g/en 7.2 =3.0
Tensile strength MPa 250 2200
Young's modulus GPa 100 2110
Coefficient of Thermal Expansion ppm/K 12.0 =14.0
Fatigue strength MPa 112 =100
Brinell hardness HBW =241 =120

8.1.2 EEEHEAEMHOEA

ERIEEEGME ARG T 28X, HENEAWS.

TEE pm DA E AR 50% L, BE pf £ 7 2 v 7 ARiT 50% % EALT 5 &, BoNDEEMEIOBE
pciL, pm & pf OFEEE EE 2 G TREICRTRIAERX 2D,

= pf +pm
2

EEOXNEROENDZEIFHALNTHD. £ZT, BT I v/ ARFOERBEEE VEETDHE, &

BOEIRIZA-VHE 2B Z &b, ERIIUTO LI 5.

(8.1-1)

pe=Vfpf+(1-Vf)pm (8.1-2)

OB Z b o & RILL T, BITOX I ICRT I ENHEKD.
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Uc=VFUFf+(1-Vf)Um (8.1-3)

T T, Uc iTEEMEIOME, U Tkt OME, VT ORER, Un Z&BOME TH L. 2
D, U TRENTWDLMHE L LT, BWSRRECCHIERR EVWASWARMHZRATE D, Zhid#E
AHE XFhTWD. EEAL LT, ks e~ U 7 2ORIGE 2 6 FEREIED 200 2 L 3ETRS
FTh D, FEERTBWTL, BETESMRNKY LD ENZND, BIEM OOMLR OB LR =
F % BRI MR S RITE AN K D EIXH £ 0 @ < 22V, SURFREEPHMERIT, Rk & 2B D
RS T O AMIRIBO B L 2T 5720, HEMTAR L L TRAIFORGHIMEMN T2 2 L03%
<, @REEASMEIOBFREHC HIEM L.

8.2 ERMEMESHMBOBAR

8.2.1 €REFEEMHOT NV RERICL SRR (2023 1)

MEITRAE CHRONEWN S, 878k FC250 124 1T 2 BAFrit 4 B VEIC BB 2 £ L 7=, £
I, Y CHEEAE R O AC-Albolon®IZMEH L TW5, v MY 7 R84 5 28 2 3 Fail-7-. WRICEREL,
B SN E AP O A 2 R

Table 8.2-1 Mechanical Properties of Existing and Developmental Materials

Item Unit FC250 AC-Albolon® Development
product
Density g/cn 7.2 2.8 2.79
Tensile strength MPa 250 250 240~260
Young's modulus GPa 100 120 110~115
Coefficient of Thermal Expansion ppm/K 12.0 12 11-12
Fatigue strength MPa 112 105 105
Brinell hardness HBW =241 Not stated 129

BONIRERI Y, SRR 2RISR TR T D 2 & AN R, IR ITIRE X 105MPa & #5 T M
or L=, JRIRERER T O mBlE 2 1To7-. L FICmEE42/RT.
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AC-Albolon®

Development product

Figure 8.2-1 Micrographs of Existing Materials and Development Samples

AC-Albolon® &~ kU 7 A %78 % 7= BF& i 9 57 58 FE OO i i 22 Ll L 7= AC-Albolon®\Z 1358/ - 23 Al
EIZH G, & BITRRICH > TREER L TW AR TF2MA 2 5. —FH T, BRLOEEMEHIRILRL T
MOTNCBEEINDLD, TORMIZIE, REBRERRD ST, £z, BARMOMBEIZITIR{IA 2 T Y
o~ b 7 AMOEBEICHIROWED L 5 BN Bl S, TOMEIChs TREERL TS EEXD
na. Lo, WIROEEMENZER L5, BIEMEIORIRCRRICKRER2IEL SN ALND 2
EDPDMBBRE DN Y X0, MERTOERICENR>TWNDHEEZXD.

8.2.2 EREBESMHBICEITIRIEMBEEDREITE LU (2024 F£5)

2023 AR U7, BAME TR MR MEIE 2 7o 97720, EAMEH T3 2 58 kb Ok 720 5
REL, BEHRFZITWESE~FTHIE TE1To72. BB ORLF O RE LIZSWTIE, TBRkEB X Ok
BAE L, BAMREOR LA X o7z, FHlR R Z LTI

Table 8.2-2 Mechanical Properties of Existing and Developmental Materials

Item Unit 23 MMCO02N 24 MMCO02N
Density g/cii 2.79 2.73
Tensile strength MPa 240~260 360
Young's modulus GPa 110~115 120
Coefficient of Thermal Expansion ppm/K 11-12 12.5
Fatigue strength MPa 105 133
Brinell hardness HBW 129 174

X FPIRT BT S OMEIE, N5 (k45

HALH ORI TGRS X ORR OB & I 2 & T, MIBREDR E2R5 2 LAk,
WIZ, BIERBRA 35 & 092 3 O i BB 22 L 2R
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Fracture Surface Appearance Surface origin Crack propagation region

Figure 8.2-2 Tensile fracture surface

/

X500 50pm X2,000 10pm

Fracture Surface Appearance Surface origin Crack propagation region

Figure 8.2-3 Fatigue fracture surface

SliRABR IR T DB (Figure 8.2-2) 705, W ORER A BT H AR O SRR SR T H
v, BAEIIESIRFECE . AMLETIE, BEEEDROMEMERRiE TH 523, SEM TOMER /e
BlEClX, IEMEEOE CH LT 4 v 7 ANRE A b, BAMoBETlE, WThoREF Iz
TOHOMMMICHE L= KO ICRZ T 6D, ZOREIITHABAICE > TR S, F7- FHAREIRAGE
HOHNTEN, TORE SIFHBEF T LR > TRY, FHAGEE I K WIE EEBHRE B L T,

P2 57 BT BRI S B 1 DRSS (Figure 8.2-3) ICBWTIE, WHEERBIZEETHY T 1 > IR
BHAE L T, BB ORI TR E BRI L T D Z &0 h, M OIIR B E A B ICFE - Tz
EERD. WEIHWE O X 7 nERRIE, @BEESHEIEA ORm T, R M O H KEE 22 i RE T
oz, w7 a BRI LD EECREERE, ERREOHEIZMKHAS ChoTle. —JF T, fkml
BafTo TV, MEMRL Aoz, ZONMTEMIX, BILMINTO TR TS X —Z2IRNT 5
BRI L B OINTEMMIRA LTz EHEERT 5.

PLEDOFERIN D, FC250 [RI%LL EOMBIPIMMEZ S5 Z LIXTELR, v NI IV RAEZEZXDHHIELD
S O RIBIRZ RIET Z 12k, 6k AC-Albolon®% k[0] B kO MEAE & 2Rk 45 = & 23Sk
7=.
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8.2.3 REESMHMOUIAIERTM (2025 &5
2024 FFE TR LN, SREEEMEIORHITERE 21TV, EEMEOIM TG Z I 52 L.
o, RIRFERG@ERENRT (K C-2) O T, BEEEMRMNZIT I /200 Tn—=U 7 EX F ] BIU T
= mRftL. RIS, EEITEREIC SV TR 2R

Table 8.2-3 Test Conditions

Ttem Machinability evaluation conditions for milling

Test machine NV50000. (DMG Mori Seik)
Lubrication Dry (Air blow)
Work material Albolon® / MMCO2N (Developed material)
Work material size [mm] 85x85x45
Tool ¢10 AE-TS-N10x%3 / tooth (OSG)
Tool overhang [mm] 30
Spindle speed [rpm] 6,000
Table feed rate [mm/min] 7,000
Depth of cut [Rough] ap=1.0mm / ae=5.0mm
Depth of cut [finish] ap=5.0mm / ae=0.05mm
Measurement timing [pass] 24(2m) / 59(5m) / 118(10m)
Tool wear measurement device Zoller pomBasicMicro
Cutting force measurement device Kistler 9255B(Fx,Fy,Fz,Fc)
Cutting temperature measurement device MULTI INTELLIGENCE® ASM

( Thermocouple) (Yamamotokinzokuseisakusyo)

Workpiece ' MULTI q’

INTELLIGENC

Cutting
Dynamomefter
9255B

Figure 8.2-4 Machinability evaluation setup
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Cutting edge wear [um]

TA

Rake face wear Flank wear

300 300
E
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-8-AC-Albolona® : Rough - MMCO02N I Rough -@-AC-Albolona® : Rough -@-MMCO02N : Rough
== AC-Albolon® : finish ——MMCO2N : finish —&—AC-Albolon® : finish —&—MMCO2N : finish

Figure 8.2-5 Tool wear

FEFERRBRETAMN (Figure 8.2-5) ([ZBWTIE, FRMMLOSMACIEmMFEL b, 2m INLFRE (24 /X2 H)

T 0.1mm 59 ORTHEEBFEDN KA L, ZO%, M LS U CEREENEM L. 72721, AC-Albolon®

DIFH
L&kt
D

, BEERET A R o7, EPITAbIlcB W TIE, WS &, 2SR EOBEEEIREOZLITEN
B L CTAh7Zeno 72, MMCO2N i3, FA OBMRAIFRE D @S\ — 5T, BEREEITEHE X AC-Albolon® X
fER o7,

Fx Fy
160
140
7120
]
g 100
< 80
oD
£ 60 -« =
| S x P — —4
—— —4A 20 A— A
0
0 20 40 60 80 100 120 0 20 40 60 80 100 120
Tool pass Tool pass
-@-AC-Albolon® : Rough -®-MMCO2N : Rough -@-AC-Albolon® : Rough -@-MMCO2N : Rough
—&—AC-Albolon® : Finish —&—MMCO2N : Finish —4—AC-Albolon® : Finish —&~MMCO02N : Finish
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Tool pass Tool pass
-@-AC-Albolon® : Rough -@-MMCO02N : Rough -@-AC-Albolon® : Rough --MMCO02N : Rough
—A—AC-Albolon® : Finish —&MMCO2N : Finish —&—AC-Albolon® : Finish -A~MMCO2N : Finish

Figure 8.2-6  Cutting force
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UIHHEHTREA (Figure 8.2-6) (28U TiX, MMCO2N D573, FEEREMEI TN B - 7= D% L, YIHIHHNIE
AC-Albolon® £ V) 35% @\, BZ O S MEHREDEENREN TS EE X SH. MMCO2N @ Fe IZiEH T2
& 2m 25 100m N L% T, BIHIEHIA 2 5 <ML CTnb. —J7C, AC-Albolon®(HiH L < THEFE L
TW=DIZH D 59, MMCO2N (2R TYIHHRHLOEINIENCTH - 72, Rk, YISO
AL/ T, MMCO2N @ Fe fli, AC-Albolon®(Z bt~ TARHIICHI 10N FRE @ ME AR L7=.

Comparison of tool tip temperature

[ - N |
(=T — ]

T*

=]

Temperrature increase[°C]
[ S I
=) S

=]

0 20 40 60 80 100 120
Tool pass

—-8-AC-Albolon® : Rough -4 AC-Albolon® : Finish
-0-MMCO2N : Rough  —A~MMCO2N : Finish

Figure 8.2-7 Cutting temperature measurement

HNFCRE (Figure 8.2-7) DFHMIZIHWNTIE, WITINOFRMFIZBWTHEANREITIRE EH L THWHZ &R
Syo itz AL EFIMTORMETIE, YI0AZE SRS AIZBW TR B3R EOIRE EA &1
DR, MO ZETHEET 5 & MMCO2N D578, SIERRE A EVEAICH 5.

AR A £ LD L, GIHIRPTR L OVHERE ERIZB W TIE, MMCO2N (X AC-Albolon® X ¥ % &\
Bz R LTz, — ) CEEREFHMmIC IV TiE, 24 XA H E T, RREOEREETCThH o7, 24 /XA HLRE
X MMCO2N D575, FEREEITANEL/NT 72 ) 118 /XA H Tl MMCO2N D578, FEREREN DA VEE R & 7
S KRB CHEH L, THEOHNEGFE%Z~7 (Figure 8.2-8).

Toothl Tooth2 Tooth3

Rake Face (118pass)

Albolon®

Flank Face (118pass)

Albolon®
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Rake Face (118pass)

MMCO02N

Flank Face (118pass)

MMCO02N

Figure 8.2-8 Photographs of tool wear

WRIZ, FEEMTIZRWT, LR L & A ' FLEORERE, YIHHEHR XN LEOREM S 2 L
HARR| 2 & Tl L7z, AT, FHliZfFZ7~d (Table 8.2-4).

Table 8.2-4 Test Conditions

Item Machinability evaluation conditions for milling
Test machine NL2500Y/750 (DMG MoriSeik)
Lubrication emulsion-type water-soluble cutting fluid
Work material MMCO2N (Developed material)
Work material size [mm)] 85%x85%45
Tool (Roughing) CNMG120408 AH-KW10(Kyocera)
Tool (Finish) CNMM120408M SE-KPD001(Kyocera)
workpiece chucking force [MPa] 1.6
Roughing Cutting speed (V) [m/min] 80
Finishing Cutting speed (V) [m/min] 100
Roughing Depth of cut (f) [mm/rev] 0.2/ap=1mm
Finishing Depth of cut (f) [mm/rev] 0.1/ap=0.5mm
Tool wear measurement device HRX-01(HiROX)
Cutting force measurement device 9129AA(KISTLER)
Surface roughness measurement SURFTEST SJ-210(Mitutoyo)
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Setting [
. , 9129AA

(KISTLER)

A s IJ‘?/ / 2 ‘

¥. ./ Tool

Fx : Thrust force
Fy : Main cutting force
Fz : Feed force

Figure 8.2-9 Machinability evaluation setup

Table 8.2-4 T/i L7 dAli S CTIT o 7o fE R A 4ME (Figure 8.2-10) 35 X OV (Figure 8.2-10) @ T HLEEFE
BAERT.

10 Outer diameter wear 10 End face wear
—©-WC hi —©—WC roughing
Soushne 100 L_—©—DIA roughing

100 | —©—DIA roughing
280 O/e/e/o =80 OT_’G_.__A}A/‘/
5 60 A/fA/A/A § 60
% 40 2 40
= = f 3 —4
20 E A0 20

0 0
0 ) 50 100 0 ) . 50 100
cutting distance [m] cutting distance [m]
Figure 8.2-10 Outer diameter Tool wear Figure 8.2-11 End face wear

THEFREEIZOWTIE, BEBLOY A Y LR BT, YIHIEEEE 40m (50 SHEMOMERICH > 7. —
5T, ¥AYLEOM EFNTICE T 2 TEERRE, XTIV E o7, WIZ, BIHIRIC TEIZH
LISHEGEIG 1 E LCRRICHY (1 Figure 8.2-12/  Figure 8.2-12) 9°5.
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cutting distance [m] cutting distance [m]
Figure 8.2-12 Resultant cutting force (OD) Figure 8.2-13 Resultant cutting force (End face)

GIHHEHUE, N TAL BN TICB W TR TEO L2, AMAEmVEEICSH S, KIS, THHITHER
L7eREM I ITOWTHET S (Figure 8.2-14/Figure 8.2-15) .

Outer diameter_Ra Outer diameter Rz
25 12 —
©-WC_roughing -©-DIA_roughing -©-WC_roughing -©-DIA_roughing
2 -4 WC_finish DIA_finish 10 -24-WC_finish DIA_finish
s \//‘3/0
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6 e/e—\e

o __ | R

—

:(

Surface roughness Ra [um]
Surface roughness Rz [jum|

0 20 40 60 80 100 0 20 40 60 80 100

cutting distance [m] cutting distance [m]

Figure 8.2-14  Surface roughness (Outer diameter)

End face Ra End face_Rz -©-WC_roughing
25 12 - )
-©-DIA_roughing
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£ 2 g10 DIA_finish
= =
G\ —
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5 05 ————a s
w wn 2
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cutting distance [m] cutting distance [m]

Figure 8.2-15 Surface roughness (End face)
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AT/ G CIE, 1pass H OFHMIZIW T, Ra/Rz & bIT@mWMEEZ R LTZ. £, XA YoM L T,
3pass H OFHIi CRE <HMM L7z, ZBIEOEZRE R LIEBORNEOBIEZ1T 5 &, B/ EgiE, 918
BRENRKESERELLEEZXD., XA VUL 3pass BiL, NEICTAVIBEE LIET T2, U
HIFEEEOREINE & Hic, BHE LR o Tne ( Figure 8.2-16) .

Corner Rake face (Front) Flank face (Front) Flank face (side)

WC NEW %80

WC 9pass x80

DIA NEWx80

]

DIA 9pass %80

E—

Figure 8.2-16  Photographs of tool wear

KERELIEERY: (B C-2) T, Eid s, @EEEGHBOEBRSELFTICHY, TAMY
— AL LT, UTIORTHeift Lz (
).

/] gmm Y
vy 2 5"-“‘
‘

Figure 8.2-17 Rolling piston and Vane
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8.24 &

B I DWW TIE, BAE L LIeMEE AR T 5 2 L3 k7=, BUTFIS, BEfFMEE & ARBF5E TR
I LT B IEAE AR ORI EE DO el 277§ (Table 8.2-5). EEEIZHBWTIE, BEFMEK VK 60%
BEATH2ZEDHRTEY, AFETHEHESL LTWD, Eft 10%IEEIicx LT, BikTEE®
2%, BE(LEFRFC, BIERS, YU 7R, EriEicksnThmlbLrz.

PHIPEREfIC BV TIE, BIRSOSBIEESME (24 MMCO2N) 1%, SIHHEFTITRE VWA, T HEEFE
EATIIEROBBIEE GBI LV, K30% DRV EREEL R LT,

Table 8.2-5 Mechanical Properties of Existing and Developmental Materials

Item Unit FC250 24 MMCO2N Change (%)
Density g/cii 7.2 2.73 -62.1%
Tensile strength MPa 250 360 44.0%
Young's modulus GPa 100 120 20.0%
Coefficient of Thermal Expansion ppm/K 12.0 12.5 4.2%
Fatigue strength MPa 112 133 18.8%
Brinell hardness HBW =241 174 -27.8%

8.2.5 SHOHE

2023 EHD 2025 FIINT T, BB LEZEMIC oW TIE, BRI ER T O THEIC W THELE L
TABICR LR LIz E 2D, A%, AEESCaR N la2 X —7y Mo EH#HET S (Figure
8.2-18).

Production Capacity Estimate for Composite Processing

RAC Shipment - Preform mold
Volume 6,000,000 units ?S}i&y e or::lzz 024 fabrication
*Japan domestic survey ( ) - Single casting mold
Annual FY2025 fagfictétiOT . FY2027
T 1 H - Lasling tes
Production 1,000,000 units ~ Conservative estimate Review/Design (DRO) - FY2027 planning Multi-cavity Casting (DR2)
o [+] (+] (+]
Monthly Output ] R Re et - Prototype methad Single Prototype (DR1) - Multi-cavity mold fabrication
. - Casting test
plan FY2026 grest
Per Hour 140 24hr operation P oretorm mold - FY2027 planning
i q " 5 - Singll i Id
CyF|E time per 2 it MBeze | s ingle casting mol
unit
Figure 8.2-18 =1 A N L OVL P4F
(&% XX#k]

At anrt [&REESHEIAM) FEHED #F 1.2 8453 P9-10
T RNV RaYRY Y MEREHE A— 22— AC-Albolon® YV —7 L KX v a|H
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