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In decommissioning works of the Fukushima Daiichi nuclear power plants, it is
required that fuel debris solidifying mixed materials of fuels and in-vessel structures should
be removed. The fuel debris is considered to have characteristics, such as indefinite shapes,
porous bodies, multi-compositions, higher hardness, etc. from the knowledge in
decommissioning process of the Three Mile Island nuclear power plant.

Laser lights are characterized by higher power density, local processability, remote
controllabilitiy, efc. and can be performed thermal cutting and crushing-up for various
materials which does not depend on fracture toughness.

This report describes a research program and research activities in FY2012 aiming
at developing removal system of fuel debris by the use of laser lights. Main results
obtained from research activities in FY2012 are as follows:

(1) Improvements of experimental infrastructures

A beam switching unit for an existing fiber laser system, an x-y-z tri-axes robot system
to investigate remote control performances, and a particle image velocimetry (PIV)
system for quantitation of assist gas flow characteristics were introduced to the
experimental laboratory of our Applied Laser Technology Institute in Tsuruga.

(2) Laser cutting performances for thick metal plates

To quantify laser cutting performance for thick metal plates of in-vessel structures,
after the evaluation of the relationship between the kerf depth and amount of laser
irradiation energy to the metal test piece, we evaluated for heat transfer behavior due to
temperature measurement of thick metal plate on the laser cutting process. It is
suggested that the heat diffusion into the cutting object can affect the heat input
efficiency of the laser irradiation energy to kerf front. On the viewpoint of suppressing

this thermal diffusion, it was found that it is important in improving the laser cutting
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performance to increase the ejection of molten metal by the assist gas, and to optimize
the laser output and the sweep rate of the laser beam according to the thickness of the
cutting object. In the future, it is necessary to examine the influence of non-uniformity of
the thermal conductivity of peripheral portion of the kerf on the laser cutting
performance.
(3) Crushing-up performances for ceramics materials
To quantify crushing behavior of fuels debris, laser crushing test is perfomed using
ceramics which characterized by mechanical characteristics (higher-hardness),
thermophysical properties (thermal conductivity), porous bodies, etc. Laser pulse
irradiation make possible the fine crushing and locally fusion penetration of ceramics.
These tehcnology will provide control of spallation fragment.
(4) Assist gas flow characteristics
A PIV system was applied to evaluate assist gas flow performances including pressure
loss characteristics for various kerf width conditions simulating laser cutting situations.
The experimental results indicated that gas momentum reaches deeply the kerf by
expanding of the kerf width. From the above results, it was confirmed that the kerf
width is one of important parameters for improvements of laser cutting performances.
(5) Laser cutting numerical simulation by the SPLICE code
Improvements were continued for a general-purpose three-dimensional thermo-
hydraulics numerical simulation code, namely SPLICE, to evaluste gas-liquid-solid
consolidated incompressible viscous flows with a phase change process in various laser
applications. From computational results with the SPLICE code for laser cutting
experiments, it was confirmed that suitable laser irradiation conditions can be estimated

efficiently by the code.

Keyword: Laser Light, Fuel Debris, Remote Control, Laser Cutting and Crushing,

Numerical Simulation
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Fig. 3 Research schedule for the system development
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(a) A remote control robot system implementing (b) Performance description of the adaptive laser
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Fig. 4 Quantitative evaluation of design requirement for remote control robot system
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Fig. 6 System diagram of the fiber laser
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Fig. 7 Result of beam profile
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Fig. 8 Pulse width of 6 kW fiber laser
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Fig. 9 An example of block diagram of the adaptive laser control system
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Fig. 10 x-y-z triaxial robot appearance
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Fig. 11 Demonstration of synchronous control of the robot movement and laser irradiation
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Fig. 12 Conceptual diagram of the x-y-z triaxial robot system
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Fiz, $38.2.1 HoOvRY N AT AEADHNTHIRARZ X912, WEE /13 EHT
TOREFT 7 U B L~0 L— P — I TiEO T I B\ CIZEIRr G O FR IR O R —
PERLUIWTIN T~y FOIREBIVIEELE LT RiF b, 207, SN L~y R &G4 &
O 7 B BUR S EMICEONRNZ ERBZ HND, Ziu, YT~y RS S
DT VA NTAERIZ G B E KT T, £ 2T, YIRS O AR L) — L8R T~y RO
N T A DT AERIC L DIEA R ORI RIET AL ERILT S & & bIC, O
ERETHNLELH D,

3. 3. 2 BRI L OMERR
AT TIEFHITE & U Chi B8 i E7E  (Particle Image Velocimetry: PIV) @ % £/
T %, LLTIZ PIV o 2T LA DOIHER & <1,

1) S&FE  # 7 LA2 Nd'YAG L —H%— (Litron Lasers, Nano S 50-20 PIV)

PIV [l o AL SV A L—H (Fig. 13) TH V., ~v FEIZL—F—nm v R 2 KFRE
ST D, D72 FEVEFH G TO /L 2B ATRE L 72 > TV 2 SMBRIBIE S I2 & 0 |
L—H—my RORRIYA IV IBIOQ AL vTF XA IV 7 EHIHFETH D,

NEANERE P
1D L—H¥—7) : 50 md/pulse
2) % : 532 nm
3) Mk LA H % - 20 Hz
4) 7V AR - Tns
5) B —AEA : 4 mm

(a) Laser head (b) Power supply unit
Fig. 13 Double pulsed Nd:YAG laser
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(2) R IERE  SmEE D AT (74 b, FASTCAM SA4 500K-M3)

EIRE S AT (Fig. 14) (X VBB SH b L —YRiADOE G 28I ikE+ 5, TTLE
FaEANT D2 IR B AR ORI RE Z A X 7 OSNTRR & DORIBIFTRE T
B D, B SNTZEBRII T A TNEHO AT VKNS D, AEY LIS S L7z i X E R
VI 2T EHNDE LAN S —7 L&A LTPC LICF Yy n— 452 LRARETH 5,

L E7pAERR>

1) kg5 C-MOS A A=V P —

2) & © 1024 pixels x 1024 pixels

3) WAL . ~ 3600 Hz (LFofipfgiEny)

4) JEREPET - £ 2 27 v 12 bit

5) R{FAE DK : 32GB

6) N A—1E5 : TTL

N FORANAL L HE—Tz2—R: FHE Y A —HFF v b

(a) High speed camera (b) I/O cable
Fig. 14 High speed camera

(3 HIMFEMESRER : TVHALT A LAV AV 2% L —# (Quantum Composers,
Model 9618)
TIUBANT 4 LA NNV AY =z xb—% (Fig.15) 22X TTLIEFZ4AEKL, L—¥—L B A
FORME L D, ERTDEFIET. WA TOREHEE HE NI T—, L—F—1BIOL—
P—20hEL A I T, QAL v TFFZA I T DFF 6¢ch &7 5,

L E7pAfAR>

1) Hifich#: 8ch

2) »YULAL— 1k 0.01 ~ 1 MHz
3) WfH S fiFAE © 10 ns

4) BENEEM : 0 ~ 9995

Fig. 15 Digital delay pulse generator
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(4) Ki7F4Eg 6=y b 7 h~vAY (TSI, Model 9306A)

6=y b7 b= FIRHNIBITRAT S b L—hRiF & U CHRD b FEROM0 NG %2 %
HEESELHEOOMEETH S (Fig. 16), MEH
7 —ORFFIT LY | T b~ A PN OBIRDE
) AL > THUNER & 72 % TR =7
— LW ) ANVOMAERAEEZ D Z & TR
JERRBEAAT O 2 ENTE D, A TE DIRIKIL,
K RV=FLoF)a—, a7
a—b, AV —=THANREND D,

Uk FLayl
He

3y bALT

Fig. 16 Particle generator

(6) BIADEY — PR - I T —4 #. vV
YERUBNANL R TH, L X 1R

L—H—~y RPORFENAE—2%2 I 7 —BL O XEHWT o — MRICHES, FHER
FTEETD (Fig. 17, 37— 1, 2, 3 LT, L—¥—bE—L%3HIREPLAMEES
Lo RSNzt — LT o X (FEAEERE £=500 mm) T — FOELZFE L, FfE
ML X (f=-35mm) TI— MRIZIZFT 6N D, &EIZ, T T7— 4 TS ELBRITHRE
TR ATV, FHEE MRS SN D,

>—4

Xy MEFEUL R

Fig. 17 Optical system for Laser sheet
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3.3. 4 Al AT MLER

ATEQ) ~ (5) ETOMBREMAGDYE D Z LT, PIVEITH, EROBIZIE, 7L AY =%
L—ZZk->TFig. 18 DEA I F ¥ — DX RASESEZEHRT S, 1 7L —24HOHK
WRTEAE 2 7L — AR OBERBERZICL—F—Z2BET5Z L1080, 2T OHRERE
BN e FEFIE ORI R TR F I OIRE 21T O LN TE 5, ZOHEETL—L R
FTRUZEIES, 7L—LA LT RU 730 AT OHARIC LY | 2 0 e/ INH ] IR 78 o i
INb, AL THWDEHE D X7 FASTCAM SA4 3/ At = 0.8 ps TOHRE
MR TH D, TD=d, FHillFEIH%Z 100 mm x 100 mm & L2, ik Tv oy M =~ 3.5
£ TOFHM B _ETEE & 72 5, FHAEEPHIZ X - T 22 M5 i REHAR EE N AL T 5 728,
HRFER R FHIFEIC R L2 b D% Table 2 (ICF & 2, 7235, PIV O FHIE B XK IEI =T,

Table 2 Specification of the PIV system

PG G L — YRR ROGHIDRE  ~ v

[ mm] [ mm/pixel ] [ s ] [m/s]

50 x 50 0.05 8 610 1.8
100 x 100 0.10 8 1200 3.5
150 x 150 0.15 8 1800 5.3

Trigger pulse: W 1 W 1 W

AT

Camera :

At
Laserl (Flash lamp & +

oy [ [ O [ A R |

et N .

Fig. 18 Time chart for camera and laser

3. 3.5 FHARHE

PIV 1%, WRICERET D b L —V R 2 AR A L, RERFEIAOIC e R R S 7z AT b
B OMAP R RIC T DR F OB EE KD, WMEOEELHEEST L2 HIETH L, Fig. 19 12
FHAFEELOMERS 2~ 97, £F7, FHER Th D IMAVBICIRA SN b L—H R FICEFERICE -
Ty — MRIIET b ic L—F =2 A L, Lo —Rocknm z2 ritiib 3 %, ik
b =R FREOBE) & 2 5 72 DRV R R At TL—H#—Jea L 2RI 2 RS L,
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TNEND b L —VRFOBEDCE T A T % Tiie U, RFRIRYICERE L 7oL F g 2155, 56
MR ¢ ORI T 2R iai (RATEE) & RZ € OB & o R ETHY 22 k0 AL AR BE RE %L
MHANE = D BRI LT2E 2R U RIS 217 9, £ 2 CHAEMBEBEED R RE L 725
NLTE 2 A TEI N ORI FED TR e BB IREE S L CHEE L, BT DAL E Ax, Ay KD D,
KL DSRAITBIE L TV D SARET 2 & IR (uy, uy) (IHUNRER] At 12317 2B E& Ax,
Ay M5,

Ax Ay
ux=A—t, uy=A—t,
LLTkDBEND,

ZOHETHFREFHNTHY (7 A M AD XL S ITHEBER A0 D K 5 722 @nEii-CRE w5 O
FERERAD LS RMERF AT L LIRANENTLE D KO RENGOFHNC b T
=R

K —bHFR b HTFEECHRNE

L ——% g/\ L s
T I @ i"-"__-__:v}-

|
1t w7t

HAZ

Fig. 19 Measurement principle of PIV
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4. EMRIBITHT 2 b — P — Gl ERE O Al

4.1 HHY

& S5 — R /)R E T O BE L FFEAZ AT 72 B8 EET 7 ) B U TIEOWF SRR I8 T L 2 ot
LWIRELT 7Y LIFNEE T TH D, 2 RN LEETIM-20 FHAE IHEE O RN 5 |
BT 7 V23 E T I v 7 AL LTOME ZROMEEKZ T TR R E L TOMEZ ROk
bEENDZENRENTEY, L=V -l LiEZE AT 5 LTIk, FRBED & e R iE
kA BB RINL D —2 & L CHRET DIHERD D, £, IRMIIREBIR, EH L H—ET
720 E PRI N DD =R & 70 2 IR 22 KPR OBLR ) b AR A BHI 64 2 BT
PERED RN EEE L 72 D,

INET, [SFA) BEIEEICHT 2R L TEOBMNER E LT, ERMRE % Lz
L — 3 — W O MR 21T - TR T 2 0@OWEO0, Z i) & E R EINT TldEIT,
B —7 (G TR A~D L —PF— ABI LT o 2 b H A DEE) = /L X — ik O Y LA EH
BWTHY, I—TNOANBARSCETEHOERILBUNETHDH Z ENRBEE RTINS,

U EZEEE 2 RIEFRTIE, @BRBREICHT 2 L—F —RHF = 3L ¥ —& L UIFE S O BR
PEA GG L7z BCL JEARIIEIRE 0 4 J8 S BR AR N O FHINC X DB BFB OB A 17 .

4.2 YIRS RRPEERR 32

4.2.1 FEBITIE L &I

Fig. 20 12/ 9 X 9 124 ERBRIA (SS400, t50x50xX75mm) O YIETaRER &2 3206 L 7=, 7
A AN K DB AR OB 0O B2 R HERR T 5 7o 0 | BB A3 RlEE ) CRAZE L 7220
F OB ARG 2> & Smm DA% ST U7, £72, YINTATEER & 2 B IZ R T 2 72 ISR
HETHBLARWE S &M THRBREIT o 72 (BB S E 5 L UIEr ol & 5 BEBARY 70 R 7e
D) o FEEEILT 7 A S—L—HF— (6 kW) ZHW, AP & ICHEE L L —F =T~
NIk U TR 2 B 8) S Call 2 52 L 7o, IR SRIFIT T o A U X (2250 i & 300L/min,
LU—H—MHE 1.56mm, FANE 10mm (L—HF =L~y FHm) . 2 ZAVH £ 5mm,
AH Y RAT7 83mm & L, L—HF—J) 8 7 —R (1.84,3.783,5.63kW : /XU — A — X Tfifggd L
7oAl) L K L CGHEAEK 57— A (15~360mm/min) FEffi L7z,

BTt O BIWHE S ITIEE O R S & L A RIS OB EHEEOR L ZD TT V2~ A
7aAa—7ZCHIE L,
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HE #wE(mm)
B3 88(SS400) 50
L—HY—TNSA—F
L—+H B (kW) 2,46 (FEHRER: 6kW)
ERE® (mm) +10
BHEZ(mm) 1.56
£ = B B (mm) 600
Bt \a— BB
J XLk *M25
TYRAMARE/FRE(L/min) | Air300. (£24-)Air/10
L—H—HH: 35 —R(2,4,6 kW) ASL AT nm)_ 2
~NyRIRE 647 — X (15- 360 mm/min) 29 BB Fmm/min) Do
*E\E: 545 —X(1,2,4,6,8kl/mm) X HBAREEEEWO)LL, /LAE + . ABARAZE T 5,

Fig. 20 Laser cutting experimental conditions in the cutting depth measurement

4. 2.2 FEBfER

(D) v—HF—INT~y REEHEE & GIFE S ORISR

Fig. 21 (ZL—¥—INL~y RBENEE LIRS OBRZR LT D, KLY, L—F =
T~y ROBEHEENELS | L—F—HEORE W EOBRI N REL RDERICH D Z &
RV OYIEVS)

(2) N7 R S HRGTEVE: & BINE S 0 BIFR

F L= —HNICBT 2 UBR S O AT 5 T2 DI A OIE S H72 0 O L— Y —Hgt—
FNF¥—Q [kJ/mm] #EET D,

Q=P /(V/60) [kd/mml],

22T, PkW], Vmm/min] ZZnEh L —F—HNhE L —HF—IT~y NKEETHD,
Fig. 22 1ZHNM UM R & H7- 0 O L —YP—BEH =21 ¥—Q [kdJ/mm] (%4 2 IR S of
BThHd, I, QBPKREL (L—=F—INT~y FEENED) | L= —HDEPAKE W
EEUIWHERS NREL 2D ENDND,

(3) BT & MRS ENE: & B 0E o BALR

Fig. 23 IZHN YIRS H72 0 O L —HF—HE = 1L ¥ —Q & MR o B 25 Fim
DEGELZFEH)OKRE S OBREZ RS, ML, QBRKEL, L—F—HHEPI/hEVEE
BB D ) — 7 EEF M OMERIRL 78> TN D Z L3 bind
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, . TR .
60 TRW 4 o 0 o
0 3T3KW o =
1 5.63kW O |= 40 AN
(Simulation) 6.00kW @ [ 563 %0
40 =l T —a-
13 = § 30 373 kW
£30F =T =S
@ =N 3 1.84 kW
5 SR 220 | — %
£ 20 L 5 63 — S =
£ -63 ke £
o ———— o 1.84 kW
10 & =SS 10 373 kW
— S.63kW
0 . D eSS 0 / ‘ . (Simulation) 6.00 kW -
0 200 400 600 800 1000 o 1 2 3 4 5 6 71 8
Head velocity, V [mm/min] 5;?2?;:1;}:2 Laser irradiatioin energy per cutting length, Q [kJ/mm]
Fig. 21 Relationship of_head movement Fig. 22 Relationship of laser irradiation energy
speed and cutting depth per cutting length and cutting depth
1.84 KW ool
3T3KkW o
8 b 5.63kW —&— A

HAZ (B ) s \‘\N

Heat affected width [mm]
[=)} ~]

th

~

2 3 4 5 6 7 8

Laser irradiatioin energy per cutting length, Q [kJ/mm]

=]

Fig. 23 Relationship of head movement speed and heat affected width

4.3 ARG BRSNS O IR EE R F2 R

4.3.1 FEBFE - G

L — P — Ui O & BB IR (SUS 304) IREE A M5 T 2 %12, WERICEVEXT 2 LA A 723K
BRIRZ BUVE L 72 (Fig.24), BAVEXTOIOIALALE L, L—H =T~y N7 5 M OREZELL
RS M ORE S 2 WET 272012, T OIBtA R 5 30mm HEh 7z AR S 25mm)
W2 1A, I — 7 D 3mm OMEICE I EEZ T3 EIE Lz, L—¥—8IEgkifi, o
WE TOUIMERERRE A E 2 T, MEICUIWTATRE/e b & LT, L—F—H7) 10(4+6)kW,
L—H— I~y FBEREE 50mm/min, 7 3 A b A Z (22501 & 400L/min, L —% — £
1.56mm, / A/VHAE ¢ bmm, A X > K47 2mm & U7z, Bl (GIWrgiiamé: 8 Pe i L)
DOFLE L= =T~y FROHEIOF A E L, K25 21mm 720 L —HF—Z2 K L 6
BEisw7
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S
HE R E(mm)
AT L AE(SUS304) 50

(1) TC1 : ~yFEFTHROEEST
(2) 1C2,34: BIEEFRORSICELHEE

L—HF— M T/NSA—%

Th‘erm% L—+ (kW) 10 (4+6)
™ Qmﬁ Measurement position R ES (mm) +10
. x|y ]| = RS A E(E) +35
Tc1|30| ol -25 £ RS (mm) 600
Ty, tc2 [10] 3]-10 Raf/ie— L
e Tc3|10| 3]-20 /AN #M25
S rcal10] 3] -30 FUAMAFE/FRR(L/min) | Air 400, (+4-)Air/ 10
@5, %ca@_;‘ [mm] RBEFT(mm) 2
e, ~yF T2 8)E F(mm/min) 50

MIFRARBEREO)LL, /ZLAE + . REERAE LT D,

Fig. 24 Temperature measurement positions using thermocouples and laser cutting experimental
conditions

4. 3. 2 FBRRER

(1) L—W—INT~y T M OIRE A

Fig. 25 [3#GEXF TC-1 IZHB T DIREDKRFHZE M EZ R L TWD, BIETT DI 7o BB AT #E SR
T OIS EFANCHEIT L OB BRI L —Y =T~y Rz P —ED7a 7 7 4
BRSNS Z EBHER SN TN D, EBRICBWTH EFOIWRED L —F — I T~ N7
MIRET0 7 7 A NN —ETHDLENETDHE. Fig. 26 DL 572 L—V—INLT~y N#ETHM
TOWRESAICHET 2 2 LR TE D, MO X [mm] 1 HEEORFTO L—HF—INT~y FD
DB E 2 L Lo b— Y — T~y FEIT SO 2B EZ R L TR0 (LU TICE
#£92,

x'=x-Vt
x[mmIE AL E & JR A & L7z b— =T~y RUETT 710 O JEAEAE , VImm/slid L ——InT.
~v RBEHE, tlsliZFUSLE S L —F — T~y R E (EEORRICBIT ) *
T®%@KELK%%&T60HiD e SR L — W — B B A5 (~10mm) ([T L,
REARPIFEFICEETHY | o, b—F—RIIEE 10 mm F2E O I N N EREET 2 5 T
BusgsEik (]9 300°CLLE) Lo TWD Z &35,

(2) GIWTR & J5 18 O 53 A

Fig. 27 1ZTC2, 3, 403 TOWREFHFERZ R LTV D, FHIAIE I —7 0D 3 mmbf
nNTEY, RBEROE»SLZNZI 10,20,30 mmOESTH L, KLY, TC2, 3, 405E
REXZNZh 708 C, 780 C, 882 CTHY ., KM OLIFEWNIEIZEBVREZ/RLT
WA LMD

(3) LIk oRER i E i DRV
Fig.28 |ZU)Wiik ORBRARE K CRE DO EHEZR Y, IE~D Fu ZADMENRLZT 5D,
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TCl —— !

10 15 20 25 30 35
Time[sec]

Fig. 25 Temperature history in TC1

Temperature[C]

13% Max 708°C TC2 (z=-10mm) ——
°c TC3 (z=-20mm) ———
800 temp 780°C
o =-3( —_—
700 382°C TC4 (z mm)

1400 ' ' | TCl ——
i Simulation(SUS304) ———
1200 Simulation(S5400) ——

Temperature [°C]
=
=]
=

0 5 10 15 20 25 30
X' [mm]

Fig. 26 Temperature distribution of the laser head
moving direction whose origin is the laser head
central axis in any time

0 10 20 30 40 50

60 70 80 90 100

Time[sec]

Fig. 27 Temperature history in TC2, TC3, TC4

0

0§

||l|||||||~||||ll||l|l
|l|llll|,||||||||||1|I,L

ll|l|l|l|l‘l|l|l|l|l
09

oL

EIN\‘I\INI‘I‘I

g~

Fig. 28 State of the sample surface on reverse side after laser cutting
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4.4 B
55 4.2 Fi O EIWIE S REEMERREERIC B T Eng@%%ﬁVwﬁ*MImyP®@ﬁﬁ§
VAEA/NSLSTDZETRBERMICHT 20 RERS ZRE ENDbOD, ZDOEIZIT LR
HoHZ Ll Fe, LY —HMEERELT5HZ L CUIMATREARTES N REL D Z L ERLT
W5, TOHBEE LTI, Fig 22 OfBRLY, BIESHZY O L —F—ME T 3L X —3[F
GEICBNTH L=V —H NN S WG E TR S OERN/NS <7252 &, £/, Fig.23
OFEFRLY BNEIHZD O L —F —BE =X LF =201 UGB TEH L—F—H 3
SV EITEGE B DR A < 725 2 & AREBI O5E 1B W TIEIIR R 2 Rz
2. B =R F—OBILBUE DN TGN KRELS RDIZDTHLEEZEZDBILD,
%43%®F&@%%ﬁﬁ%ﬁ%@ﬁ§%ﬂ%ﬁ:%mfi Fig. 27 Of& %L 0 Gl — 7
VOIS AN RRRE T LD BIRWVLE CERIETho722 & F7=. Fig.28 OUlWitk

@W%@@ﬁ&kmf%uxwﬁ%ﬂﬁxf%mé LD RN R IR IS SRR PR S
NP —T7NTER L T AREERH D LB 2 Db, Fig29 (XREFHIFE R 2t
L7z EORBERKEZ R L 0D, KPP OSEXOLITRE = 3L — LB 2L X — |2 Lo
THESNTBIESENE OFITH Y | FiLIE, FUOTZRLF =N RX VX —a A2 FATETH
T, @BOWREL, &%, BLIO@BRTOMMREIHEOND Z AR L TWD, REOHKE. G
71— 7 OERMIZT G LIz L F— [T =2 L ¥ — D) 8.6% ThH Y | BT =L ¥ —Dfy
S6%IFEMREICHEH SN TN N hnd, o HE I a2 —va k2T L v, &
AG B AMEET 5 REIC BV TR L — — e OB EE ~D AL FLET S BN E ST
20, PLEX Y | UIKERE T OWReE OFL, BId S 2R ~0BdL#E R L., L —F
— R = kL ¥ — BRI NBAVE I D EIRNC 2 D EZEZbILD,
Fg30@5§m\K%ﬁkiﬁ&é%%ﬁf@Vwﬁamﬁﬁwﬁﬁﬁ@%ﬁ%%%ﬁbf
W5, TV A RTARENPRKEDVFEICBO T, BMEBEARENLHE S, K774
DS IV TWDD, TV A DA AFERN/NDNZWIGEIZB W T, IWREE D T — 7 EEEBI AT

LTCWERT R RZIT DD, 2O Eidh — 7 IS T DA R OER 21 < T-oicix 7
VA RNTAZ L DEMEROEHEEZEO DL ENEETHLIEEZRBLTNDS EEXZLN
Do

L—t— B Ll S AR IFAF-OX

Elaser + Eoxidization = Ethc + (Etm + ELhm) + (Etb + Eth) + Eloss

- = 7860kg/m® -
Efaser = Power X Time = 10kw X 26.4 sec | 264 K ’» 377 kJ L 9/m AV =75 x10"m’

Cp, =499J (kg -K _ —6, 3
URE) FeD5EL B (FeO) | Eoxidization = P AV kerf X 4800'(.]/"13 113 k) Lp 2579;5.],"’;9 AViers =3.0 x 107°m

RBALEOREET -
LRECADICBELRE =p C, AT AV 147 kJ Lot = 1700K
H—TREERAET
ERAE A BN ‘ Eim = p Cp (Trnere — 293) AVkerf 15 5k - kJ

Etim = p AViers Ln eau]) 24

Fig. 29 Estimates of the amount of heat based on the temperature measurement results
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TLYAMIRRE

(Umin) 350 70
p—*f—)iulf/\\y_l?ﬁjjiiﬁ 60 50
I e <HREBEH>
ey ] HEBAEHME SS400
B B A 30mm
HA 4kW
RBUEAXD 2mm
R ERAE HERAXRE
TR RTELE Air
ESTIEEE| IHEAS15mmET
=Em|

Fig. 30 State of the surface of the test specimen after laser cutting in different experimental system

4.5 F£&o

AREFZE LT, EREEO L —F =Gkl Cid, UINsd S 2R ~0BIEEs, L—
—METRXNF—DN—T T u FDANBGNRITHE LG5 A5 LRk S, BdEE A
ADBRMND, T A AR L D EAEEOPEHIEZ m e 5 Z L ITMA, IR DL
ST —Y—Hh e V=P — DA =T HWEZ Kk d 5 2 & B UIEERE DM RV T
HELEZEZDOND,

S — IR BTN ORELT 77« JFNERAEEY 2 DI % & L2358, I REiHia%
FEALTND ZERBESND D, 5%, S ITMOBMRERDO AR — S35 2 58]
WItERE~DRBEZ R L TV RERH D EEZLND,
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5. ¥ 7 2 v 7 RZxT B U — Y — e RE O SEA

5.1 HHW

KE » 2V =~ A NVBEFTIFEERT 2 SO ET A TS LR S RIS o Rek T
TUMN, G, ZHEREORBERT L L0, mEE R IREROFLMTL, [
HORETH D ATREMEARE L, H 4 EORLESR TOUWMREL T T, Zla@RE-t&

TIv I R), ZHESEOREEAT2WEE W L ——0lr - ERE ORI 2S5 L 7
%o RETIE, €7 I v 7 AL LT2BRENT 77U ORI TRE , BUME7e & 250 i L7
I Iy 7 ALy REO, 2OZAVEKRE VT, b— Y — R ORI AT O .
. . Table 3 Mechanical strength properties and
5.2 FEERFIER L OGN thermophysical properties of ceramics™
AR CIL, ERELZ Az Snazy | 7R | a—US4k
¥ 53w 3 N — — BE [g/cm?] 6 338 2.6
BROET7Iy72 TAITRU= HIF3E  [MPal 1470 310 150
UIAK) ZEMA L, Table 3 It | EvA—REE [HV] 1296 1550 734
ig) [J/keg"K] 460 790 730
T X v 7 RO SEEE &K OB % 7~ REEE  [W/mK] 3 29 4
N i BpaERE  [x10°/°C] | 108-11.3 | 7.2-80 0.1
T, Una=7 (ZrOl) LHET D& Al [°c] 2715 2072 1455

T F (a-Al0s) 1%, By I — A I RFEZ%E, 23—V 74 b (2MgO - 2A1:03 - 5Si02) 1,
BUREEBFEETHY | TNEIUE S & BMRER 2R LRIk Th 5, EREiL, 731 F
TIE 0%, 4%, 30 %, 50 %, 22— 74 hTIE 2%, 30 % & L7z, RBABKIE, 743
F (0% T ¢9mm X 10 mm, 7/} (30 %, 50 %) T ¢4 mm X 10 mm, I— T A
(2% T ¢4.8mm X 12mm. ZI—F A4 b (830%) ¢5.1mm X 8mm Thd,

Fig. 31 12t 7 2 v 7 Ao EREE 4~ 3, BURE LTiE, 6kW O 7 7 A N—1L—
Y= HWio, MRS X DM E 2R T 5729, Fig. 31 (@ OHAEIEL, E7 I v 7~
Uy MIEERET, bEL L—F—HEZ217720, Fig. 31 (b) OHAE, BEEEE AW
THRL CL— MBI E21T72 o7z, ZOK, 7V A MFTA (JEMEZER ) 13, WR2REhc 2
RIFSRVREIZDE (10 L/min) &L, L XERETHHNE L,

l L—HF—MI A

i ' l;—’*f—IXJI’\vF \§7
ﬁi P‘_ RENAT pszym BERER

L—H—% I ABUFFT

(a) (b)

Fig. 31 Arrangements of crushing test using pulse irradiation of laser light
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EBRMEHC L — Y —BBI 2T > 2B A O L —F —OWILERE, ERERmORRL, 5001, &
EES, L=V —HNRE<RD2ZLT, EFTH52LRMONATNLH@.0, L—F—H7J)
X 25 kW KON BkW @ 2 flifiE L, AZ U F47 ( L—¥ =L~y Kb ETI v 7 A
ALy hETOHEE ) 28BS L TL—F ARy MEZHIBI L, ABENFRS 25
kol v ——WEIE 2% E L7z, Table 4 & L —V —MSSft%2 779, Table 4 (a) X7V
2T (0%) 12 5 kW THREZ1T72 o726 O, Table 4 (b) (Z7/1IF (0%) (2 2.5
kW TR 21772 - 1258 OBRSAT:, Table 4 (¢) 1ZZRDOEELZIRET H B TIT 2> 72
BB OB, Table 4 (d) 132 —2 T4 ML —H—BE 272> - 5HA ORI TH 5,

Table 4 Laser irradiation conditions

() Crushing test of alumina (0 %) (b) Crushing test of alumina (0 %)
using 5 kW laser power using 2.5 kW laser power
RHE | RSFAT [EME | 71 | AREE |RHEMR| ARE WHE | R5FAD |[HRE | 71 | AREE |WHEM| ARK
|_[mm] [mm] [%] | [kW] [MW/cni] [ms] [MJ/cm] |_[mm] [mm] [%] | [kW] | [MW/cni] [ms] [MJ/cm]
©0.4 2 0% 5 3.98 100 0.40 @ 1.56 2 0% 2.5 0.13 200 0.03
0.4 2 0% 5 3.98 200 0.80 @ 1.56 2 0% 2.5 0.13 600 0.08
©0.4 2 0% 5 3.98 300 1.19 @ 1.56 2 0% 2.5 0.13 1000 0.13
©0.4 2 0% 5 3.98 400 1.59 @ 1.56 2 0% 2.5 0.13 1400 0.18
0.4 2 0% 5 3.98 500 1.99 ®2.23 9 0% 2.5 0.06 200 0.01
©0.56 20 0% 5 2.03 100 0.20 @ 2.23 9 0% 2.5 0.06 600 0.04
@ 0.56 20 0% 5 2.03 300 0.61 @ 2.23 9 0% 2.5 0.06 1000 0.08
@ 0.56 20 0% 5 2.03 500 1.02 ©2.23 9 0% 2.5 0.06 1400 0.09
@ 1.56 2 0% 5 0.26 100 0.03 @ 3.58 23 0% 2.5 0.02 200 0.00
@ 1.56 2 0% 5 0.26 200 0.05 @ 3.58 23 0% 2.5 0.02 600 0.01
@ 1.56 2 0% 5 0.26 300 0.08 ¢ 3.58 23 0% 2.5 0.02 1000 0.02
@ 1.56 2 0% 5 0.26 400 0.10 @ 3.58 23 0% 2.5 0.02 1400 0.03
@ 1.56 2 0% 5 0.26 500 0.13
@ 1.56 2 0% 5 0.26 700 0.18
@2.23 9 0% 5 0.13 100 0.01
@2.23 9 0% 5 0.13 300 0.04
@2.23 9 0% 5 0.13 500 0.06
@2.23 9 0% 5 0.13 700 0.09
@ 3.58 23 0% 5 0.05 100 0.00
@ 3.58 23 0% 5 0.05 300 0.01
@ 3.58 23 0% 5 0.05 500 0.02
@ 3.58 23 0% 5 0.05 700 0.03
(c) Crushing test of alumina (30 % & 50 %) (d) Crushing test of cordierite (2 % & 30%)
using 5 kW laser power using 5 kW laser power
FEHE [ R5UFAT [EWE | B | AREE |WHEM| ARE BNE [ R5UFAT [ZWE | 87 | AREE |WHHM | ARE
mm] [mm] [%1 | [kwW] [MW/c il [ms] [MJ/om] mm] [mm] [%] [kw] | [MW/cnd] [ms] [MJ/om]
@ 0.4 2 30% 5 3.98 100 0.40 @ 1.56 2 2% 5 0.26 100 0.03
¢ 0.4 2 30% 5 3.98 300 1.19 @ 1.56 2 2% 5 0.26 300 0.08
0.4 2 30% 5 3.98 500 1.99 @ 1.56 2 2% 5 0.26 500 0.13
©0.4 2 30% 5 3.98 700 2.79 @ 1.56 2 30% 5 0.26 100 0.03
@04 2 30% 5 3.98 1000 3.98 @ 1.56 2 30% 5 0.26 300 0.08
@ 0.56 20 30% 5 2.03 100 0.20 @ 1.56 2 30% 5 0.26 500 0.13
@ 0.56 20 30% 5 2.03 300 0.61
@ 0.56 20 30% 5 2.03 500 1.02
@ 1.56 2 30% 5 0.26 100 0.03
@ 1.56 2 30% 5 0.26 300 0.08
@ 1.56 2 30% 5 0.26 500 0.13
¢ 0.4 2 50% 5 3.98 100 0.40
@ 0.4 2 50% 5 3.98 300 1.19
¢ 0.4 2 50% 5 3.98 500 1.99
@04 2 50% 5 3.98 700 2.79
@04 2 50% 5 3.98 1000 3.98
@ 0.56 20 50% 5 2.03 100 0.20
@ 0.56 20 50% 5 2.03 300 0.61
@ 0.56 20 50% 5 2.03 500 1.02
@ 1.56 2 50% 5 0.26 100 0.03
@ 1.56 2 50% 5 0.26 300 0.08
@ 1.56 2 50% 5 0.26 500 0.13
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5.3 MR
5.3.1 L—%—Hh 5kW ZHWEZERE 0% OT /L iR
Fig. 32 12 L — W — 4% DR i D481
D—PlZRmT, L—F =L T IT P
(0%) MHEF TN RSN TV ST (e
RERCX %, UL SAFRT O, FRIE
(TFRRAE 0.01g) 23T Z 7=l Fr D& #HAl L 7=,
- T, MO #0L9 722 %, Fig. 33 12

L— W% OMA OEE "3, 851 Fig.32 Appearance of alumina (Laser irradiation
time is 500 ms) after crushing test

SR EGR D BT il L 727 o T3 BRI
g, T (0 %) DORGRERIL % R
T 5 & ARABERE (0.18 MW/em2) C 100
s O 700 ms TL—H—MWE %2177
T ET, TR L 72 W R DL RS S L7223
L—H— 2Ry MEEEN ST AR A
BTG AITIE, ATl LT, i OfEER
ﬂ\%kﬁ%ﬁﬁm\%m®%%ﬁﬁfwk

[y

@®o. 4mm{3 QSMchmz)
LR

oodo. 56mm[2 03MW/cm?)
R 1 L

O ®1.56mm(0.26MW/cm?)

7| B®2.23mm(0.13MW/cm?)

_| E®3.58mm(0.05MW/cm?)

i

B A B (1E)
O = N W b U O N WO

100 200 300 400 500 600 700

HA 54 B ) [ms]
% & BAEBmP RSN, -2 CRELMA®  Fig. 33  Relationship between number of crushed
. pieces and pulse irradiation time of 5 kW laser light

DL, BREEEE 500 ms ICEHEHT 5 & in the alumina (0 %) condition
ABEREOWIZ X0 . iR OFEBHHEMT 268 mIcdH 503, BB 2 MiEd L — 3 —4
AT H 2 & T, ABNEE K ORI RER O X 0 i OEE B Lie, Zo%a, BEHF

IR A DR TWD AN B R BN D, AR LY ABEE . METRFHE. 0 SRE0
R BN B L R TIEFICEHER T A—Z ThHEEZLLND,

5.3.2 L—V¥—H7 25kW ZHWZRE 0% O 7 /L F iR
Fig. 34 |2V —H¥—H71 25 kW % 10 ]
T O RS RE B A ok, ABVE CRHMIEY % Hg
&, ¢1.56 mm (0.13 MW/cm?) T 200 ms,
600 ms, 1000 ms, 1400 ms T R4 L7=4) %
X, #nF1 Fig. 33 @ ¢ 1.56 mm (0.26 %
MW/cm?2) <. 100 ms. 300 ms. 500 ms.
700 ms & [AHEDOANETH 503, BRI 200

B ®1.56mm(0.13MW/cm?)

H ®2.23mm(0.06MW/cm?)

1 B ®3.58mm(0.02MW/cm?)

8
7
6
5
4
3
2
1
0

600 1000 1400

MRKE S BieoTERY | IERENE RO B TR B STEER [ms]

LZRVRIZ < BB LTz, Fig. 34 Relationship between number of crushed pieces
and pulse irradiation time of 2.5 kW laser light in the
alumina (0 %) condition

728,



JAEA-Research 2013-024

5.3.3 T T EHNTZERERIT X DR e iR ek
Fig. 35 (a) &% (b) IZZ8B% 30 % KX 50% DT /I Fic, L—¥—HJ) 5kW &2 iz
Bt OERRILZ 7T, 2B 0 % ORI & Hlg LT IRABVEE CIdEfecx3°, |mA
BEREOLEIZH, LRV ORHER SN, I HIT, ZEHR=EN 50 % ([JiET L&, AR
SRRBRN TIE. BT R 2R hr o T,

(@) 7ILSF: MR 30% (b) 7 ILEF: ZE[FEE 50%
10 A 10 +
9 4 9 e
8 T 8 B
W7 4 7 f—f-m--mmmmmmm -1
= 4 ] B ©0.4mm(3.98MW/cm?)
#é[é 6 g g B L
EHg 4 L e
g s, Il ] ,
4 +— i 0 ®0.56mm(2.03MW/cm?)
'-!é 3 | oE IR o EEEETEEE R B REL
- 2 17 L 0 ©1.56mm{0.26MW/cm?)
1 4+ 1 A0 i W
0 0 T T T T ™

100 300 500 700 1000 100 300 500 700 1000

R ST EF ] [ms] BRETEERA [ms]

Fig. 35 Relationship between number of crushed pieces and pulse irradiation time of 5 kW laser light in
the alumina (30 % and 50 %) condition

Fig. 36 (2, 737 (50 %) &, ABVEFE 0.26
MW/cm? T, 100 ms CTL—H—WBHE2{T7-7=
BT OAMBL R, B b ABVEAMEOBRS ST u
b, L—VP—RIERETCEEL THY, fmc &
UNHERTE D, fE> T, ZZREDO L NGA T
sk 72 o 7= DX P 72 22 ’1‘75%?”@5&)%%&)5&7“‘

TWAZERERO—DEEZ LD Fig. 36 Appearance of alumina (50 %) after
¢ crushing test

L——R5HE EE

5.8.4 2—UT4 NERAWEZERRIZ XL DR IR RER
Fig. 37 2223 2 %, 30 %D a2 — 7 A b

10 1
(o LY 5 kW T L R 2 AT @;g | B ®1.56mm(0.26MW/cm?)
o RURETT . ABEIE 026 MWom? 57
I, EBE 0% OT AT TROMNER S ] G
TEREHTHLN, 2—V T4 FOEA, §§I
Frttiskam o, 5]

Fig. 38 12, 22— 74 b (30 %) AEEE 100 300 500
< N P BE 5985 R [ms]
0.26 MW/cm?, 100 ms T L — % —MH 24772
STERBFONBLZRT, TL3IF (B0%) O Fig. 37 Relationship between number of crushed

. . o pieces and pulse irradiation time of 5 kW laser light
Ui L RERIC, b—Y —ki3Em E R e in the cordierite (2 % and 30 %) condition
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LTWAR, SR SN o T2, ZHU L— T —FRA EE
Table 3 (ZR$ X 912, /I F L iz, #A
WAl ( BVRERE L OB RMRE R & ) HNE
RHZEMEREEBEZ BND, ZORERDOIR
IZRIA TS,

Fig. 38 Appearance of cordierite (30 %)
after crushing test

5.4 B

Fig. 39 12, ¢10 mm X 10 mm D7/ IFTERRa—T 74 M, L—H—HJ11 1 kW, L
—HP—2AKy ME ¢1mm T, 100 ms M 400 ms FRE 21772 > 7285 OBIS I RIS R %
Y, P ORI, ZNENO/AE Tm (F/V 5 : 2072 C, 2—Y 7 A b : 1455 °C) TH
BILLIEbOTHD, BYERT, 73708 29Wm - K, 2= 74 3 4W/m - K L&
WD DT, WEORESA LT 5L, a—U T4 bOFRARRIREARZ RS, L)
LD b, TORRE LTRAET ZEUENTIIRE RERNL LIV, 7V T OE LRGSR
DI LY | ISTIFEAERHEPIER L THWDHDIZxt L, 23— 74 FTiE, BREFFIC X 2E W
IXRONR o T, - T, EBrfER (Fig. 33 & Fig. 37) Thmahizk oz, 7403k
WU ST, a— U T A BB L e o e Dl BMEIRRE N ALl B/ SV L
KLT, WEIZBUS IDMF E A ERAE Lol ZENEREEZ LD,

T/Tm o,[MPa]
-1000

o, [MPa]

k | h

-500

z[mm]

500

0 ‘o

s 4 3 2 1 0 s 4 3 2 1 0 3 2 5 4 3 2 1 0
r[mm] r[mm] rlmm] rlmm]

SBET (t=100ms) G Ao, (t=100ms) SRFET (t=400ms) NG Ho, (t=400ms)

(a) Alumina

T/Tm o, [MPa] o, [MPa]

0 1 0 -1000 o -1000

1 1h ir |

2 2F 2r

3 3F 3r

4 at ar
Eg 0.5 Eg- 500 E E5' - -500
~ 6 = 6 ) Yot

7 7F 7T

8 st &

9 9k 9F

Yo 3 2 1 OD v 5 1 0° s 4 3 2 1 0 YTy o 00

r[mm] rfmm] r(mm] r[mm]
JRET (t=100ms) L[5 Ao, (t=100ms) SRET (t=400ms) #4055 o, (t=400ms)
(b) Cordierite

Fig. 39 Comparison of thermal stress distribution of alumina and cordierite at 100 ms and 400 ms
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Fig. 40 2RI R ZMERT D202, ¢10mm X 10 mm &Y, ¢20mm X 10 mm O
TIF T, 100 ms b —HF =R EIT R o7 E O, BUST) OB IT MRy O ST oA &
RY, RRHIE 4 RN, BAELZBUSIITENTEW D, KE SICX D ~0 R8T
VI NEEZ BND, 1o T, ERTIIR LD RE SORBA & H W CHARR R 21772 - 72
D, KE I DOEWIZ LD E~DOR BT LG LREITNShoTc B bD,

-25000
= & Alumina (¢10 X 10)
B Alumina ($20 X 10)
-20000
@
— -15000
©
2 ®
5 -10000 =]
e
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a8
0 a%%mn ____________
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rfmm]

Fig. 40 Radial distribution of thermal stress component of alumina (t = 100 ms, z = 0 mm)

5.5 £&¥

I IV AMELICBRE T 7 ) R LT VI 2=V T4 P RO EOZAEEREH
WT b — = RE ORI 21T 72 o 72, ABAVEDFE CHE. 7 TR CTE 528, 22—
TIA SBRE Lo Te, ZHUE. BMRERNTORR K VIRESRIIRRTH DB, 2
7 A S OBRZRRED —HT UL E/NS W LITER LT, WENCBUS T E A ERE LR
LB ERTHDLEEZEZOND, $lo. ZAERBKIZI. 711, 23—V T A ML bITHE
FEEO LT, BRETE R o723, TR ZRRES S HOEREZDT T L7200 TH 5
EERZOND, BEFHJRFNEETOBET 7 VR LE2E 2 hHE, E VAR LY
PRS2 B R O, s ABE BRI X0 JRPTRIC I R I8 S EA 0 <800 4310 2 Bl o
BRI EEZBND,
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6. PIV S AT AT X BT VA b H AEFREEOFEAM

6.1 HW

— PN L —F—NORHIC L VBB EER L. 72 A M AEGRIZ K > TUIEiE» 5
SRAHIIC 2N ZBRET 2 EMEIN LD 1 5 Th 5, Fig. 41 (2 L —F — Gl o LI EFR O
R, L——Ullnd, £7 L — Ve ERmE IR S, RO X5 REEWERIC X
S TR ORER EH3 25, 2 LT, MEIOREREUSIZET 2 EMEHIER L, B 5K
FA~ERENT D, T LT, TR NHAEFRBERARICS L TR KIET 2 & T, HdR
TUIBHEICD > TIRERITE NS,

ZOTIRITUIBMEA S . Rr ASCHEBORERN DN E W FEEEZH L TEBY ., B4t
RIZR D b D ZIRBEFEY A FBT 28 e LTHER S TS, L— =8Il T
L—H =71, ABVERESST VA AT AR, T~y ROBELE ﬁ&k#@mwTthT&
UMM OB ZRET D70 KFE/RT A — X2 PEIWEAH & Of 3 L2k o RbL 72 S 12 &

RAPAEZ HIIZ, EBRW - BRI RITTON TV S 02, T E COMIETITERD
FERD KT RGBT 57 v A b AR OWREI PR & OE ' ZRMITIEE A
ERHRTW R, BUD R WERGIE ER O ENRKE 78D &7 VR b AMERA T
THEICLS L, FERESBEOPEENHEL <720 | GINENARRET L Z LBHRINLTNDG, &
WO B W TR UIBHERS OEMER 2 7V A MU AMTRIC L > TR P52 &
MEETHLEZEZX DD,

ARETIE, L —Y =G O GITHERER b 0D 72 D IS Hit IR 1200 7 5 0 & BIBIE 70 & O f &
TEOFEFN IR I RIE T B O ERLE B & L OIFHEIRC A &2 v K47 B OIFHEN TO
T YA A AR O ORI KIT TR A TN T D R A 1T O .

Laser cutting | Laser irradiation
nozzle '

= Cutting direction

=

Working » Assist gas flow

distance |

£
P
é & Molten metal

|

Fig. 41 Laser cutting process
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6.2 FEBTIER LOZM

— W —UIWrC L 5 U A L7 7 ) VRIOBRBRGEIK & A R L— h ) B W T 3
BRAAT o7, Fig. 42 | CEBREEE B L OGHIZEE OB 27, SR I3EE 80 mm X i
HES 100mm &L, / AVHORIE 3mm ObOEHHA Lz, BB OEIFIT dep =1, 2,
4mmé B ST, J AVDOEEHEINZT VA N AEFITRBRIEN~RAT 5, 7 &
rH AL L CEMZER Z V., FEIEQ =10, 21 L/min (Re = Unoze dnozae/ v = 5000, 10000) &
L72e 22T, Unome 137 A M ABGRO M AFIR, dnosate 13/ AV AL, vIZZER DR
B THD, S ANV ERBRIREANETOEM (A% R47) 1ZL=2,5,10mm & L7z,
Table 5 (ZERGM % ~T, Case A, B, C TIBIEIZK D7 A MU AMEHROF R OB &
kg4 5, F72, Case B,E,D TlEAX > K47, CaseB,F TiZlL A / VAEIZ X B84k
D,

Assist gas flow Nozzle
Ny TWorking ) N
Gap: dgap - distance: L Table 5 Experimental condition
& i\ i y
’ zﬁ; Case | degap [mm] L[mm] Re
Kerf depth A 1 10 5000
Measurement A\ 100

ekban fgomm) B 2 10 5000
[T e C 4 10 5000
‘ h (80mm) D 2 2 5000
Laser Convex Ier{ Laser sheet E 2 5000

-2 Mirror
cxtindn (%Camera F 2 10 10000

ylindrical lens

Fig. 42  Experimental apparatus

WIZ, FHUBEER ORERIC DWW TR, FHANZIZPIVE W T, BREBRIEIE N 0 20k St B 434 %
372 FL—PHRIF L LTHY =T A A NVEHER L, 75 4E (TSI 6-Jet Atomizer Model
9306A) MW THHKAL LIS DET & A I ABFIZIRA LTz, HIRIZIEZZ 700 2
Nd:YAG L —¥— (Litron Lasers, Nano S 50-20PIV, 50 mdJ/pulse, 20 Hz) % f\ /=, L —H—
HIFHFEREN L, P XY RY AL L U XIZE 5 TESImmD v — MRIZIET 5
. ARBRIEHE OIS &z, 7 A F (Photron, Fastcam SA4, 1024 pixels X 1024
pixels) (IFHAIEIZA L CREIC2R D X O ITHE L, FHUIEAN O b b—Phi O BEDE O iRse
Tolee MESNIZEBITIHT A THNOAE Y EICRFS IS DO ZPCLICERE LT, iz
{Tolzy TUVHXNT 4 LA Y=L —4 (Quantum composers, Model 9618) (Z &> TL—H
—DWRHLA I T LNRATORELA I TORBE L ST,

BRSOV 7Y 7 L— BT 01s & L. BEEIAOICEG L 721250 BEZ45 00 BE 4y AT

ZEHAI L 7=, Re = 5000, 10000 oD L —H—0 3L 2 BEREIFIZZ L ZEH At = 30 ms, 15 ms
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L L7z, B tEEE. BBREKRE D OO 110 mm X 110 mm & L7z, kL —VRiFBEiE
BEDFHAFAZ %0.1 pixel & L72Kf, Re = 5000, 10000 FEOBEIFFEERORZEIZENZEI 3.4 m/s,
6.8m/s & RIELHND,

6.3 HEE

PIVIZ X W & 5N T-BE O FRE 34 & Fig. 43 (2T, SO 7 MUVREBRREOFHE 23 LT
W5, Fig. 43 X0, J AWM EMEE ST A T AR RBIEEAN~RAT D473
WTE 5, Fig 43 (@) TIE7 A M H AR z 85 FIEIZHm 2D TIRA IZJAN - T
W<, FAUTK LT, Fig. 43 (b) TiE z il m FIIZm 5 2OV TR I Y oo, JE
MR EBEZADEFRR OGNS, 20 CaseA & Case B OEWVITIEIRICL > THEL TN D EH
2 BAL, BRI OBERIAN T > A b AMGROIRENC R & R BE 52 T D ATREMEN B 5, £
2T FHENC K015 BT RN EE s & SRR B 3 AT A SR D | TEIRAY T S A N AT AMERIC KIS
B LI T-, Fig. 44 [ZHERICE DT ¥ A b A AR O .0 E s A D28k (Case A, B,
C) #x7d, RBRIEHKANZ z=0mm LEXEL. z=10mm ([ZBITFDHT A T AWEFROH
HIME I C K > TP LR O WK TT/E 21T > 7o, 2= 10 mm TPFEHFLFHESLE 2 D X

IR ITTALZ AT > TV D, THIE 1 mm OHFLEEIE A REGE & T, B LTnd, Zh
(TR B D BE R R DRI RECHBEL TV DL LB N5, £72, #IF 2,4mm O
HUL IR L B RET & R THEE O 3 Mfl STV s, 24U, iR 1 mm & A THER
2, 4 mm OBEMEEONEIN/NEL 20 | HORBRITKOBEmEICL > TT V2 N ZAE
DIEFEOILENHIR SN D 72D, HENOFLIEBHERF SN EZ 6D,

L}

= Nozzle l—.y

Mock-up inlet Mock-up inlet

(a) Case A: dgap =1 mm, L =10 mm, Re = 5,000 (b) Case B : dgap =2 mm, L =10 mm, Re = 5,000

Fig. 43 Instantaneous vector map obtained from PIV
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Fig. 45 [CAZ U RET7IZXL DT A B
HJ A D -2y L i i oy A D Z8E (Case
B,D,E) /"7, z=10 mm (Z¥F % CCase
B @O WL REIC & o TR L E o
Wb & AT o7, AX Y RATZIZ L HHHE
DAADETIZE LV ER DN T2, Zh
IFAZ Y RAETWRT VA N HAERORT
vy ariEkoR iz LTEL ®)
BN ~OTA BN &S F D 2 L2z
HEBEZHND,

Fig. 46 I A ) L REIC L DT A b
T AR OO X i 4 AR O 284k (Case
B, F) #/~9, Fig. 45 & [EEEIC z=10 mm
\Z8B1F 5 Case B OHLLHIZ L » T
HLOD P O BER ST 24TV, & BIAZHULE
OB OFENEFIR D7D VA S VA
Bok%E 07, Re=5,000 & 10,000 ®
MO FLFEROEBE DT A X v RE 7 &
FRRIZIZE L E R BN o T,

INDDFRENS BRI AZ o RE 7
RV A IV REITHAR T, BN O T
DA I ARG O LRI K & T A
FoTWwaeExbh5, EEIHL 725
&L RBIREN OBEmBEEAEIML, 7 v
Z b A AR P LREITE AT D, £ D
FER L LT, AL LIRS R Z PR 5
T2 DT VA S H AN OB & AN
LHrEZOND, £ T, KETIET VA
I 7 A WS D HRL i > > B i R R 2K &
GOTENHEE R . FHEE1T 5,

6.4 E%2

Inlet Outlet
~ 12 ;
E == dgap=1 mm(CaseA}:

S 1 _-_dgap:2mm(CaseB};
1] doap = 4 Case C)
1 os gap = # mm(Case C)
\1) == Free
£ 06
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S
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~
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Fig. 44  Normalized mean center velocity of the gas

flow for different kerf width (Case A, B, C)

Inlet Outlet
1.2 ; .

=+ L = 2 mm(Case D)-

1 & —=— L= 5mm(CaseE);
0.8 \\ L = 10 mm(Case B)S
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0 i i
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U, —AU)/U,(L =10mm,z = 10mm)

Fig. 45 Normalized mean center velocity of the gas
flow for different stand-off distance (Case B, D, E)

E Inlet Outlet
E 1.2 4 i i
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F 1 —— Re= 5000(Case B)}
N —a— Re= 10000(Caseli)§
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Fig. 46 Normalized mean center velocity of the gas
flow for different Reynolds number (Case B, F)

BRI N O = 3L — Kk & U CHRER BB KR 2 B 0E/HHAEZ RO, EIBRK AP X

AP = AP, +AP,,, + AP,

out !
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é’m IDLJII'] ,
2
APwaII = gwall %
Out é/out pLJOUt '

EREIND, 22T p UTENETNHERMRE BE NARBELR L TWD, AT in, wall,
wt@%h%hﬂm%\%ﬁ@%\mmﬂ%ﬁbfwéoﬁwéntﬁum@ﬁBAD%%&U
A OWEZ ST LTc, HWE Uyan 1ZKDJEREE PLOT VA NI AGTGEENS BES 5
TP EN R DT,
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7.2.2 YEET IV
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a—RCTEINEBRA LTS, CSF £F A TIIERBNE2TNZEES(¢) % ATk D
e

Fi: = —ord(d)V ¢

Z T, T v # B IHeaviside BIEH (¢) OO HELNDRAE W5,

EXROEUT v & B R IER T W Oy

f f@)de = 1,

72T K D ITERR S ASRITRIE A 2 O Z 2@ < 1) 2 BAEFHE TRV S & ITIRFE I
A D DI HN TN D,
(c) [EAFBIE

L —FYIWnERE OBAEFFE CIL BERSR L 7 VA R T AEMAR I L L OWIR L O EAE
MZTRY 5 BN B D SR 2 B 5 HIEICITERE O 0 72 E 0 L H 1T
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Fig. 51 Numerical analysis conditions
using the SPLICE code
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Fig. 52 Temperature and isosurface distributions
during laser cutting simulations
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SPLICE =t— RI\Z & % BB fRATHE 1(1)8 o ' ' SPLICE Code Simulation
N . S ful Cl O]
FlZonWTiE, ==L~y R 90 Experiments ucc::e;IsqulecE'i X
BEBEDSNO ST A—2 % LR E 38 '
£ ]
Case'A TOEICEEL TV D, FE = g0t
%]
AR OB E 0 Sy sw@y,. g 50 OO BROROX
L 40 ¢
SPLICE =— FIC X 5% (@) F o3t 1000 R R
WL, L= —INL~ > NEBEhEE D 20 ¢ Successful Cutting Region '
BABIIE & o A& T3 2 B b e % 10 ¢ Estimated by the SPLICE Code
K 0 , : ! : ; :
BENBACHER L TWS, 0 50 100 150 200 250 300 350
PLEDRERIE, L — P — IR Head Sweep [ mm / min |
- B 38 > 0S5 1 g TR Fig. 53 Comparison of the laser cutting performance
(LB GADRTA=SHON for head sweep speed
F45H7 % SPLICE =2— RiZ X Af# between calculations and experiments

P RAZEE SN TAT 5 T L3 TE AU BIBTRI RIS Uil e L— 3 — RIS RAEITR D 53
FA—=FYy P EENRRILA R > TIRRTE 2 2 &2 L T D,

7.5 o

L —F— RS S22 & O USRS . BRI FIEZ B CTE 2 X917 572, "R—
R —[E #E— FEEMPERSPEIR AT = — N SPLICE OBH¥ % #w7-, *7-, SPLICE =— K& ]
WT L—H =T~y NBEEZ ST A —& & UTEEMRIT 2170 ERD D5 5 TV 5
., bbb, ZOBEEE O L > TR T2 L —3 —EIlrERE 2 B RAHICHEBL L7,

PLEOFERIZ, L — S — Ui e & AE 2 15 & W B BLS O E \HY 72 RS0 L — ¥ — IS e e
EOMYMEIEZEIC SPLICE 22— FAFATEHZ L& /RLTWD, BT, @EE 1%
EITOBE LB B\ EBIBR A RO SRy - ZHLERE L THEBST b7 7 VI
95 L —P—MR LM ORFHZ SPLICE 22— RAFHTE ZA[EEME L RIB LTV D, 2Dz
¥, BEIRHEE R
YT LT

B HH5AT :
:‘} = 7 73 N n:ﬁa m x v wwmm:'ﬁw K |
L () x ¥ TYRHH: T ON [v|
l?lmil:rl/sz] X v nm:xnﬂ’ % :
SPLICE = — R e e an e % |
'/_._\‘ % Qy *IJ )EH T I S () ::-’] ﬂ I
&R o ey |
EH LTS oy <:>SPLICE |
R TRTRE [ % :
REWHKBHOYIRT TR 150 Voo v [v]
7%_ b’b N Fj’ﬁ% E{j ((DR=X [ n::;f [y |
U—Y—RiRoAE m]
s e e e |
IR N (m) X
. 75 RMIRIR i ( w2 ) ® 6 ) |
7 A R (Flg :::E’:l:[jl‘] f anft w7 ) |
A82FATIm ( GUEED ) ) |
54) o ®x=m - oL
Y HFHIEIC S 2 Fig. 54 A graphic user interface for the SPLICE code

744,



JAEA-Research 2013-024

8. i

o

AFEFETIE, L—VF =W TIEOREE B L, BESE R IIEFOBENT 7Y - JFN
MY OB LI LB BRI 2T 5 L 2 B LR RET D & & bic, 2
MITHES N2 2012 4FEE CERR 24 4R ORFZERRIC OV CRidki L7z,

WFFEFHE O E Tid, B LIS B A BRI Y . Bed&MOIC A — I L 0 T 2 Bt Uikes

DOFEER - EICEERIRA SN D 2 & 2 QIS B L AT 2O ZRAARS L — 3 — U 72
EERHBN—AL LTENT IO L L,

2012 FEEOWFFEIEE) & RIL, UTOEY Th D,

(1) FEBREREE D H A

BETED 10 (6+4) kW 7 7 A N—L—HF =L 2T MK L. 2 Dl — 5 A A v FHIEA

L. FlEMEZ ) ESW7e, £, BB 7 22 BN LIS ORI EM 2 Sloxk+ 2

ERERERE 2 E R T A8 E Y, xyz 3 WinRy b RT AZEG - BEL, B

2. T VA N A GREFE OB UL A2 E BRI ESWTITR D L DI T 5720, kit
g HERE PIV) VAT AZEANLT,

(2) EME BT D L — Y — B RE O FEATh

AR E R 2 L—F — IR 2 E Bk T 2720, SERBRIKICxT 5 L
%%%%%I*wﬁa%&@%%é@%%ﬁ%ﬂﬁbtﬁﬁ\Eﬁ@ﬁﬁ@%@ﬁﬁ%
WEBOIREEFHINC X DBEEB ORI 21T o 72, EREEO L —F —8IFic iV Tk
GG B EIR~DBYEN, I —7 7 a s b~D L —H — WS 2L ¥ — D ABG) R
B E G X5 EPRBRENT, BMEBEMZ DBLEND, T VA TR K DR
EEOPEEEZ D D Z LA, SIS OERIE L TL—F— & L —H—
DAL — T W Z filb 95 Z DN UIEiERE DM EICBWTEETH L Z L0300
7o AtRIE. BIWE OBYREME DO R — I N5 2 HUIWiMERE~ DB A RF L T
SERDDLEZZBND,

B) 'Z I v 7 ATHKT D L —V — e RE ORI
SWEEICL VT I v 7L LIBRET 7 VIS 5 L — Y — e RE 2 E BT 5
7o HEMERRE(E ), B BMAEER), AR AR L7 Iy 7 XLy b
AW CTIEEFEN O 21T 72 o 72, 7OV ABREHNZ X 0 SISk 2 568 & . @A
BVEREIC X0 RTICEREREOR 256808 H Y | lE OB MAGhbE 5 2 & T, %
R A X [BUUCHIEICE Lo K& SICHIBIHSR 2 /TREME & 5 2 & A fER LTz,

745,



JAEA-Research 2013-024

(4) PIV 2 AT LT X BT ¥ A b 7T AW O F A
L —F—UIEiEE 7 & T VA b AR E R R E TR E R T D70,
PIV % W CIETB R ORI 21T o 72, BIWHEIE OHLIRIC K - CTT7 v A h A AR OES)
EITHEE MRz LT < 72 2 FTREMEDS /RIE S 4L, BIRT G 0 R — TN L~ R
DOIEE), I LD ENEE L REEWED L — N7 OBRE EE L, RAleE %
N L P 2 T2 DITHRRITIE U CUIM &2 i O 2 BN H 5 Z & 2 iR Lz,

(5) SPLICE = — RiZ kDL —HF—blfiv Ialb— g
L — Y —BRES Sof70 & OO /E R 2 BT 2 G2 M 2 2 & THRIITAT
AHEINTT D70, K- —E H— FEEMIEREIER ST = — & SPLICE o BA¥E 4 it
Wiz, £7z, SPLICE 22— FZ AW T L —H—M T~y RBEHEEZ T 2 —& L LT
BT 24TV EROELNTW DA, $72bb, ZOBEMHEDOHEIMI K> TEKT
T5 L — VP IR A R RAFICHEBTE 2 2 L 2R LT,

746,



JAEA-Research 2013-024

235 30k

[% 2 %]

(1) The Cleanup of Three Mile Island Unit-2, A technical History 1979 to 1990, EPRI
NP-6931 (1990).

(2) TMI-2 Core Bore Acquisition Summary Report, EGG-TMI-7385 Rev. 1 (1987).

(3) Examination of Relocated Fuel Debris Adjacent to the Lower head of the TMI-2 Reactor
Vessel, NUREG/CR-6195 (1994).

(4) Summary of TMI-2 Core Sample Examinations, Nucl. Eng. and Design, Vol. 118, pp.
451-461 (1990).

(%5 3 %]

(1) A7) SEERRATBBUNT - RO E ) P R RS E®. FORE ) () mEH RT3 E
Tl ~4 5HoEEBEE CMTEhESr— vy~

(2) bRz, FeBp—8k, SRR, ANIIAIFE, FEARSEER, INBEYE, RS ~0 L —3t)
Wr L it A 7o AR R ()R FAR R IR~ L — YUl I o0 F 1M e a8k, H AR
T2 20114k D K& T Ratk, D29(2011).

B MT7y 7=, CEVAT—h, Jar~u X PIVOEBLIGH, a7V b—-7
=7 7 Z—7 (2000).

[ 4 %]

(1) EB—ik, & T, BRIEA, FAREZ, NITE, AT, NEETE, GRS, HH
PRI, B IPREE R~ L — U AT 2 ) 7o ZEBR g (1) b— Y BT i 22 B 5%
OAEEE, BAFRT /%S 201 14E 0 K& TRE, D27(2011).

(2) /NIINFE, RIREER, TR, FIAERE, FEARSR, JRFAFREER ~0 L — G
T 72 ZEBR % (2) L— VOISR 2 7 v A N ADFERFEREM, B AR 1%
2 201 14EFKD K& THifE, D28(2011).

(3) At fRE, By —ik, AR, AT, FARIESR, INEMEIE, RS ~o0 L —34)
T A L T 7 AR ZEBR R ()R TR A~ L —V Ul B oo 3 FAMERERR AR BR, B AR
T 545 201 V4ERKD K4 TRE4E, D29(2011).

(4) BFIEN, B —ik, Phz—, B, EEERE, F PSS~ v —3 Ok H
(TN 72 ZERR 8 () L — POt 20 CAZEERER, AARFE /%S 2011458
DRE TR, D30(2011).

(5) ARG, RIREER, /NI, Fifhe, EEF—ik, —3 —OErEromErizmis 7z
WF7eBEsE (1)L —F—Ullkr > =& 2 O3 & P50 2 0GE, A AR %5 2012/F K D4F
2T HatE, K46(2012).

747,



JAEA-Research 2013-024

(6) TR, IR, BRIEA, ik, L— —GIWrER oMb i 72 i 7e R 5
(2)E A EIT L 0 1 72 L — — W S Bl (iR R, A AR %S 2012688 0F T
Fatk, K47(2012).

(1) IR, FARZ, NI RIS, 85—k, FRER, L—V —BIEifomEicmis 7z
WFFEBR%E (IEMAMATIZ L D L — W —UIriei a8 JE X B O BLSGRIVEEM, H AR 1)
T 2012 FEOF S TR, K48(2012).

[ 5 %]
(1) mtE7 MEHsER, http//www.kyocera.co.jp/prdct/fe/product/pdf/material.pdf.
(2) D. R. Loessler, The Industrial Annual Handbook, 1986 Edition, Penn Well Book, pp.16-30
(1983).
(3) S. Katayama, Laser welding of aluminum alloys, J. Jpn. Inst. Light Met., Vol.62,
pp.75-83 (2012).

[% 6 %]

(1) C. Wandera, A. Salminen and V. Kujanpaa, Inert gas cutting of thick-section stainless
steel and medium-section aluminum using a high power fiber laser, J. Laser Appl., Vol.
21, No. 3, pp. 154-161 (2009).

(2) 0.B. Kovalev, PV. Yudin and A.V. Zaitsev, Modeling of flow separation of assist gas as
applied to laser cutting of thick sheet metal, Appl. Math. Model., Vol. 33, pp. 3730-3745
(2009).

(3) PRz, Pl —uk, JEHLAE, ANIIIFE, HARSER, NBREER, FFFIE ~0 L —13Y]
W B AT L T SRR S Q)R TR R~ L — Gl IR o0 F 1 e R iR, AR
T2 2011 AEFK O R TRatE, D29(2011).

(% 7 %]

(1) T. Muramatsu, Thermohydraulic aspects in laser welding and cutting processes, Proc.
The 31th International Congress on Applications of Lasers & Electro-Optics
(ICALEO-31), No. 1904, pp. 661-669 (2012).

(2) C. W. Hirt and B. D. Nichols, Volume of fluid (VOF) methods for the dynamics of free
boundaries, J. Comp. Phys., Vol. 39, pp. 201-225 (1981).

(3) M. Sussman and E. G. Puckett, A coupled level set and volume-of-fluid method for
computing 3D and axisymmetric incompressible two-phase flows, J. Comp. Phys., Vol.
162, pp. 301-337 (2000).

(4) K. Yokoi, Efficient implemetation of THINC scheme: A simple and practical smoothed
VOF algorithm, J. Comp. Phys., Vol. 226, pp. 1985-2002 (2007).

748,



JAEA-Research 2013-024

(5) J. U. Brackbill, D. B. Kothe and C. Zemach, A continuum method for modeling surface
tension, J. Comp. Phys., Vol. 100, pp. 335-354 (1992).

(6) J. Kim, D. Kim and H. Choi, An Immersed-boundary finite-volume method for
simulations of flow in complex geometries, J. Comp. Phys., Vol. 171, pp. 132-150 (2001).

(7) E. N. Sobol, Phase transformations and ablation in laser-treated solids, A
Wiley-interscience publication (1995).

(8) K MM, =2 & 2 — Z RN - BEEMFAT AT, i 7 02 2~ D)5 H, LRt (1985).

(99 J. Kim and P. Moin, Application of a fractional step method to incompressible
Navier-Stokes equations, J. Comp. Phys., Vol. 59, pp. 308-323 (1985).

(10) G. Jiang and D. Peng, Weighted ENO scheme for Hamilton-Jacobi equations, SIAM. J.
Sci. Comp., Volo. 21, Issue 6, pp. 2126-2143 (2000).

(11) S. Gottlieb and C. Shu, Total valiation diminishing Runge-Kutta schemes, Math. Comp.,
Vol. 67, No. 221, pp. 73-85 (1998).

(12) K. Sugihara, Y. Nakamura, T. Ogawa and T. Muramatsu, Numerical simulation of

thermohydraulic characteristics of dross ejection process in laser steel cutting, Proc.

ICONE-20-POWER2012-54185 (2012).

749,



This is a blank page.




[EBREEALR (ST)

1. ST AT # 2. JEAHIA VTR S 5 ST i i 5. SIEHE
g | SR TR e — Tk | bR | ave | Rk | B | an
i T 7 WEHA T e L ] I I A

& S|A— h A m [E3 A{SziE A — v m® 10% | ¥ sz 102 | » F| ¢
= Blenrsa WX, EA— bER m/s 108 |= 7 ¥ E 10% |2 y
= i ER=4 kg i Y | % — bR e O15 - 0_6 m
53 fifl ® s i st A — b1 m 107 |~ Z P 10° |v A7 m n
[ W7 X7 A #FE, OB BE|%n /7 AElA— L | kg/m® 10" |7 7l T 107 [ | n
BOFRE v E U] K woOR % E|xesIamThA— b | kg/m? 10° |¥ H G 1012 (v al p
B e M mol 4z, [ZS | A— bR R 2T A | mbkg 10¢ [# M 10 [7 =& b f
. wly v = 5 E W B ETSTEBES ARV | Am? 3 -18
N BOR 0 B |7osTEA— b Alm LU I I L A
ﬁ?l:%)%‘“), | ST A — kL @’ 10 ~ 7 k h 10 £ 7 k z
TR EFosIamsiEA— L | kg/m® 10" |7 B da | 10* (5 7 M ¥y
i PE( 2T T A— RV | ed/m?
T O (o) 1 1
e % B Of GrrEeo) 1 1

. ST

TR S 2RV, STE R S 2 HAT
(a) HLRFE (amount concentration) (XERARALS: D5 B TIIMELIREE e SI Bz L A1
(substance concentration) & & LiE 5.,

K6
i
B e B VNITE 1 & bORTH S, 20T & 93 min |1 min=60s
IS
H
BE
5

RS TH BT 1 ILEE TR LV, h 1h =60 min=3600 s
d |1 d=24 h=86 400 s
°  [1°=(0/180) rad

3. DL TR AT H R T
* [Ef D4R LGB T S5 ST HAL  |1°=(1/60)°=(/10800) rad

ST AT FRAL
LiRVATS S s fhDSTHALIC & 5 | STEAHALIC X 5 » 7 [17=(1/60)=(n/648000) rad
zLF KL ~J B—) ha |lha=1hm?*=10*m?
¥ H i el L i Uy b | L 1 [1L=11=1dm®=10%em*=10%m?
Sr 7S fi| 27507 O &© 1® m”m? % t |1t=10° K
J b3 Bl (@ Hz st £
7 —a—FhFv N m kg s?
Eh , [ Vil A% Pa N/m? m’kgs?
TR LX = T, BRIV J Nm m2kg s 7. SITBS AV A, SLEHH SN BB T, SIEALT
R, T %, Hatdluo b W Jis Py ﬁéﬂé?ﬁ(ﬂﬁﬁ%ﬁﬂ"ﬂlﬁ%ﬂé 12}
E O, ® & #lr—mr c A A L5 SI BN TFR S D5
B (BE) , &€& AR v WIA m?kg s? A’ B F A L b eV [1eV=1.602 176 53(14)x107°J
[ o " 777K F Ccv m?kg’s'A® # A b | Da |1Da=1.660 538 86(28)x10 kg
[ = #® Hi| A — 2 Q VIA m’kg s?A? MR EREA u  |1u=1Da
a y Z g v AU RAUR S ANV m?kg’s®A? K X B 7 ua [1ua=1.495 978 706 91(6)x10''m
T w®|w=—x Wb Vs m’kg s2A?
73 xR 7 E|7 A7 T Wh/m? kg s?A”
PO AR S R H Wh/A m’kg s? A
o vy 2 R OEleryyrES C K #£8. SHTEE VA, ST&HFH S % % Do Hifr
Pin Ek Jb— A Im cd sr(”) cd £k Cibeas SI Hifr TH Sh D5l
fz%‘f PUREI [);; iz i/» . 11;; 1m/m? ?1'2 cd N - /M bar | 1bar=0.1MPa=100kPa=10°Pa
WIRER Hor oL Eh i | - ARFER U 2 — b/ {mmHg 1mmHg=133.322Pa
e |ZvA Gy Jikg m’s? v 72 bu—n A |1A=0.1nm=100pm=10""m
MM R OB, | s i H M |1M=1852m
TS RO O S R Sv g e s = Y b [1b=100fm’=(10"cm)2=10%m?
i3 # I P & — kat s mol J v M kn |1kn=(1852/3600)m/s
<a>:sllfiﬁigﬁﬂ2?fﬁ:aaa#—fmwuﬁmmammmrMfmm B. Uin UESHGE A4 LIs 0T b 1350 7 - 7| Np STME & MLl A BRI
OV ST & 2T 5 T D 1155 W OB BT, Bz CORHE S 2 5 T izt 5, =~ . h SR D EFACKAT
FPRICIE, BT B RICIEE Brad R Cse 0 b A A, BIRL L CHLLEL L LTORETHHHFO 110 7 v~ /M dB

RENIE,

@ADL TIEAT T OT v LI AFE LB sr 2 HLOE L OFIC, TOEEHERFL TN D,
@~V FEBRIC OV TOR, N7 LW OREABBRIC SOV TOREH ST D,
@AY RERTVE L DERARATHT, AT RAREZRTEDIERSNS, BAVTRELILELD 9. [HADLHE HDOCGSHLEAL
BIOKE SFRA—Chs, Lidio>T, MEACREREE R THKINL LS bORM TR L TR LTH D, = e T ey
OREHERERE D HURTE (activity referred to a radionuclide) 1%, LiE LIEi& - 723 T radioactivity” & it S5, A - s SI ?T%Ti%éﬂ‘éi&ﬂﬁ
(¥ —~L b (PV,2002,70,205) 12U THECIPMAENE2 (C1-2002) % 5, = Ud 7| erg (1erg=10"J
4 F | dyn |1 dyn=10°N
,,,,, e R : ] §
F4. BMOPICEAOL L A zﬁgﬁﬁjﬂumw AR 7 Al P [1P=1dynscm?=0.1Pa s
JREL N DA 9 - ~ B
ST Ty A — 7 R = 2 1 104m2 o]
[liRAT At . ST EABNLIC L 5 I ] St |1 St =1lcm’ 5-2 10 4m 5_2
7 AL %% A v v 7| sb [1sb=lcdecm®=10%d m
BE| SR A VD Pas mtkgs? 7 *+ M ph |1 ph=lcd srem™ 10%x
— A ¥ HK=az—brrA—}1 Nm m?kg s? A M Gal |1 Gal=1lcm s?=10%ms?
G H==a—brmA—br  [N/m kgs® ~ 7 A U =z 4 Mx |1Mx=1Gem*=10"Wb
# K7 T ER rad/s mm’s’=s? v 7 Al G [1G=1Mx em?=10"T
ﬁ‘ L“I FIT ‘/’ﬂ?fﬂ‘ﬁ@ rad/s’ mm’s?=s? A A7 v R )| Oe [10e2 (10%4m)A m?
=, B a R EY s M by e e (c) FOCCSHLFR & SICIHEHELTE Rz, %45 |
. 9 ) 3RO HL R & SITIRIE I TE 2, 5 [ 2 |
Ty bm ey JIK m’kg s 2K = N
FAISERE R T O TH S,
v br E—|va—rmrarsagrrey |JikgK)  [m2s?K! ’ J .
x v ¥ |va—afmEurssa |Jkg m?s?
# 15 L oy A= brmrrey [WimK)  |mkes?K? #10. SICJE S 72\ 2 DD BT O P
B = % v F —|Va—UEihA— L |Jm? m™ kg 2 GaLi R SI WL T S h 5 %
R 0 R &R MEA— R Vim mkgs?A" ¥ = U | Ci [1Ci=3.7x10"Bq
5 Ao % B —w g3 A— bV [C/m?® m? sA v ¥ b 7 Y| R [1R=258x10"Clkg
ES i) E-'é |7 —a mESA— RV |C/m? m?sA 7 K| rad |1 rad=1cGy=107Gy
EREE, BERE {:i 7 —na g A— RV |C/m? m'zsA‘ s i 4| rem |1 rem=1 ¢Sv=102Sv
G i #7757 REA— L Skg .
2 2 aiieecin  |mm s I I e v
’; 5 e o N g I/F; ) b $/m1 mkgs A" A 17 =/ 3=1 fm=10-15m
T S —|Ya—
! T A S Al |¥me el A—RALFRHT v b 1A—NLHAT v b =200 mg = 2x10-4kg
EALY h B, BAARR Y 2 —AHEAES L E Y [J/(mol K) |mPkg s2K ! mol!
e ., o : > V| Torr [1 Torr = (101 325/760) Pa
AR (XBREDy ) |[7—rrEdns T A Clkg kg sA o P
AR S U R PSP Gyls m2e % K & JE| atm |1 atm =101 325 Pa
i 5 i ElUy MEATIUT v W/sr m*m?kg s’=m’kg s P Y | eap [leal=41858) (M15C1HmY T) , 4.1868J
Tt o) o JE|7 s M A= A7 7272 (Wim® sr) |m® m® kg sP=kg s (T2 Y —) 4.184F (FBLEI =Y —)
B OdE M @ g Am S A— b katim®  [m® s mol S 7 v v o [1p=1ym=10"m

(538, 20064FET)



ZOFRIMEBEREFRALTOET





