|||I|||I|||||||I||||I|I|II|||||||I|I|||||||||||I||||II|
JAERI-Tech JPotsossr - SRR

2001-076

ZHFTHEELYEZZZS R ESERAD
mEFEICEY R

— 52V I ARVERZSABZRAVIEE -

(E778H3)

Wi BRSE - NI TERC - BDR - SmOW

BERERFHDHRAFMM
Japan Atomic Energy Research Institute




ALR— M3, HABFNFRFLBAERLOH L TOLFEREFTT,

AFoOMA& DL, ARSFOFRNFEERIFEFRR (T319—-1195 KBS AFT
BMA) HT, BBLEBLIEEY, Ak, ZTOERMIMBENHTESLESER L
Z— (FT319—1195 KYRRACEIBERBTHEAT H AR HIRFEHAN) CTHEIL LD ERRM LB
IhaoTBYET,

This report is issued irregularly.
Inquiries about availability of the reports should be addressed to Research

Information Division, Department of Intellectual Resources, Japan Atomic Energy
Research Institute, Tokai-mura, Naka-gun, Ibaraki-ken T319—1195, Japan.

©Japan Atomic Energy Research Institute, 2001
WREHRIIT OXEFOWHEER




JAERI-Tech 2001-076

LIRICHE M E 2 A B S B EAERROEEREICET 2R
— tIIv I ARVEEEAGZRWZEE —
(18 1B 7E)

B A B T BF SR A VBRI R R F DTS 2
M4 GRS -NME VIR ET ¥ ZE B

(20014 10A12H%H

ERCEROLIECHEEYE 2SR Y, EYREEREM EXEBRABEREITLD,
BC R ORELH 2YRRICRNT 2 ZENTES, ZREMVD &, WA AFITHERS
NEAFIAROREUEZED DI ENTELOHRST, —RERIBVTH, —EiREDOKE

SHAKICRESI v I AELTINAZT (0, [AER4.3%). &RELT=y )L -7
A (92, 6%) RU=w L (95. 3% #AW, ZRSII/NVIFUBREARITLEOEREZRIE
L. BEEEHEREOBERI 2T 2 &LICk 0. HAEMMAOEMN - RNREESZHN
. FORR., TIIvIAEHVWE SERERIIH LT, 2BZILEEHNWEEHGERKT,
NERRE O —HAE WD & BEBHASRECREINS RSNz, ZOHBAE, €
BEIEE AW ESEREE, SARNEFITHEVICLNND S THYMEERSE 72D C
L BWEAROEDICEROMEINEEERTES LD THD LR TE S, BEMITHA
HERGE - HBMAL —R Lz, I5CHEE ET5E0IE. [ALROBNEEERKEOY
VeGSR DS EE R b, B LB O - BESEOEHZEENLETH D, BJLROHE
1. BRAWHROEERTHIBREND D I ENREINTZ,

THEMBE. LTI v ASIKLD b, 2ESIKE WA INEERIICH WS BRER
BELTANTHDIENHLN IR .

AREBITERELOHNIARORRTHS.
KYETRFEAT  T311-1394 FKURIR AT K IRAR A Ve HT pik FHET #3607
FTRERFETHER



JAERI-Tech 2001-076

Study on Thermal Characteristics of Composite Heat Storage Units Made by Impregnation of Phase
Change Material into Porous Materials — For Cases of Porous Ceramics and Porous Metals —
(Cooperative Research)

.

Yasuaki SHIINA , Katsuya KOMAKI*, Gaku TANAKA* and Makoto HISHIDA *

Department of Advanced Nuclear Heat Technology
Oarai Research Establishment
Japan Atomic Energy Research Institute
Oarai-machi, Higashiibaraki-gun, Ibaraki-ken

(Received October 12, 2001)

Temperature changes in heat transfer fluid can be cffectively reduced by a heat storage unit of
phase change material(PCM) when effective thermal conductivity of the unit is\improved by impregnating
PCM into porous materials with high thermal conductivity. This technique can be applied to heat
utilization system connected to High Temperature Gas Cooled Reactors to improve safety and also it can
be applied to many industries such for supplying constant temperature heat source.

Composite heat storage units were made by impregnating palmitic acid into porous ceramics of ZrQ,
(porosity 45.3%) and porous metals of nickel-chrome(92.6%) and nickel(95.3%). Time-dependent and
spatial temperature characteristics of the composite heat storage units were studied by performing
temperature varying experiment and numerical simulation.

Results show that temperatures in the composite units are more uniform and temperature is kept at
melting temperature for longer time during cooling for the composite heat storage units of porous metals
than that of porous ceramics. These come from the reasons that effective thermal conductivity is higher for
metal composite than for ZrO, composite and more amount of PCM is impregnated in the metal composite
than in ZrO, composite

Results of numerical simulation agree relatively well with experiments. In order to improve the
accuracy, precise effective thermal properties of the composites, precise phase change characteristics
during melting and solidification and natural convection analysis for high porosity heat storage unit would
be required.

It can be concluded that metal composite is more effective than ceramic composite for the

temperature reducing heat storage unit.

Keywords: Heat Storage, Phase Change Material, HTGR, Heat Utilization System, Temperature Change,

Porous Material, Ceramics, Porous Metal

This report is the result of cooperative research with Chiba university

*Chiba University
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COBEROEERISASE L TEBAAFORZAATIHFARND 2, SR AFEN
900C DB E . HAY —EVRBRETOEACHBL T RESKRBEFITAAL LD LT
BHLOTH D, BEMFHAROLETOLACHATHHE. FRHRORE—FITLD, B
MRILEE, Eh, RBSOEHNELSIENEALSNS. INOOEHIL, MRERIOED
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h. BETEEIL2RIFRITIELEASNDOT, BETHR2EDERBFAROREEZED,
EMOREIEEEZFOCEINS ORAFHEOESH ZEBILT 2 I EWRAIR LS.

T OEDICBRERBRERAVND L, SHNCANEHZRNTZIENTELOARST,
ETAF QRS LS ORARITIE, RN (ZRIIBATRBETHD) NI L 2R E —ERR
BENBUE S LTS 2 2 EAHHEICAR D, BRI RMEBOREREN LT DI LARMEELD.
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SRR, ERMEBOBREREFALTERTSHNTHS. ERE QL ERMEOHR
M, LEE:C, BAREAIEROERMOREE AT &> TRATRDIND.

Q=M|, . Cpdl (1.1)

TORMNEDbMNB LI, NEVWEEETAKBOREFKT 27201, ERMELTH,
HAROERNAEL, EWRERHETRERHONEZL V.
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UMﬂ%ﬁ&ﬁDﬁﬁfﬁﬁZtﬁf%él&%ﬁ%?écm%mﬁﬁm%ﬁﬁﬁ%étw‘M
KA ERTIEEE-> TLEY, EREELRERCHMIERTZ2ILRTERL. UL, 2
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bhaz®, ERAN, BRAROBELELRD, BRNFOLOREIERWV, £, BOH%S /N
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DIGBHSHENBENWZ EFOMBRNH D, Xz, BRI EMBFOBEOENNEUS L, EH -
MADEOR LI DBERMOKBELD DD 5.
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WWEODEBENTONDS., —H., REBERICBWTIE., KIORT XD IZERRICEMNHH L.
RREN S OBOBENEROREBED A>T, BRAMTEEMETE 2MERE (BUrEd
B) OBSD D1 OBZERITRD. T, EHREEITEYE, BEELRNIEFEICES, i, &l
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BT, MEERIFEFITNS RS, BREROFEADO DT, BEMREDM b 4512
BB OERMREDR - NRETH D, COMEEMRRT S HEEL T, LAY EHED
TREDIGRT 4 &2 DFDHES, BREZD > WTEMEZRHENIZRET 2 HEENEER
ENTVSA, REMNEFIELTVARN,

COBBEEMPTIHLOWALEELELT, BREEROBWVWEIANELT I v 7 AL KRS EITH
TEWE (BEM) 2RI EERE CIBESERKETY) PENTHLEEZX NS,
Ihid, HEEHEZRACBROBVWEI I v IV APLEBOERBICERIESL I EICLD, &
Sy I AEFREEEZEL TOABH BT LNFMELRD, TOKE, ENBEER
MEL o THEBENN LTS THS. ZOEAERREZANEZEBRER L 257 LOBE
% Figl.2 ITRY.

AHETIE, LEEOERRZRELERINAZMRE L THWS S ICHERERN T —5
EELIEEHNEL, BRFEORBARABRED ZHB L EREEZEEL T, RREOREEZE
LEREEZR, B3I v 7 ARVEREARICHENDEAZ TR IBZEGEREKONITD
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2. ER
2.1 HEMHERUCZILEME ORE

HEHBEIIEREBOWELZZEL, /U F 8 (CHy (CHy) 14C00H ) ZFAL. /NI
F B OME{EZE Table 2.1 IZ/RT.

NIWVIFUEBEEERIEIZAREI I v I ARVEAEKSBIIAFOLR T, [AROK
EIBREZERL, E5Iv 7 AFPNaZT (Z10,) %, ZAKESBREREESEOZ_ vy Iy
T 70LD3FMEEZZEE L. TNETNOYHERTKILEE Table 2.1 1TRT. TI T, =
/’f)l/ JOLSARBZy TSI EIODLOEMERWTEES R, &k NzdbO TR AW

, BEftOBETERICRFEEND 2D, —BAEG&ILZvEEZEZE L T2y 0L0mit
{ﬁ%f#ﬁ't%it"c%é. HL, ﬁEPOD,_ﬁDAODﬁJZﬁttJ:, Ao - 7 O0LDRS IR R
5%, Zu) s 70LNE@ILLESEOEBOMBERIAHATHS. £k, ZHAKEIR
% Fig.2.1 WRT. ZAKIEMITRT XD TP EARHIRTHS. FAKRSAKRES I v 7 ARN
ZHREEOKIKR VBV OTHRIIUTOEBDTHS.

DIAZT FHBITET. [ABRKEKI o ERbhs.

Zwlb - Z0h  [ALERELS 1~2mm, B K IELN 0. 8o,

—wi )b [ILERR 0. 2~0. 5mm, B AKX EL 0. 2mm.

Table 2.1 REEAEIOYEMED

BnEgE BE fadt ] SAE Ba BB
(W/mK) (kg/m*) (J/gK) (%) c)y U/
INLEFUBR 0.165 (70°C) 852.7 1.80 (20°C) —_ 58~62 187
2.73 (65°C)
oNaz=7y 2 6000 0.5 453 _ —
—wir)L 121 8945 0.329 95.3 —_ —
=whL-o0L

(70%Ni—-30%Cr) 123 8424 0.324 926 — —

=401 (90%Ni- 10%Cr) 17.4 8670 0.444
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SFUBIOIOET.

2.3 HEMYHEOETEROME

PIWIFUENRPINAZTIIAPICEDERERET AN ERRD 2D, NIV F NG
FIZEBEL TWAEIE 2R THREAROREETZ L EHIZ, PhamTaARCHRIEESE
LHEHOREAEORNEIToR. KERFWE, PVAZTRIEBLESNIVIFUBEOEE V,
EVNAZTORABEV, EORATHSHbINS.

~

P
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Fig2 1 KRTHDLVESL, ¥129%TH5. THCHBMLEZ/IVIFUEZEEIES. 20k
TORERFEFHIJIREZEX, EORERERNELTEINZRANZ. BRE Fig23 IRT.
COMREDFHERTHOWEDIN IV EXRERTHWAS DN IZTORKZIEZEEL, &%
BRTHWSDZIIAZTIR/NIIV I F BRI 100C T 4 FFEL EIETA SENE 5K ERNE
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2.4 HBREE

Fig.2.4 WEREBOHMBNZ/RT. HREEIZ)ESE, QRIEL, Q)REX, 4)HERHM
572%. UTIKHRHOMELTLRT 5.

(1) &a=Ek
REERIIANAE 8lmm b . HEE 60mm D > I F)) 600 WARR T, FHIZHE 29.5mm ¢ DR

ME e S BRI E 72> TWa, RROMERE, WRIRZEREZ->THY, BHEATHEMSE

—IMBEINTWVS. Tz, FROEO BRI > OARNVENEEICEEIN, BEERT

WED MO TEHLSEBLKERVVAD I ENTELREER->TWS. Zhid, E—%%Y)

ST EEITHRMERIZELIEZRL THEONMNIBAITH2DDBDTHS. BeazO/MIBEHITES

30mm OWEM THENTWVS,

(2) BAIRER
MR LAEELS I, FROGFERICTASE—FMFATNTNS. BOFFonTnwasE—

Zix, £33 v/ e—F@EIAT 300w, HEFEMAEE 1100C)TH5. E—FIODANEER

PID MF U NIERAGFHZNLTANINS. QTR LZELDIZ, E—F D EERIZ/SA

TEMT, FOERICRST (MHZERE 601/ min)Z#EkL, ERERTLETE—FORAELT

ZABHEDICLE. RTHe—yREEk, HEEEZNL TEBENANTEINS.

(3) B&Ex
MERHIIL S — 2% 1.0mm O K MAB 2N, BEXHIMGEAENE (24), HEfEN

BE (24), 752V88 (14), =% —8 (14), BRKNI (474) KO MFRENEZ

fTo7=. Fig2.4 \CHBMIOMNIMEZRT.
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GP-IBA ¥ —T7x—ARVOF—70H—2NALT, NXVIALIWMORAALE. MDRAAET
—F T IERHWTHERLZ.

2.5 EBRAHE
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3. HfasEir

3.1 ABHEN

AT IvI ZARVESEBEAKRRLEMAFEFKRTHZOT, MFEBRECKDRITEZT
oS, BUASHERIUTOREDO T r» 7.
(1) BOBNEI—RKIT AR &L, ETFAROBRBILELTS.
@) NIWVIF U8, SAEROKRBBRECLST —ELT 5. T35, HEYEOEEIL,
WA - BHICEDST —EET 5.
(3) ROBBHRIBEEOZIZL > THDON, FRERECTORNET S,
@) VI FUBOBMEERIIHMN, FRTELWELE.
BEstEICH WA R EZUTIIRTY.

d 14 oT
—a;(ph)=;a—r(rk;) 3.1)

GORBHEBLOBREEET HENS, LOINE R EAVEREBE>TNRS. XHDp, A
EZHEEET. GHRCEFRITIREBUTOLOIZEIENS.

R
p=JfiPs + fsPs (3.2)
I IE
h=C,T +ggel (3.3)
C,=8Cpy +gsl_(1—sx'psk +Cpsl-| 34
A= Sihe + Sl g + e ] (35)
LB
L= fiLps/p (3.6)

ERTeHEMMEDS bHMOEE (WHAE), c,: L#, ¢ HECHHAOCOEREIE, 1!
MEMEOKRBES, L, MEMEOBRERT. £, RATE  ZAENK, s (HE
(LHE, k: MELWEOS BEKELR, 1 lEEER, 2879, Le2> T, BHEE TR =1,
BMERTIZe=0Thod. /-, EEERKEKEEY, SAKREKRETHLHARKRE T
hzhy, v, &35,

VitVi=V. fi=V V. [ =Vi/V

W =pVs +pV; gs =PV /W, g =PV /W (3.7

V=V, +V}, e=V, [V
LB, ZITWIRHAERKOERTHS.
S ANEYBET, REERICEL TR EIERFEENMREINTNDDO, APET
HEAEEREOHfEERD D ZECEREZBLTRVWEVWOT, 2N 5 0D BRBFIEZ -
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Z@SHRNER W, TNTNOHIIEICB T 2 EDBRERDEZ Table 3.1 12, £z, (3.2)-(3.6)
REANWTRDE=ZOMOWMME(E % Table 3.2 IZ7RT. Table 3.1 2= v )b - 7o L0YtE &
LT Table2.1 D=7 0 L0 ZHY, 2EHELT () ORITRLZ. £z, Table3.2 ¥
D) KNANIFUBEROBROMEMERWEMEEZRLEZ., GHRTROEBRERIIINS
DR THEDRKZWVWEZRT.

BEMAT S BT A ERROEELIZIZT > ho—)bRY a—AEZAWED, /-, HED
fRETICIE, EAHRZEAL, HECEBRZI VN E—BICHAAALTZ VDY E T ) E—
HERWTRT 2T 720,

3.2 MR BRUSERSH
ISR GRUOERZBHRBUTOED TH 5.

ISR
t=0: T=T,, £=0 (3.8)
RS S s
r=ry: T=T,(t)
r=rp: T =Tg(t) (3.9)

¥i-, EHRMNOBEHE (ER2ICHMBETT LZER) Te=1, BEHH (TRTEBTH ZHEK)
Te=0ThHD.

B FHRIIUTOEBDTHS. MREIHIEERTELSEL (ZTTHS8C~60T & L),
RHARRRAEARF, R TRICEMNEROHEBIYENMRETZ IO IINEHEEZH N LDORDTH
<. BHIZET, =0 KBWTEMR=1 £75. GNREICIINE—IZDWTHELS. T2F)
F—OENMEICELZ EEMMBIHGBT2H0EL T, BHEERDS. ROZEMEOM%E
ANTERBEROYHEZETEL, ROFEATy 7 THLWYHEZHANWS. T2 IERD
ENCORDTBNMRE T OMIZAR->7ZEE, BREOAIR b DE L TEHEE=0 7 5.
R TI, EBREBOABPRMFOELMBE B IVERIMIRAREZBERAFHELTEHEAT
Bt R 21T 7.
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Table 3.1 ZFFMIN S RDZEDBER (B W/mK)

(3.5 Beckermann® Calmidi®”
DN a7 K 1.11 0.203 0.257
DN aAZTHEEERMK 1.17 0.672 0.321
Zw -y aLEA 9.13 (2704 1.31) 0.031 3.313 (Z)0A 0.488)
1K
—wH) - JOLES 9.26 ()04 1.44) 0.191 3.443 ()04 0.618)
BEK
Zo I IVEILE 5.71 0.032 2.31
T NVEEERK 5.84 0.208 2.44
Table 3.2 (3.5)XM 5 RD B BENYMEIE

p(g/cm3) Cp (]/gK)(solid) L(I/g) K,(cmz/s)(solid) Ks(cmz/s)(solid)
oNa=Z7% 3.282 0.5 0 0.00676 0.00676
LIk
SNaAZTH 3.668 0.735 (0.637) 19.7 0.00434 0.00501
BEBIK
R 2| 0.610 0.324 0 0.462 0.462
m WA Z{R"
b 2 ) 1.382 1.668 (1.149) 104.5 | 0.0402(0.00625) | 0.0583(0.0091)
OLERER
12
ZwrIVEi 0.420 0.329 0 0.413 0.413
®
—y T IVEE 1.233 1.912 (1.299) 1233 | 0.0248 0.0365
#HRK
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b MERUER
4.1 FBICLZIEEER

Figs.4.1.1~4.1.6 It —% OMMBAMEE 2 1 FFHT 110CICHEL, Z0o®%, BEZ2ZF0Ex
REELELZORBHBRET, AREONENEERBICETL2ETORELRILERZL TS,
Figd 1.1 BN A7 HEOKREE Figd 1.2 BN AT EAWEAERKROER 2R T. Mk
HERENEATHICONTRAICABEANKOBEED EHL, MAEREN-EMIIRFINS
&, WEOBREZEBESLMIZD, EFEMICAEND, FREEITESEREKDHTINEL. Table
31 E0bhBEDIT. BHAEKIINNIFUENGBLEHBEORDBLEROEMMB LD, B
EOEMBOANEN. TOLDEALEREORERNKE<HEML TREBERMNNIL S
HTH5. Figdl2 KRENDEIICHE LFOBEE TREAROEMLNENS., r=33cm,
40cm T3, 8 60CIZEMANEHENTWS, ZTHIIHERIZE2EHMETH 5, r=2.1cm, 2.7cm
OHE I 60°CHHEIZ BT 2RELMAIHAR TIER N ZDOND D r=2.1cm DHFEIZIEK 70C
12, r=2.7cm OB 5 CIZEMANENS, ZHid, TORICBEVWTHEENELZZ &
WL BEMMATIRRLS, MIREICTEWTHEARTL, BENRBIC LA LI EITEDAE
ClzEEAOSNS, 200 ZHAND &, BENIOBEZE (r=2.1cm & r=4.0cm IZ BT HEEE)
W, NIVIFUBZERIEEANNELRES. 2T, DI TOAOEAITITERIZESR
BRWETDDEDAGEBINI VD, XNV FUENERTEEENREERNRELSRD
EHTH5.

Figs.4.13~4.1.6 13w 7 )L - 7 OLBAKEZ v )b« 7 OLSHKCT/IV I FUBEEE X
B EGERERR Ty T NEBAREZ Yy T NEARIT/INIF OB EERIELEGERKE
AWESEOEEETORERLERT. ZAKOHOGEEICR NI TEAKRERA WSS
EFRBOBEMERLTWS., NIVIFUBEEZERIBLVWESOREELERS L, €ELLK
DHMINAZT OHDFEL O BRE LFFEENEN., ZhiE, a7 HXREEIIKA
BINEWA, Table 3.1 IR T KD ICREERNKRELS, BEENNINVWED, HEEBKOER)
RERERNELBIEDTHDEZEAOND. Zu Tl JOLDEGEREKOBELLE
Fig.4.1.4 IZR 7. RNS 505 & DI r=2.7cm TRHPAKR TIZ/R WA, ZDMO R TIE 60°CHHAIC
BWTHREOEMNEEZINS, TNIEIHELICELDZBDOTHS, TOHK%, =2.1cm T2 80C,
r=2.7cm TRH BCICBVWTHE LA <20, BE—w&l-ok%k. BURICEAL., ©F
IZET S, ZOBEE LRI, 1=40cm T0CEBAS EREOBEANELLEZITALTVNS T
EMNS, ZOPRICEIDAELZEZEZAON D, Figdl6 ITRENDEIIT, ZvTIOEEGER
EKOBEHITIE, WHOBEZRZDNIZTRZy I - 70LDEAED/NERE T EARE
N, 2, v VOBERICTRAILREREVIZEMID ST, BB ERN D) IZT
EORZwr)b - 70LAX0DbERBDTHBHEEZLND, Table 3.1 IZRTZw 7))L - /1
LESEBAROEDACERIZ v T INVHEEERRIDBE B> TWEN, ERIZEZv s
W 7 0LD—ENER L TREERNMET 57280, EMBLERIZy FIIVEEGERAEKD
HFNRELIE->TVWEHDEEZLEND.

Figs. 4.1.7~4.1.9 XHEEHHEKEZ R W= HE OEHINE £ TORBKS R &Mt FAE RO Lk
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ZRY.

Figd17 B¥NIZT7HAMIT/OV I FURESRIEEGERBORBRERT. ZO5HSE,
100435 & 20043 DT r=2.1cm, 1=2.7cm DALE IC BN TERM LA REITTOAET TV ST,
ZALA OB TIIERME S BEMIIEENRL —BLTWS, ZOHEITE, ZEMBHITHERO
FHONEEDERMEIZAZ V. Figdl8 Bov )l - 7OLDEAERKOMRTSHS. R=2.1cm
KX 1=2.7cm 2B B 60°CH 5 0CHMD—FKIER VB2, TOHEITIE, MAOMESD
MEEBATHOTHNRELS > TVHONERIND, ZORKEL T, RN H 2R
BETHELSDZER., ENMMEEROUESOMBBEASND., TIT, Zy b J0LD
B EEH - LT Table 2.1 KR L2 R WTIT o R BAMAMHTFERZ Fig4.244 RS, LML,
SZER AL < 2o THEREITETFET T 5% Figd.1.8 OMAER EREDEVIH SN,
ZNH 5. Figdl8 KRINZFA-HELT, HAEACNBOARMROFIEEEET LR
Nepd, =)l 7OLOHEIIE, 2.1 HICHR L 2 & D ICEILERDZEROTIENK 1~2mm
ThDHIED. RBEHILNEWEZEASN, MAFTRICH > TER L, BRFNMEHE TTRT S
HAMRNEET 5 EZZA6N5., JHUTKD, MBAEKLVEHD r=2.1, 2.7mm OLEICHWNT
HEAGROBENAKX<EHN, EREORENEBZ>TVRIRHNDEEZSNSD, Figd19 3
—w I OEEERKORBERTHS. ZOHE, HELERTEMAZIEFITESMTEHNS.
MEIEGETE N2 BESES L TVWAHEETHEMEOANERBERL D b EENITENWE
. Zhud, BROED WENBEERNERERLDE, £, SAKRFHRENIVIF
S TERENMRELIEENEALSNDS, Dy M VOGRIREROTERZ vy IV - J 0 A
FOBENEDMINT ERVEPREERNAEL, £, HOEMERNIOREEINT N
B, BRAWROBEININHDEZEZIEN S,

4.2 BEZAMPNCEHS ELREEBER

H@Alk%ﬂ7ﬁb*5®%ﬁ@ﬁ§%ﬁlﬁ@fIMCKﬁﬁM‘i%ﬁlmﬁkﬁﬁbt
BHHIL, T0k, FiE - —EHEEE - ARZEVELESEOSHREORME(LERT.
FEE RIS T3 EEUBEOY A VI OREELEXZLZHDOTHS. REHFIIVTNORAR
HIZDOWTH 04, 404, 6047, 803 &L 4MOERT.

HgAZP%Z4H§W::7@$@%%E,E§A2?428ﬁ9w3:7®ﬁé§ﬁﬁ®%
BmEnd, chS 2MEOEERETSE, RERMAREVHNNBOBELEIRAKRE <
2L, BEERAKERVWEEAOANNEORERESNA SN, FHE - mAKICRENRLAH
FEOMIZo TNDZ ENDMS, FICEE THEICK 58CO & 25 TREARSBIES,IC
BmaZENbMNE, ZThiX. HELBRICLD, HEDRHEEMEFLEEZDIZAELZD D EE
2 5N5. BELRBICE, 60CHEICEL THELBRICL DREARMELNMILDHRIE
%%Tmmw.:®E$m\ﬁﬁt%ﬁm%ﬁﬁﬁ%%ibtﬁ%ﬁ@%ﬁofmétw‘ﬂl
AMAKEL B> TWBEDTHD. —7, BEEICIIZEARIC L 2BEARAIZT> TS EY,
ME R —F BN TVNS EE A HND. Figd26 £RBEMARN 110CTRESNZE
17, r=2.1cm OEREINS AEHMANBENTVWASONR 5N, JHF, SAREP r=4.0cm IZBW
THENAI LATAEDRARINZLOTHDEEALNS. Figd29 KIINIAZT EXD
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HAEBBKREZHWEEZOREARE CEERBOBFREZRT. M6, DI 70H50HE8L
NEEEBRROSPRERENNISRBEZEMRING. FERFHNEW & EERIEZHEMT
5. MEREBOBMDIZ. OBMEHMSZ0OBRERBOEMKVOEHAOHE. O 2 DDMEHIZK
H5EEZOND, TIT, BRONRERAXRDZDHIZ, BEOH0 & LIFOMITREE @2
ZRLULEELZDOMMHEROLLE % Figd.2.40 ITRT, IEDER=0&E L EHEITITRENAE
BB ENREINS, AR L2LDIT. RRRE, BEZ OS5 LAEBDICET30THER
OMBIEIFFITFERE N, LML, BEKEIEBTITO 2D, BRAOHFRIIKEL., =2.1cm
KBWTIRIEBR=0 75K 18SCHREMNMEL 15,

Figs.4.2.10~4.2.17 \JGBREKICZ v 7L - 7O LZAKRE T OEBEREKE AN & EORRE
RERT, Figsd.2.10~4.213 v o)« JOLZAEROK R T, Figs4.2.14~42.17 E=v 7
- JOLERERROKRTHSD., Zu T - 7 OLZAKROADEE EESEREKDEAD
MAROREEHRERVEIIEIRZ->TWS, 2, EOERKE2LILKROAERCEELS
B EE AL E BERTEOBRENSIVIF UEBREUTIZERSAho-D, HEAYE
BAEOBMHKHEES LD TH S, ITNSOHEEZRS &, RBFRFFIN/N T WIFEITE,
ZHRDOHBDPELUNTHEGERKONIBEERNZDEWI ENSGN S, Figs2.11 &
Fig4.2.15 2T 5 &, HE EARICOBRAOEAICIDEE LAMIZ 5N TWSE Z Ebh
5. ZOHE, r=2.1cm KW r=2.7cm QBEWEZ v 7 - ZO0AFTOESIZIZENENL 94°C
RO 2CTHBM, Zu - 7 0L+NNIFUBEOHEIZE, ThEFNH TR 75CT
LIS —ElEFE> 2%, 80CEBATVWS, ZOREDORSFENIL, 4.1 HIZHE LA,
NEBMDEORBICEVAEUHZNNBEOHEICLZ2HDTHS. £z, 2EZAKROABOESE
WL RERE TR < RER TRICIIN 30 7 TEOTUTIIKT T 20, #8ERKOHET,
HER TRIZIEN 120 7B L TH 0CEEICR NS, ZHIZHELBEIC X O EEET A
AGNTVDEDTHSD. —H, REBHREANKE< LS L, FRIFIHELEZEC TV SRR
ENME<AZASNEN, HEMKTER, RELFEELS, fiROLDIC. AERTIIFIRMIC
WBERICLDRE EROBNERSTIORBANNEEICKES RS, LT, BEEH
W AX DFNR % FHE T 2 IR OIRER S B|NCHICEE T 50 ENH 5,

HEERKL, 2AKRSBEOHEL D DENMRERNE D0, EREONM &
REZIZILAOHS EHURTEHEGEREOBSITIINE 2%,

Fig.4.2.18 IC = &)L 7 O AR OZE DEEKE A WZIHEG OFIRREE S8 ERIBOBEBRERT.
BEENZAKROGE CEEERROBE ETIRRAR LY, BlBIZTERVWDY, BE
BREROSPERRIEFFZEZR Lo TVAEOREENKELEHNZEITTHS., LirL. In5
. EEERRIZAROEGTORN 12 E72->THY, BEZEEINNSIHISNTNE I &
MWhhbd.

Figs.4.2.19~4.226 I Z v U N EARK DT DEEGHERKZ AW HEG ORELFH O R 2R
T . Figs.4.2.19~4.222 3= T IVEARKDBDBE DR, Figs.4.2.23~4.2.26 1 ZEGERAKD
BEDOHERTHB, ZOBEBDBZy T - 70L0BE EARICESERAORERMZELL
THo, 2wl 70,054 ERKRIC, SEERKROBERMBIINSAREIENDNS.
RERCZyTII-70LOEGEREKRTRLOSNZ 715CO 80CTRE —E2/RTHKIIITZD &
RN Mho/k, LML, Figd224 2R3 &, 1=2.1cm DIREMN, K470 3D EIAHTRALR
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THEENE SN, FAMTBEARINNINWIENS, ZORKETZ vy 7 IV 7 0 LD r=2.1cm
DEENH OCT—ElE L%, BRLEARTHHAR (Figds2.15 ZR) LRLBODEEZILN
5. ZurlOBREI. sl JOLADOE S BEEORS FVNEEFICBENLZHOR. £
UL ER AKX NDIT, MEATREN—EITAFEENT r=2.1cm OIRE EFABEPNTE S
7. AMIEFREOEANELCTLEI D THDEEALNS,

Fig.4.2.27 K= v )L EEEERKOMRIRIEI L EERIBOMBZRT. JOHED. Zv T
Wy OLDOEE ERBEIC. S VEIKOAOEE EEAEREOL G TRIRFFMNRLZ S
. B LB TERND, EEERKOAMRERIBINE <Z2oTVS, FREFENR
NWEESEMKDES DEERBEBRIINS<AS. ZERIIBVWTRERMISRWEEITIE,
FEEALEMBHOLDIRIETH D EEZZ NS, BEEHOBHDENLKRN/NE 220
LEZLND, REEHRAK LT, HALREZEDIE, HVEEZD> EREBDIHOL
EAObN5,

Figs.4.2.28~4.2.39 T & B HK DR LB FBAER & FEF RO LBRERT
Figs.4.2.28~4231 3PN =7 ENNVIF UBROBEHEREOL T ORRTH 2. FEERAER
xR, BUEMMTERIENK RS TRT. REBEMFT ORRE LT 5 &, RIERRED
E <130 ERMEMH O H NN SMENEZERT . BT, [RIBRERIAY 40~80 2 DIHEITIE, A
FRAF 5 AT T0°CHHE 12 BV B B #AAWIICE N S 2%, ERAERICIREZINAIE S £ 0 W
iERTWARN., CORRE. VI FUOBOMEREICENRSHDS I E, DA T LK
OEILENEEHIES (453%), RADFTENNS WEDIZERLENVIFIEMDRNT L,
BYHMGEROFTMMNEL KRNI EFICERT 2 EB8bN5.

Figs.4.2.32~4235 2y b - 7 O LDEE EAE OB T ERAE R & BUEE R RO L
AT, Figd.2.32 EREKE 0 OB EORETH 5. MHTHERIZINEATE TEWALE TERWEREZ
FF. —ua)l s VOLARBSBOBME= v /I EZOLTHD, 2DDEEIEADMATE
BXNTVND, SEBERVSEILDCEMEZRBICRFTLHIENS, 3.1 Wk L2k DI
— I ETOARESILEN, SV OAMERIN TS AMREENRSHSD. Zy FIIVET7 Ok
OEYE BRI AT OLDOBZERINZOE VLY, =7 0 LOYIEEZ R Wz 217
. fERE Figd245 1R, TOME, Zu N EIDLAORMBEREHWEMITHRLD,
T WREERT ZENDMS. Figs.4.2.33~4.2.35 IREMFA 40 77, 60 23 KX 80 70 D
BOEEET. Figd.l.8 ERBRIC, r=2.1cm, 2.7cm OALIE D 60°CTH 5 80C DRIDBRAENRFITK
0, Zhid. BAERBRNINCB T 2HAMAOHETHDEEXASND. 2. 80°CHHIL T
ZRTIRAEREHMANR SN, KEMBIERTHEBARIR SN NRRELRD LMD
MEWV., CORERELTE, MIBRICBISREZ EHORENEGERANTICIEATVS
LOEEZSND, Figd246 10, =7 OLOMHEEEAV T, (RERE 60 77 ORER(LEBIRE
mmfﬁbtﬁ%&mﬁomﬂzﬁ@%é&ﬂﬁkmEMH$ﬁ<m5@kémmmﬁnmwo

I@M&%~MM9t:y7»@@@%%%@@&%%%%%%&&ﬁ%ﬁ%%&@%ﬁ%%
4. WTRD, R EMTFOEEE 60CTH S 80COMERNTRLS ~HL TWa. RIZHRIEERHE
240 AU L OB I Btk v, ZOEHIE, = S IVEBEERNGEG WO, HOEERIK
DOEPBEERNE <, BELHOM, AP LCRENTHEENEC NI L, B
U\ﬁégﬁwmﬁwﬁgéﬁméwtwm‘E%%ﬁ@%%ﬁmém:anxébma%k6
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N5, ZOIEMSD, ZuTNVOBBERI, —wsl-r7askDEWEEZSND,

BEBRY EHEBOFR—BOREEL T, [AROBVWESERREZHEETT I EHWTREL
TS ZERVEREKNEOMNEMBNATNWENI ENEZSND. BOEEILILE KRS H I
EERBATRRGD D, WEORENRLDLAENENHS. LEN-T, BEL L5420
WIRHIEHEREMRE LM ET IV, BT FEEHRTOIHRENSH S EEDbNS. £, B
HMMANE ZBA LT 2HENDH 5,

4.1 BHCHEAR L 720, Figs.d4.2.40~4243 PN AT RUOREASBEPICRBI NI IF
CEOMHEMDI L, BWBOA0ELEEHARETD TRVWIEAEOREMIE RO 5T,
Fig.4.2.40 W32V A7 OEGEAKEZR G, REFMEZ 60 2ELEBEOHET, Figd.2.30
(Fig 429 DHAEDREZEZAWTEHER2ITo 2. ZOHE, EHEMMRIEE 50CHS 80CET
£T%. BREZEELGEEER=0 L LEGATHRESERORREENRZ>THD, #
B=0LLBEOHMREEHIEIZN SCRKEWV. Figd29 OFFTHIMR LA, #i=0&
THEBEEEOBEERTNEL S, BANDLHH LN TH 18CKFT 5, Figd. 241~
Fig4.2.43 2w WV ERBZ w7l - 70 LDBEDRERERT. Figd241 3=y )b - 7 OAh
HEZRETHRIARH 60 7 OBEDOHRTH 5. RIEREHHEIDT 60 59 LA L DB S 1T VTIEE A3 S L
LB lD, HEMENELZWEBZASN, EH=0 LBREZELEHAD 2 DO RICE
e, RIRIFEZY 0 O 6 (Figs.4.2.42, 4.2.43) IZIIHBIENEL TWS EEZZS5NEA, 2
DOEB/MSW. I BERENEE L THAEREOMIRTMBEE 25 X TWH2, S IEHE
BEHSNBEVETLTOANEZD TS S, HEEITER=0 Db 0% H WSS R EH
RKEKETFTTHED., boERERREENDODIDBDEEZ NS,

4. 3EH

EHEFEBRTEZ v TV - 7OLBEEGERRKOBEENS (Figd.1.4). 1=2.1cm, 2.7cm DA ETE
NENK 80C, BCMIEITHEDTHIMNE Nz, i, MRAEREN—EICREI N0
KHNZZHDT, TORDBEDOR EHIINMIRMBED ERICEVELEZHDTH S, FER
EMEOMBENTEIOELD BEHRKLILE U AW, ZORREIZ v 7 IVEAKOEEICITEE I
NN &G, HEMMRER, HE LARRE, SEREM S OMEGEE. RBRAED Tk EIC
KETLHHDEEAONDS. BHEMRM TIIZOBHREZEICEEBETE RN > 720, EBOEE
EERRNAEZERGFTHHEITE, COXIBBKNELD I EE2EELRTNE RSN EEL
55,

iz, [ABEREWGEEIZIE, MEEBA B TERARNRICB T 28K EZEZET 4
BWEL D, L. ENBEERNKENEEITE, ERERNIOEEZNNE L5 T &h
SHRAMBPECIIS 785720, INSOMEEEER M TE MM FIEORRENLET
H5D,

ERIIBWT, FERICEFEREEZGZ56H 7005 LE2MAKERZD, BBALEZEFNEN
DEBTHEE>TVWEEEZONS., TbE. ZAKROADOEEFITIHAAININEL, HEH
BEROBEEFITIIBMATNTIRE N, BT, @EZIAREHWZEGEREKOEE I/ I F 8
DEMEZNTZDOBANTEFTIIKENWEEZOND, — 4, BEBRTHICE -EHEOUKRKRT
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BHLTWSED., REEENFIE-EZORGETORIACA>TVNDEEXA NS, BALRKE
ERVTREESHZERNTIHEICE. BELHREOEHERNT 22D, BMRER -EOR
HIEVWEEZ NS, EROBEEHZERLTHHEINE, JORERTROFHAITENE
2z 5N, AEROBEBRTFTHORELHEENRIVERLLS, BRELHRRIIBNT, 2L
Z V3. Figs.4.2.14~4.2.18 IC B W TRER FRICIIEEE /AN IEMAURBEICARIINTNDS
EMG. BESHBRNDBIAZIVEZEISNS, —f. PIIAT7 OHEEGERKT Figs.2.8
5HNMDE DT, RIEEFEA 80 A THIRER FHICIMAUTIE T TSI 8005, T
NS, BYMEEREZETHIENTELEREIKDSN, EREKEZER ST TRELH
HIAR E L THWBEAICIE., KOMENREVWI ENBT0 5,
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NIWVIFUBREEMCHE)ZEII v I ALK (DN aZT) KOSRBREAK (Zv o)) -
JOLROZyT)V) KERIELHEAEMEZ IFHEMMEL, FRICIDIEHER. RELH
ERM OBHEMT 2T WHUT O RZG 2.

1. BEEHEROEE. HERTFHCESIKOBOHE & A THA BHMERE RS T
WERRMEEES., 0BG, DINAZTOEASEAKRIDV S Zu I - JOLARULZ v
NEEBBEOHIRAICE EEBEMAE N, £, vl JOAMSERKLD b
Sy O VEEERMED SN, BRKREOH HATEN, THEH5. SEEAKER NS
H5, Fir. BEILATHREEROBNHMRELTHRIIC L O TH D 2 &R
xh3,

2. HEMYHEZAE I B TURAREZM LI 2 CENIZTELARI D BRESILAEKD A
M2ODDRTHEATH S, 1 DODRRELZAKROANKIARERMSTEHIENTE, BAKE
HIZDDOBRBERZIITHIENTESD 2L, 2D, [ABRPKEVWTHHEDST, H
NBAEEREZ DN IZTHEERMEI O DESTEHIENTELILETH S,

3. BUEGHEICKDUBNE<SERBEREZHETHILENTE L. Zvd)b - VD LAEEERE
DHEEBHEINRER LR EORABRAbR SN, IR, [ARNEWESICIIE
BEBANTOEBAMREZERTHLERND S I &, Tz [ALBNEWE S ITIIMMEMET
ML W ERVCHELREICESSH S ZEFICERTSEBbNS. LizaioT, ¥i#
R OKEZ BT 2103, [AROEWREOHAMIRIKNEZFMT S & HELMED
AR, HOERROENACEREQHAYMEZZ DA LHMT 2 I EAMO TEE
Thbd. £z, [AROEWEGIIHEETINERANS I EORIFERFITILHENH .
Gt FHEETINEORFEORUVPLETHSS.
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Y EH B|E v mol AR | o 10° * a k
b Ein v F 3 cd 102 ~ 7 h
Y m m|5 ¥ 7 v | rad 1eV=1.60218x 10-*J 00|57 #| da
Uk B 2FIUT Y sr 1 u=1.66054% 10" kg U S d
10 2 £ v F c
) o 1070 | 2 1) m
%3 BHOBKE b SURLHL P I
&4 SIEHICEENIK N
= 3 X 10 s / n
& g omo |as | B2SRL R L o R
A 4 |~ o | Hz s’ % kK FU 1078 7x24b f
i =a2-+v| N m-kg/s T S N A [ b a
F h, & B =2 AH | Pa N/m’ 5 — v b )
Iiud— (H BB (Y 2 — | J N-m . _ W bar e
L&, BME|7 o | W[ s . vl Gal LK1 543 [[EBEMEIFR) 5 M, =K
LA R, ®BE|s -0 v C | As £ .0y - Ci FE AR 1985 ETTTIC L B, 2770, 1eV
Ehr, BHE, 2N |K v bV W/A [ N R BLU 1 uDffiid CODATA 0 1986 4FE HEXZE
€ 7T ®&|7 7 7 F F Cc/v 5 s rad ek -1
& & O Hilt - 4] Q| va L £|  rem ) ”
sy g s s valv-xval 8§ | AV 2 RACEBE, /o b Tom NIy
B dilw = — x| Wb | V-s | A=0.1nm=10""m —bGEATOBBHABORMALDTT
W O® ® E|7¥ A2 3| T | Wb/m? | b=100 fm?=10-?* m’ ZTIRHBLI,
1y 59y : 2|~ v no— H Wh/A 1 bar=0.1 MPa=10°Pa 3. barid, JISTIHEKDOENE LTS
vy ABE | ervyrE| C 1Gal=1cm/s?=10"2m/s? ARIEDE20H 57 —1CHEXHT
S i — A Vi Im cd-sr al=lcem/s = mrs 2
B3 2 1Ci=3.7x10"°Bq °
Eiv 7 2k Im/m » 4. ECHRMF2IEH T bar, barnkk
e " T P I o 1 R=2.58x10"*C/kg ! o A ,
< q o, U T/ED 8] mmHg 2 L2005 3
woOoW % ®||7 v 4| Gy | J/ke lrad=1cGy=10"Gy —ILARTV 3
B’ 4 Blv-~xwtb| Sy J/kg Irem=1¢Sv=10"?8Sv °
# =) #
71| N(=10°dyn) kgf 1bf f£ | MPa{=10 bar) kgf/cm’ atm mmHg(Torr)| Ibf/in*(psi)
1 0.101972 0.224809 1 10.1972 9.86923 7.50062 x 10° 145.038
9.80665 1 2.20462 H| 00980665 1 0.967841 735.559 14.2233
4.44822 0.453592 1 0.101325 1.03323 1 760 14.6959
¥ 1Pa.s(N.s/m?)=10P(#7 %) (g/(cm-s)) 1.33322 x 107* 1 1.35951 x 107 | 1.31579 x 107* 1 1.93368 x 107*
HE 1m¥/s=10'St(X b =2 ) (cm?¥/s) 6.89476 x 107* | 7.03070 x 102 | 6.80460 x 107 51.7149 1
x| J(=10"erg) kgf m kW< h cal (Gt&#) Btu ft « 1bf eV 1 cal = 4.18605 J (il fiti:)
i3
I 1 0.101972 | 277778 x 1077 | 0.238889 | 9.47813 x 107 0.737562 | 6.24150 x 10" = 4184  (#ALP)
¥
1 9.80665 1 2.72407 x 10 2.34270 9.20487x 10°° 7.23301 6.12082x 10" =4.1855J (15°C)
{% 3.6 x10° 3.67098 x 10° 1 8.59999 x 10° 3412.13 2.65522 x 10° | 2.24694 x 10%° =4.1868 J ([HERZE G K)
;\ 4.18605 0.426858 | 1.16279 x 10°¢ 1 3.96759 x 107? 3.08747 261272x10"  {LHET | PS (IAH 1)
B 1055.06 107.586 2.93072 x 10°* 252.042 1 778.172 6.58515 x 102" =75 kgf-m/s
1.35582 0.138255 | 3.76616 x 10”7 0.323890 | 1.28506 x 10° 1 8.46233 x 10'* - 735.499 W
1.60218 x 107" | 1.63377 x 10°2| 4.45050 x 1072°| 3.82743 x 10" | 1.51857 x 10722 | 1.18171 x 107*® 1
1% Bq Ci 0 Gy rad LS C/kg R e Sv rem
1 2.70270 x 10! e 1 160 5 1 3876 % 1 100
HE B it s
3.7 x 10% 1 0.01 1 2.58 x 107 1 0.01 1

(86 7 12 A 26 HHHF)
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