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Trial Production of Ceramic Heat Storage Unit and Study on Thermal Properties
and Thermal Characteristics of the Heat Storage Unit
(Mixed Salts of Na2CQOs, MgClz and CaCl: as Heat Storage Medium)

Yasuaki SHIINA

Department of Advanced Nuclear Heat Technology
Oarai Research Establishment
Japan Atomic Energy Research Institute

Oarai-machi, Higashiibaraki-gun, Ibaraki-ken

(Received November 17, 1998)

Heat storage technique of high temperature and high density latent heat can be applied to
an accumulator of heat generated by nuclear power plant in the night and to a thermal load
absorber. For the practical use of the heat storage technique, it is important to improve heat
exchange characteristics between heat storage medium, such as molten salts, and heat
transfer fluid because of low thermal conductivity of the molten salts, to improve durability
among molten salt and structure materials and to develop the molten salt with stable
thermal properties for a long period.

Considering the possibility for the improvement of heat exchange characteristics of phase
change heat storage system by absorbing molten salt in porous ceramics with high thermal
conductivity, high temperature proof and high resistance to corrosion, several samples of the
ceramics heat storage unit were made. Basic characteristics of the samples (strength,
thermal properties, temperature characteristics during phase change) were measured
experimentally and analytically to study the utility and applicability of the samples for the
heat storage system.

Ceramic heat storage unit was made by the use of porous ZrO:z with high resistance to
thermal shock and molten salts of Na:COs + NaOH, MgCl: + NaCl and CaCl: + NaCl which
are widely used in many industries. Strength, thermal properties and degeneration of
thermal properties of the ceramic heat storage unit with time were studied. Heat transfer
characteristics were also studied experimentally and analytically during sold-liquid phase
change and under the condition of periodical variation in atmospheric temperature.

The results show that the heat storage unit should be used in inactive gas condition

ii



JAERI-Tech 98-056

because water in the air absorbed in the molten salts would yield degeneration of properties
and deterioration of strength and that operation temperature should be confined near fusion
temperature because some molten salts would be vaporized and mass would be decreased in
considerable high temperature. The results also show that when atmospheric temperature
changes around the melting temperature, change in ceramic temperature becomes small.
This result suggests the possibility that ceramic heat storage unit could be used as thermal

load absorber.

Keywords : Heat Storage, Latent Heat, Solid Liquid Phase Change, Molten Salt,
Porous Material, Ceramics Material, High Temperature, Heat Utilization,
Thermal Load Absorber
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Table 1-1  Thermal conductivity of molten salt, typical metal and insulation material.
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Melting Thermal conductivity Specific heat
Temperature(K) (W/mK) (J/gK)
NaOH 593 0.842 (600K) 2.07 (600K)
NaNO; 583 0.561 (590K) 1.82 (590K)
LiF-BeF: (6634 mole%) 731 1.00 (750K) 2.39 (750K)
Na.CO:s 1127 1.83 (1150K)
Cu 1358 398 (300K) 0.386 (300K)
Al 934 237 (300K) 0.905 (300K)
SUS304 16 (300K) 0.499 (300K)
ZrO: 2 (300K) 0.5 (300K)
MgO 48.4 (300K) 0.924 (300K)
ALO; 36 (300K) 0.779 (300K)
Glass wool ~0.057
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7 ANERITIR L TWBDONRENED, Ot T 3 v 7 ABBUROBREIIRE U/ WEE K
BEIDENWCENDN . €T3y I ABRKOBENE T I v 7 ABKL DENDI,
SEHERICERANER INZ L EITE D EB A E5ND=D, 1 VIVEBROBDEE DK T
13, BRERONERITRIRL, SFLEMRICERIEMU 2 ENETE LITEASNS. iz,
BRTBLII, EEHRICESHBT S ZEICLDEWMEIEDS I ENS, E5Iv I X
BEUROTE O DEE T DLENHD.

CaCl,+NaCl (BRI 69.9-30.1w%) DHEEITIE, P 7 NVERZT > HEOBEICBNT, #
B33 v I ABKRDOK 35 5 THo .

53w ACEREARERBIRBEOMEN, I3 v I ABKOMEE EES T
O ERLAELDIC, SARNICEREANTEIN, R THIERMNIBERTH 2720,
BRI L3> TRADBEMETHDEEZAS5NS. Lizht> T, BREKRDE
RIREETIY, BEMROBEIE S I v 7 ABEDELEKZIEIEDLLRNEZEZSNSLN, &
53w 7 ABKROMBERRE, BEELN 370m OF3ICEA LTRSS OERIHS L THY,
A LRI WEREEZH LTS,

LML, NaCO#+NaOH Bt T3 v AR PRI MNEISITHBLEEDS, K
5 # ATES I v I AAWKRINITENAD, £ 7 # A TS WER ERITE>TLE -
FCtT 3y I ABBREERDA DTN BBEBRNICRE L2E 23, TOL DMKk
REIShokz. LhL, B 7 INEBRRICEEBRER{To2EIA, BEMNELSNZ. I
1, FRICE DERMED 1 EIERLIZDDEEZLO5ND.  Na,CO+NaOH 13ZEEHF D7k
2RI BHENERND, FRICSES T, EnSREEL, BRBIC7 VI EOREE
SHRERTAIHRENH D EZEZ5ND. MpCL+NaCl 28I BEBEARTY CaClL+NaCl %
ERIVESEIEAL THESKPITHE L THNWT, KRRIENS Z &7, I
5EMS,  Zi0, LA UEREET, ERIdhanE dIcBETL, HoERREHERT
EBHEEZOLND.
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Table 2-1  Properties of ZrO: with zero porosity

Density 6 g/cms
Maximum operation temperature 1500 °C
Thermal conductivity 0.02 W/emK
Specific heat 0.50 JgX
Critical thermal shock (AT) 300 °C

Table 2-2 Thermal properties of molten salts and water

Heat strage Density Melting temp. Latent heat Thermal Specific
mediur (g/em3) 0 U Ty b
Na;CO3+NaOH 2.2 283 324 ~0.008 ~2
(17.1-82.9w%)
MgClz+NaCl 2.2 450 329
(52.1~47.1w%)
CaCl2+NaCl 2.2 490 234
(69.9-30.1w%) '

H20 (liquid) 1 0.00576 4.185

(solid) 0.917 0 333 0.002 2.2




Table 2-3
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Strength of heat strage media and ceramics

Medium

Strength (kg)

Comments

2102 (£=0.39)
ZrO2+ (Na2CO3+NaOH)
ZrO2+ (MgCl2+NaCl)
Zt02+ (MgClz+NaCl)
ZrO2+ (CaCl+NaCl)

282.5
457
305
426
986

without heat strage medium

after cycle test

after eight months (without cycle test)
after cycle test

after cycle test
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15mm

12mm
16mm

Fig.2-1 Configuration of a ceramic material
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3 EBEEERUOE S I v I ZESMEOEME
3. 1 &3 3vy ABBROBERHE SR ORE

3. 1.1 REEERENICK DS HBORIE

TREFEEREST (DS C ; Differential Scanning Calorimeter) E7/7tIRERDEL +HEKFE (D
T A+ TG ; Differential Thermal Analyzer +Thermogravimetry) % VN TEIBFZ,LIERORIE %
frojz. REFERBESIOEFRHERE Fig3-1 1ORT. #MEFRELITOEBDTH 2.

Bl S EEME 2 TN TNARBICAN TREOSE 70y VNOBRIERIL Y — LIcEET 5.
REFIVY—ERIORTEOIEB 7Oy JNICBE L TEMIZE— M >0 FIGRER
—ZNLUTHREBESINTVWS, @ETOv 72 (pH) T5&, BEMOBTE—R >
2, BEL —, FIVF— Ll U TRES TGRSR OEEMEIINE (BH) ah5. 20
EERBITHMATDER qIIE— R 2T EFRNY —EDREEAT THHITD. E—h2 >
IEER R OEEMEIC N TR ERREEZHD, FEFRICR2 LS ITREFE I TY
BDT, b EEEWE B G- O EHE S NDETTRDZE do/dt 1, MRV —DIBEZE
BT D, BN UDIBEEEHI L VBB SIREZOBRFEE RO THBITIE, BEZERHT
BLETLDEFRDEERD D ZENTES, LD T, R—=A514 > LEODSCHAD
EHERD D LickD, BEHMA S GBI BIRES L) BREERDD I EMNTE
5. HENCDORE UIRBIERZ AW THERERD D Z LNTES.

DTADEEHDSCEIFEAERIUTHS. EWNEEEZZHERORENZ L L TRD
TWBZEFETTHD. BRREITEMRLIZNWDT, b, HEYETHAWTGEEHE
DORERESD 23R, EEMEOBHRE CREEMEOMNIEZDITTH 2 &iTky, FEOR
BlOWBEERDD Z EMTED. FHEKL, BlEToRBERELICIAEU-NEBEOE
{LEAERTRET 2HETH D, FRHPOKIOERE, HEHBHORREZILLIEELLE
WEITAE TS ZENTES.
BEROEBROKREDDDOEEWE L LTI, 4P 00, 8, K, BEHZEH) T L
(KCIO,) ZMVWz., HEEWEORR, BEZE Table3-1 ITRT.

TRERBRIEZAVD EHREHETDHIENTES. HRBUTOLITUTHETY 5.
ZERES, WEREEYWE FRETIET IV FZ2RWE. ) 2 ANREE HEERIETS
B ANREO SHPEOREZAELT, BREET NI F2 AR, RUOTIVI
FEANLRES EREIE AR TSSO T, MEREHENTIAETS. R
BLERBOZEERDD I EICLDBREOMBENKRD 6N, HEEHOT IV FOE%E
AN &L DB EEFET DI ENTES.

3.1.2 HIEHA

EHRDOERER TH DBRIRIIZEGR P OKSZRIN L2, Ky ERISTIHELNH . £
T, BRZEET S EEDIESHFIKET 5 I SR HKDRIPUEFE, KOBITHED
BROBERRE L. Fe, CEREERZT D120 OERT —F 722 LHEADRIE %
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froZz. B TFICAIEREZE LD 5.
OEEL
Q7RSI
@ZERHITHET D Z &Ik HEEE L
DL EHRIE

3. 2 PERER
3.2.1 NaCO,+NaOH
(1) BERVIEE

RESLMET (DTA) ZBWTHIE L7 NayCO#NaOH DFERD 1 #1% Fig.32 IR
ROwEENIRER, MEIESEH V) , BE, BEOEE (ng) TH2. ERIROEZENIR
FHEELEERT. 9abb, EiRMS 330°CITRR Lz, 330°C & 220°C D% 50 2
HICEBIS Bz, FRBIUBRSEETF 43°Cmin THS. DTARARRITRT L 12k
FEETNOE—7 %R, TRIZEOE—JIIMRICHES TR TH D, LMEOE—2138
BICHESRATHS. £, HITEIEBOERORELERT. FEMBEED) TDTA
HAKFRAEQOE—IPELC TS, RBOERELER2 &, RBERDFIRMAKEBES
IR LA, £ 100°C A 5 ERDIEE D FO%—FHEEHRFTS. 0T EnS,
FRYID E— DB 5 DK OEFR#MZRL TS EBbhE. DTAHIN
280°C TFHEFDHNWE—T 2R, Z3Iud, Na,CO+NaOH DRMRIC L B E—ITh 3. R
BLOFR - BRI, BR - BEOE—I7 08NS, ZORIEICBIT AR OESRER
281.8°C, EHEIRDOYINEENL 285.8°C TH 5.

Fig3-3 ICRMER NEBEIZELO Y — 7 DA ERT. BEEE ICIIFIEMREEEVIEL,
FTOHDFZORE UTBRIERBRE NS, BEEID T AN Y~ 285 L THEEZRD,
HEESBLO E— IR BRI U TRDZ. BOE—7 IR AIRICHEN /- I
EY—VHEEE L TRD. BIORTHRIER ISR 2822°C, BIAEKT 289.7°C, &EE
BAfA 283.5°C, BEHEWLT 276.5°C THD. I T TIIRMAERIAR DNEERIAS 2T N TRk
O & Uz, BERERES L, MEhED TAHNELERZ Fig34 1TRY. Fig34.0%
R HIEEERD D ERIREMT 315(/g), EBEEIEMT 307(0/e) TH B, [F UaElOEROSHkiE
1 324(//g) TH DOD TRFEBITIE—H L T3, JIE L EBRIEHOZER P~ DORER
MEELSTHERD Uiz, ZBRPA OB SRIEBROBIRE Fig3-5 1T, £z, KERK
il S HBEE( IR EE & DBHRE Fig3-6 1RY. Fig3-5 IORY & DI IZER[ I~ D& &
EBIETFL, ¥ 48 HIZHEBA 2 LHR(LERATERD o, F2, Figld-6 ITRTEDI
A EAWRE T & DO REIRIR ERELZE L TWRNI EMN5. IS5, 48
R ZHBA D SR EE L, FIERERANTIIHEE LA Ukiand tE8hns.
Fig3-7 1B OZERA A DIRERTHE S B RORRERT. BT Na,CO+NaOH & & HiC
CaCl+NaCl DFERBHETRY. I T TRERE GRITOKIER / GRER) TKY.
Kins, FEHERRBRK 6 R TH 420 D7k RIS 2708, FDEVIHR 2 ITHIERIRA L,
# 150 MEIEEBA B PP OKSBIZTIE UREET—E L5, BEIEDRBRNSK
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SERNT S LK OEEDNETL TS DO EEXSNS.

@) H#

Na,CO,+NaOH DEEGEIERERZ Table 3-2 IRY. JIE TIIMERIWBEEDHEADRL
=%, RIS VIR TR BRI 2 525, LisdtoT, & 276°C~290°C i
TREBENAZFVEEZSND. BIE L Table 1-1 1579 NaOH B X Na,CO, BAKDT
MEL D REN- T,

3. 2. 2 MgCl+NaCl

(1) B#

Fig.3-8 IZEtBIDIREE, sElOBEBEMNKRUD TARNERT. AITREREL 400°C 75
500°C, FRRUMHEEEL 4°Cmin THD. EhSEMOMEHCIIEMREZRIDTAY
—27 2 DL I, BRRIFICD 2 DOBBE O — IR E Nz, Y— 2 ORIAIRE

- FH9 370°C THOKTIIK 40°C THD. 2BEBEOFRRITE 2 DORMEY — 7 Mg
NTW5. 3EEHOARBRFICIIE—7131DI/25TW5. 3EIEORBRIZIZY—7ig
ELESIHELZ> TS, £z, BhobhdLD1z, iR - BERFOBRENEWER T,
HEVEENRDT2O0EEINS. IS, JOBREORSIENE L, MAREE O
{ETIEH 450°C) ZHA D EARE U THEBEKTICHBEN, BESED T HbDEEX5
N5, PEICSZ-> T, ERUBREND T AORESOIRESHIERE T3 L, BE
TEDEHST-DBHRETAZE/N— URNSRIEETH =
BYIORMMBEOEEROD TAMN%E Fig39o IORT. HEIOFRICME-S TR 2E,
B 2E4ECTWS. DTAHIEK 374°C TETL, 2D0/WE—7 &2 TH 41°C 1T
BWTERAE—I%2ES. Z0O%, BEOHNEIE L%, 467°C ITRWTE 2 ORIRY
— 7 &Y 5. BRI 465°C ITBWTEEO Y—7 2R L21E, 425°C T8N Tho
EREVEBOE— RSNz, INEMN5, HIE L7z MgClL+NaCl #8HT 2 DORIR
ERHOYEMNES L TWHEEX5N5. 2HEL EOEBE SRS L, BREZ2ERT S
LRGBS TED SNIELIED. ARBIOREHIZHBITS MgClL+NaCl DOBLE O3
BV 450°C TH B, 2DOFREFDEND T I, ERKERUBMRIREIZBIT 2ES
5T, BN RIS D RS OBRIEIE U/ mREE 1S 5.

MgClL+NaCl V{ED G 2E DIRBBRIE Z1T o7z, WTNOHE BRINOFE - BiE %
BOMNZTE, DTAE—ZIE<ELZD, RN THBLUE. £/, HERDIE LN
7z. FO7z8 MgCL+NaCl ORMFIEEL, BEEBROEZEDD I ENTERDM o £z,
BEBONKEDDHBORE I TIN5 7.

3. 2. 3 CaCly+NaCl

1) B
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Fig. 3-10 {ZRVBIOIREE, BUBIEE, DTAH/OREZELERT. FEhREEEERS 440°C
N5 540°C, FHE - BRI 5.0°C/min THD. BNS505 LD IGEEEIESHIEPZIE
—EflER L. Fiz, DTAHMIRWE—I2HR L TW5, AR NEERFODTA
HAZEOH LT Fig3-11 \RT. £ 489°C TRIBEDMEE D, #9498°C THRTLTWAS. ¥
7z, %9 479°C TEEMMAE D 476°C TEEIHET LTWS. GRS LIREE O STEEN
% 490°C THBM5, BLIKTF—HL TS, /7, BESIN 10°C BEO@ESHIHEE
SNz EmANE, EENE U THIREILK 482°C S TUNEE Lo/, RUEROEEE
B DIRE L DT AN OBFRE Fig3-12 {ORY. @AHIDED, BREEEOE—713, 71
TN ZEDhnd. JIE URREENTH 1390/), BEESIIN 1710/ TH 5. BREO
SCHMEN 234()/2) Th 2700 STIEMERDZ DR, JIER 10 BTV, HREED 2010/), BIE
{B2Y 1230/g) TH o7z, ZOEEDFERD 1 DELT, DTAHADE— 73 HUEE L
BHAL, BETONTWAEHS 0y b U THEEZRD 2 5B EEE BN 5
AIREMENWT EAYE A 5NB. Fiz, CaCl, BT NaCl OBEAFORSIIHEFEICEL, ZOR
B AESESITEEITREL EICER LD, SERICRIRL TWRWTREENE X 5 h 5.

Ze S DORERE SIBEVOBRE Fg3-13 I, Tk, KEREESHEWEE OB%RE Figs-
14 1oRY. 200 BFERERZ DIBRBIIWHIOE ERE B Lsho7z. T, HEE
Fig3-7 iR T L DIC 0RFEE EEWMEZER Lz, I E N/K D SRV OFERR A
100°C ZBADBEEH THREEINEHDEZEASNS. Fiz, Fg3-14 ITRT LD ITHENRE
1 3Ze KA OBIIAEE RS, 1ZEAER Loz, o5, CaClLNaCl DEE
TRZEKFOKDZRNT2HD0, FIUIIDERETE LN EEZ SNS.

(2) HE

Na,CO,+NaOH EFRRICHERAIE 21T o /2. HEAOBEIEE% Table 3-3 1KY, FRRDLD
W2, MEMURELE TR EROZE 22T 27O MR EITEOEN 5EL 125.
B U7z LEADIEISZ N ENDRR D DXHME & T 3 EBWGE SERWIBETH DS I
DMKREN. 470°C I < THERD DHEE DRV EERT.

3. 3 E#Z

MR DRSS AR /288, BERUHROREETox. £, BRUESE TS
PIZKEL, ZFEEHOKDOERNE, BREVHEENREORSELZRE Lz, ETOBE,
AR 222G PICKE L T, MEMREICIIR SR bidggEs - .

MgCl+NaCl {EERAIE DD FRE VMR8 0IR T B EREMET LT 7=. F&,
MEMRFIZAECSD TARTIOE—VEBETL, 0T, E—IMHEELE. 202 &g,
MgCl+NaCl WERKUENE WD, BRERIP THBESGKEREZRDIETLED JE %R
LTW3, /7, Na,CO,+NaOH td, B{EEH 2 D OEBENKEFHE EBHITHD LT, #3548
BRHEET 2 S ONTHELEERWWY O L2 b 2 &, RUOEE - BIRFICRBIERIJIZEAE
LN END, ZEEHFOKSERN L THE(LEZE U (MR LEENTOM
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ERAEL RI2D) WEICELL TSI EAEZOND. |
—7, CaClL+NaCl RZERFITHE T 2 &k T 5705, MR LRERUEBRRICXIZS
KEREE LN T EAVREN, ADERINL THEERLTWINEER S5N5. Ko
VHBEEDY 100°C ZHBA 5 EMHHE NS, FRIL 7803 Na,CO.+NaOH A b WHME &3k <,
CaCl,+NaCl VMBS DIEVE SR> 72, EME S SRAHEDZITIE, #HR LZERSEDTL
TORERNIEZSNS.
® DTAVY—/HEHEHERE - DTAY—I 28 BEFNLEWES, HlElEsEZso -
i & DRRENAE 725,
@ HHEORSILOEESE RAEOERS DESHNEEIZEIC L VFEEE
Bir5,
@ BRUEEREOAREG— e FBLUFRGEEFBRL, BRLZE XITESHH
TR N DITERMBITIR S LD B B AR A
RENTLELES.

EBSUKIMEMIOV TE- 208, IBRE OB EORIEIZ O ET > 1=hi Tl
7z, ULzt T, SEOBIEEAMAENIH VT TEE LT R TOERAOBMMEEIC
BT ELDIT TN,

INSORERBRNS, BREIIZESPTHEATSZ LRI 20ENH DT LGRS
ha., bbb, NEHEHAFTHKICBWTERALZRETHWSONENWEEZ 55,
T/, BRIEORE MgCL+NaCl 13, BlfFE, ARIENSBRIC LA THBEUT THEAT 24
ENH 5. EEPOKSTN L DEECRRBICLDBREN <THiT, Ths0EERT
SEBABRPICEALTERTAHENS D EEDLNDY, ITNSERE - SEASOBDE
RESOEMAKICEL TIIRFADBETH D EEZ 5N .

MgCL+NaCl DA, BHIOFR - BHERHC 2 DEIIFIA LOHE L ERTE— 28
Bhi-. chsid, FBULAE MgQ, & NaQl DYE2ITRESETI, BERsRSTLORAEIME
RENLAEEENEZSND. Ol EE, BEEEZBEYICEZ D EICLD, £EORIS
FRORSESEWET S EMTES I EZRLTNS.
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Melting point and Latent heat of reference materials

Table 3-1
Reference material Melting point Latent heat
(°C) (J/gK)
Indium 157 28.7
(154+6)
Pb 327.6 23.0
KCIO, 299.5 99.6
(299+6)
H,0O 0 333
Table 3-2  Specific heat of Na2CO3+NaOH
Temperature Specific heat Temperature Specific heat

(C) (J/gK) S (J/gK)
270 2.800 292 3.535
272 2.816 294 3.570
274 2.719 296 3.664
276 2.783 2098 3.682
278 2.953 300 3.979
280 2.941 302 3.911
282 3.102 304 4.097
284 3.387 306 4.269
286 5.289 308 4.668
288 17.857 310 4.224
290 10.412 312 4912
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Table 3-3  Specific heat of CaClz+NaCl

Temperature Specific heat Temperature Specific heat
49 (J/e¥) (°C) RS
442 3.851 482 0.6745
444 2.076 484 0.698
446 1.467 486 0.752
448 1.201 488 0.801
450 1.027 490 0.940
452 0.946 492 1.092
454 0.858 494 1.328
456 0.791 496 1.467
458 0.751 498 1.412
460 0.751 500 0.931
462 0.690 502 0.760
464 0.645 504 0.729
466 0.637 506 0.727
468 0.611 508 0.749
470 0.597 510 0.755
472 0.596 512 0.775
474 0.583 514 0.784
476 0.582 516 0.771
478 0.608 518 0.770
480 0.623 520 0.786
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Holder
Capsule  Test material

-----------------------------------------------

; Refere
y // +___ Holder
72
NI /; i Heat sink
________________ S0y QU S
' - Metal block
Thermocou pl Therm pl
<—— Th ]
/ AT m D
Temperature difference detector - Amplifier Recorder
| T
| DSC signal circuit |

| — { Programmable temperature controller]

Fig.3-1 Basic constitution of DSC
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T ] T ] T
Na,CO,+NaOH
Temperature : 20~26°C
Humidity :30~36%

300

Solidification

[\

-

-
]

Melting

- Latent heat(J/g)

100 |-

o No phase change
=TT R
! | 1 -]h‘\~‘4 | 1

0 20 40 - 60 80

Exposure time in the atmosphere (hour)

Fig.3-5 Relation between latent heat and time that molten salt was put in the atmosphere
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Na,CO;+NaOH
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—>_
No phase change

Exposure time in the atmosphere (hour)

Fig.3-6 Relation between phase change temperature and time that molten salt was put in

the atmosphere
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Temperature : 20~26°C
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. A ~~~~~~~~~~
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40 N _
CaCl,+Na(Cl
Na,CO,+NaOH

/ O O

|
0 100

Exposure time in the atmosphere (hour)

I
200

|
300

|
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Fig.3-7  Relation between absorbed water and time that molten salt was put in the atmosphere
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CaCl,+NaCl

Temperature : 20~26°C
' Humidity  : 30~36%
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Fig. 3-13  Relation between latent heat and time that molten salt was put in the atmosphere
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Temperature : 20~26°C
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Fig.3-14 Relation between Phase change temperature and time that molten salt was put

in the atmosphere



JAERI-Tech 98-056
4. BT 3 AEREOREREFR

SEITET I v I AEBMEORER VBB A ORI DWW~ RETIE, &EL
25 2y I ZAEBEERANWT, BR - BERERBRN OSEQRELT SRR AT o R RIC
DNWTIRRS.

Z T, BME - SEAEEERD, BME - BEROT S I v ) ZEEMMRER L ERAERR

ThHo, FEKBEESRRIL, €53 v/ ABRMMESHRIBEEZEHS L I&I2L0EN
ISt S 2 v 7 AEBMNRE O RNRBRTHS.
HEREE R OIE R OIS ZE Figd-1 \ORY. KESRIB-EMEEE S W 58113, #h
SBENEKIZ NaCl IR G LRI D Freezing Vessel AV, Fiz, BlEZE&R I8t
I w7 AERYR - EE S5O R INEE 2 BN LS B 572012 2 B OBEFE AV-.
BERKESEENTAEL, DWMEZRFHLTTFAY by 7O Ea—5—TEELE.

¥/, EREGHETEERTETV, R E OB OEMADIR B OF 21T 5 77,

4. 1 RYEROEEREER ‘

AR - EEEAFESERRE, DO (2o, PINESIE (ARHE) FLlbkEEERIEEtES
Iy ABEMEE, BB ER) SE% BRBLE BESLT) OFESHICKEL T
t5 32y 7 AERBRORBEERIEL, TORMELEZRAN-ZRRTHS. BeEzeR
XRS5 2 v ) ABBRE AV SIS, Figd 1 1ITRTEDIC—ERBEICHRE LI-BKIF
FITtE T2 vy ARG E AN, 53 v ) ABRETURERVSEKEEOHIE 2T
7z, KREERIVEHEIE, BESZRIIN —20°C ITRF L 2 DEN oMM E TRk E
EOHBAD I LK Y, BRMAEREBEE S —wE L, BEMERPOEE ORI ORIE
EiTolz. Fiz, BEEEEI %, ERENOFROERESNIKE L TR S 1,
EBUAH L DR EE R RSB E DRIEE(T > 7.

4. 2 FRIBELHER

BAR - EERMERICERLEERFEEAWT, ERPNSESEESTHIE, £33
v 7 ZAEBRPDRENE DL DITETTENERANE. A LABRIFIERKG THH
ETOFRTH B0, FEEEREHIGERETESD, BREEIDEERFICL>TEE
STULED. 22T, REEMEZEUICEET SISk, SRIPMIBE 2RI (FE)
BEEIZIATERSE, NENCRB LAt S 3 vy REREOTIEE OB R e
Uz, BIEIc 2> T, BEUFRICATE2 DT RREB L, 2OIFNIcEsMkEaE L
TWRWES Iy 7 ARVER I/t 5 3 v I A AN TENTNORLNREZRIE L.
F7, HOFHNOBERSRERVS DIFNOESIFERSEE 21E L.

SRR LBERHIANL, SRPPRNEEEIEEK 20°C ITRELEEE, RN
24, BRI AN THSD. Thbb, ZOBEICIHBEEHENZ 6 DL TICTAZEET
Xipinole. BEEIEEL 4°CITRE LIBAI0E, FRG30®, BEK1S, b
IREEBEIER 1 DL TERE T 12,



JAERI-Tech 98-056

ERICESEE AN TEANES 2 RN I B 55101, EKCRAT SEREDE
BINEEAIC L0 ENFE TR L SN MNEETHS. ThhbERAREICER LT
MThhs, FERITTNLEMIC, RENRE GHIIRE) 2HENCEsSX8-8a0
EEMBEICER LT, BEE3NRENEDL D ITEETINEHN. &EEH AR
RIFIEEE U TCRRINT SR, ZEEEANRRUSEREE) 1S’ A3 Thh, B
BRESHRIEEARRICTHS. LizdioT, ZHIXD, 53 v 7 AR ong
TEBIL DFEARRHE BRI D Z ENTES.

4. 3 YrHEDET

SRR TR IR - BRI R VR BB 2 TG S 5720 113 LA, BYRER, W
S OBYMHENBETHS. BRTEALIE TS v 7 BRI, BUEES Iy o2
CRARE K ESREBELOTHY, TOLI RHARDYHEEDRIEIIRETH 5
DTHRIERD 5T BFHERG 2 AV TR EERD . RECL, WA
R OEDIEIC DV TR Y B,

4.3 1 ©53 v AEBREE, HERNER
FRE WL DB H =D DEBTHDIMS, 53 v 7 AEMEOEED

peff =Ppem "€+ Pem '(1’" €) » @

11

EREIND. TIT, pyiEI3v ) AEBRDEINERE, ¢T3 v 7 ALHRDZERE,
P pem NABENMBEDEE, pop ;27 30 I ASABBMOERE (ZERE 0 DHEOME) TH
5. ‘
EbEs, BATEEOWHEDRES 1K ET5-0INERBBEIEFHRINDING, I3y
D AEEARD LB

Pem 'Ccm(l"e)"'ppcm "Cpem "E
@
Pem '(1'8)+ppcm "€

Ceff =

ERENG. TIT, o BHERERL, subscript ,, 273y 7 AZIUE, |, BHEEL

WH G BT |
Beckermann SO FLAIZER - HAHASRE L CHET A DRERE L TRREH

HL T3,
-F)_"':sppcm[YCl +(1_Yks]+ (1"5)'pcmccm (3)

LT, pec lAHEIHENERULSIKROEPEER, v BHEEWE D OB OES %
RU, ¢, ¢ VRAED D BTN TN R B ZERT.
BEWIBME RS 2 VUK ERBBTHINS, I3 v I AERMEOED BRI



JAERI-Tech 98-056

ROEIITRENSD.

Ly =e=E 1 @
Pefr

TTT, Ly EHBR, LAREILRAOBRTS 5.

AEBTRWRGHES O HEE#E) ROBEIIT TIC Tables 2-1, 22 1R L. H#t
BAEBRIZBWTHRE 2T o728, HIEENEEKEEI TR EDN - O THHEIHME TIX
BWahyo7z. Tables 2-1, 22 DfEE EREANWTENEE, tE, ZHREBR U
BEE RO, FER% Table 4-1 {TRT

4.3.2 53 v AEBMROENERER
Kunii HOWTHIE Dp OBRBERRIFNLHALZHRT 2B OEMEYRER & U TR EHR
KLTWS.

%%;=e[1+ﬁh?g?p]+ - 1<) i )
. cts [le

1224, 0,) 5 )

f

TR BIEETOERBDTHD
hegr ‘FRNEMRER, N ME(CIEORMRER, 8:A1/D,, ALBRKNTROEPES,
D, BEKITE, by, ZEREORBENICE DRRER, ¢:1,/D,, I, :2 DOERKTFREIC
TR UTCRINEDES,  h, BEWKT OBMRER, b, BRI S ERE OB
L& BEMmIER, | BHRRITOSEHES, A, EROSYRER

ERICRE < OXRHENEENDDOT, NS ZFHAT240ENH . B mERIIN
RELUNIEETEDOT, B¥ h,=0 EUTRW. E£, ZAKOEROPICTETR<HE
HERAD TOWBHEICH, BBHICE2EEIFELRNDT, INSEEERT S EG)R
WERDEDITIRB.

)\'eﬁ —c+ B(l— E) ' (6)
D, | A

Kunii 5L 2 ERTEIRE SEIRER (480°C) DUV TIIEBEIER T2 Z &A8T
E5. B IBNTHRTHIEREMEDSREITE

B=%{(%)% +l+(%)%}=0.895 @

- ERDEND. WHPNFEDIEEITIEAL =1 BEELB. ¢ W /x , DOBILELTHRR)



JAERI-Tech 98-056

O Fig5 THA LN, AP THWERIRE 710, DEREITL, ¢ 1A /A, IKFFT BET
HO, /N THUTHRARD TS, ZOREITBELT 005-02 THS. I /D, BIREFL
WIREROMEORSZEEL T, I /D, =23 ERDENS.

OB FUEDINL LR FR SR I N TNAD ETEHHDTH DN, —EES LR
HBDHEITIGE)O)ITED - T

A A b -D , (l—s’{1+€—,¢) :
el gL T TP 1+f—¢+ - £ €]
A Mg Ag £ (ee)
1{» D
_(_L)+Tp(hp+hrs)
) 5
EI
(l-ef1+—¢
Mg frs 2
—¢ + , ®
A ) (e7¢)
12y, Dphyp
ohs A

MESND. ZIT, o HELRTICBITHERRTH S, Kunii SOFO)RDe & LT 0467
2ED, WDMDe Tkt U TEEMEEREFHE L T\ 5.

Beckermann SV ISENEYRER E U TRRZRHNWT NS,

Ay = M '

f 141/3

)\’ef_‘f + 8[0';1T] )\’e/ff —)\.cm =0 (10)
S

(6),(9),(10)ZN 2 AV Y TEH L 7= ENEAMEEAR % Table 4-2 1KY

Table 4-2 IZBNWT(E),0)F & OKDMENL, FNENHBEL TR FICK DRI N D LK
UHEE LTRL FIC K ORI SNBSS R DEYEMEERTH S, FHINDEBD, KFN
e LA MeBRNE <720 ThB T EMGND. 27, ORICL0RD pPCM Dz
BEOIBHEEERDS (Alr DHE) oD 2 DITEATHE D AEW. Kunii H5ODIBH LR
WRAEEE WS DOVFHET 2HENH B DT, TIN5 DEICL DBYRERNIKELEDS
FIREM B 27, HIEMEERL. HEERXOFNZ T oHENH D EEAS5ND,

4. 4 R

4. 4.1 IfEURAR

Fig 2-1 ITRTEIMAEE S 2 v 7 AR O TENUTS. COHE, REEIL ko
FOSHAEET I v 7 2L 0K 138D E 0,
ROBEE(ERD DDA TOL S IKREEERLT 3.

K (=0 ICBWTIROBE T=1(1), RIFFEOMEEC L DBOBRZEITD. Z0&E



JAERI-Tech 98-056

DIRDBEELZRDS.
IRHb, HEIT

6(rT) < 62<rT)

P (11)
BREMT
t=0: T=f(r)
£>0: q=4{%§) =o(T,-T,) (12)

ERINDG. IT, NIROBRER, o [dBMRER, 2 EROFE, 1, \TROZMEE,
7., BEABEREDIRE TS5,
§=(T-T,) EBE, u=r0 £THEERIROIIITRINS.

= Kgri;‘ (13)
(%%)E +Kh—%}ﬂ -0 (14)
Who=0 +  {uho=rsl)

ZZTh=o/rTh%. INEMHLBIUTOLIITRDENZO,

28 ptefan-1p

a? ol Uy . Pvi
0 e sm:rﬂtf(t)snma—tdt (15)

ar & u? +ahlah -1

YRR £(t)= 0 = —EDHE, SREROL DTS,

_ Ku?r

20 O p.;? +(ah—1)2
ar i3 u? +ah(ah—1)

K

0= e @ -sin—-rsinp; (16)
a

(15), (16)x\Thu; 13

(1-an)tanx = x (17
EWZTIEDOIRTH S, I TahlIEA—HTH 5.
ah <<l DHEE, ANANE? = 3ah <<l EIZBD, Py 21 THENS, (16)RISHHOEHD
HFERN &2 o T, #ER

0=0¢ ¢ (18)

LB,
Lo T, ah<<l OHEITH, HRERMBERVOTRERIZEAEEL L, ReADRE

BN TRI LD RELT B &I 3.
ZIZT, ah<<l OELEITDOTRETL XD, ERENIFRMAE E ORDOBYGERZ X w2~



JAERI-Tech 98-056

HNu TEKI &, EiddHid

A

ah=a £ Nu<<1
£ N (19)

>R
N | =

E13%. (19T, HINEIRAOMRERTHS. NERRANSIEOES, BURERIINE

WV, 72EXI Table 9 TRI YT I w 7 EBEYE L 2R OBDBYRET, Nu~10 (B Ruhins
=EE) OBEEITE,

ah ~0.5'9'2—26'10= 0.065 <<1

ERD, ah<<1WPRILTHEZEZTEN. LENST, Xv)l MEAVNEWESITIEES
2 v I ABERBOREEER R WNEEINZEALEL <, TOREEIaR TRENS.

SEBANU D LDZEITIIER LR TRBERNIKEN. AUETI v AEMREH
WEBSITIE, R

ah~ O.S'QEE-IO =0.43

ETRD, ah << 11309 UBARRZ L7z,
¥z, (8)ROfEE
h _3 A 1

= —Nu 20
a 2 C,,sa2 20)

ERENB. TIT, pC,) WROETHS.

4. 4. 2 BfEfEtT
RER O RAT 3 FRUR AT NI AL T 25 a0 L 2 4 D BAICIEAN TE
W, FIT, KERNEITY, SEKEENESTHESOMEEDORELSZRD 5.
fRAT TR SIS T 3 v J AZFURERRE L TRO > 7.
HEHTIIEER g, ZBATHELTOLIIEREINS. JIT, EMHREIIEZFREMRIC
B L TWBIRED D BEFRIZELL TWHEIS 2 RT.

— T a*T 20T dg
A — 2 L= 2
e ‘ff(ar2+r ar)Hp at @)
BRI
t<0 ;T=Ty

¢>0 ; BENSEMEE GHE S
ET5. QDINEIE 2 BIIMHELEZEURNESIZIEL =0 &5,
ZZT, pc BORTERL-HAER, LIIRER, o BEHRTHYD, EERIEHDHA
DFeg, =1, BHOADE g, =0 THS. BEHEREZAND EE)RI
pc=epi-g.), + g, }+ (1~ epoca 22)
ERINS.



JAERI-Tech 98-056

T 2w I AERBEREDN 5 OROBARE RN REVEHH 2E X 5. BRFROBED
S PVE 2y |2 TFAN

Nuy =2+0.507-Cr (Pr)- Ra" (23)

0.503
+(0.492/pr 16 }4/ ?

BRAWEO, 2T, Cp(pr)= {1

pet, 1
4 4+7.5Rad%®

THo. YHERRIEE CRIEREOIETHHE Uiz, e, BEENTED, S
T HEITRIT

g-——[ri- Té.‘) (24)

a6
EREWTHELE. ZT7T, ¢, 4 @EI3IvrAEREETI vy AEBUROMEREL D
HETHY, ¢,, 4 JEABHOKHRENERE THS. (23)HR(12)RORYRERHEICH
WTHHNWE.
AL DIRED S &IZfTo 2.

© FEEGEHEEEETELN.

@ EmEhIzN

® ERM{LREIEE - AR b—ETHD

FREDEIRIIL T OE B TH S,

RAENT X TEHEOBSICIIERR g, =1, TNTHREDEEICILg, =0 £T5.
t=t DRRITHEDNTL =0 ELQDREERGHEDOTITME, =1+ A IKBITDRENT%
RDB. FEHLTWDEIY FO—VRY 2—AIBWT, ROEBEIRE CEEL &b
B (EQ) , EWERAMO0LDKEVES (1 X0/ATNES) i, Foa> ho—LRY
a—AMRLEL DB RV MBS SRR (BE) 2D, LT, Biksar o
=R 2 —LADREZEHORBERD, EHREMIETS. MIEL-EERN0 & 1 0MD
BAK, O bO—bRY a— ABEIEEOBEICE- NS, FIE LIZEMRD 0 L0/
T (1 EDAEW) BEIE, BHRN0LDAIL< ok (1EDAEL o) ,
T2 bO—RY a—AREEREE 0EL (K<) BWIETS. 1=+ A KB HEHRES
REORBEIYET USRI, ROBAT Y AATHES, Hilide =1+ A 1BV DR, B4R
2RDD, TOEDITLT, BROBESHERDS.

BABAATIER TS U TU T ORBG-OIEN 21T /2.

D I3 vy RESUEORMRIRNT

VIEMBED B FOEMDE S 3 v 7 ABME AL EOBBEEKICBE, Biff
Bt T3y 7 ABBRORELLERD 5.



JAERI-Tech 98-056

@ I3y AEBMEOEERRN
BARL T 53 v/ AERE2RBFHERUCRE, BEROBRERLERD 5.

@ 73y AEEMEDTBKIRE DB
I3 v AERAOFRJBE ZBARNICESSE, €53 v/ AESROBREEL
ZRD%B.

4. 5 FERRUBHEREEE

4.5 1 BUAR - EEEISER O

Figs.4-2-4-9 IZt 7 X w V EBRORME R EHEERIE R 2R T

Figs.4-2 U 4-3 10K & RVWIEE OEBHER R UMNTIER R T. Figd-2 [JRMRFORR T
H5. FRIIVEHEERN-19°C Dt 53 v 7 ABEKER 125°C ORGFITHEBEL TiTo 7=
BT 2y 7 AFNRE, BAVISHRKQIBE THS. EREBERTTROEZEI3Iv Y
ZHUINRE, BRI SRDIIBETHD. M EERIIHBHE B L T3,
B SRR TIRIEIREEDN WS 5SMER - TWE, Sl EBREBITOMEBREBOENITL
BH DK Tables 4-1, 42 IR TYEHEDEROEE B2 Z LT B bDEEZ 5NS. BT,
BURERIIT S 3 v 7 ARTFOEHEEVMS LR TEEENRHATH D 2 ENDEEINRE
WEIREMEA B B '

Fig4-3 |JEEEIF ORBIER IR A TRT. ERIZ-19°C DIKPITREFL 7= 2 DF!
NOFARICE T 2 v 7 ABBMERE R BIRAATIT o /2. SHARIEEIZ-19°C M 5-135°C
IARRMIZHEML T2, BMIERERE —EDOFETIT o/, RIIIBh TRt T 2
w7 ZAERARERE, PURERUWE 2 AFOREZRL SR, BEMATREREA DA
<HEMEEBEL TWDA, EEEREO—BIIEBHNR Y, i S EZROZEL, Yk EOE
WOIENIT, BAEMER O DRI B AREREISEROHMAFHRE L DELBoTn5S
ZEDNEZLND. Fgsd2 RUN43 05, fMIERE HEBHBRBREL TWa I M5, ¥
BTN Y TH D T EAVREINTZ.

Figs.4-4 &) 4-5 1T Na,CO,+NaOH DRIESEER N OB ORGSR ERY. Figd4 VIRIAFFER
DRERTH B, EERIL 250:C ITRFLIZBRUFN S 350°0C IR LIZBSIFICE I v/ A&
AR L CGREERZET 22 EICEDITo. BBIIERERERT. ERIIEERER
TKDIE T Iy 7 AHNEE, BRI TEA-ERKBERLTHS. ERTHERSE
DY 50 B 350°C LR TFLTWADIE, ERREEREOESIFNSEBOERFITHBL
BXBEE, BROKGVRALEEZDIELEZHOTHS. SRIISFHESIBEZE 3500C &
L7z & E DTN SROERNEETHS. FERNT TIIAOFESIRE DK T H%E
LT, ERNBENBYIETFL TS ERLTWS. Fi, SEFF T 200 BERICHZE(L
NELTES Iy 7HhNEEN—EEE2FRET N, ERTIHREN—E LR BEIRENT
IEONITIREN LR L TS, ERIIERRIIBW TR UL ST Na,CO+NaCl B BIKE
B9 50, TOEBRTHM L Na,CO+NaCl DEEUI/NE <720 TWAaJREMNH 5.

Fig4-5 \EHERROMERZRT. PHHREE 370°C Ot T 3 v 7 AERIEE 240°C DHEHFHKH



JAERI-Tech 98-056

B LEEDTE T Iy 7 AEMERDRE ORHZBLZRLEZHDTHSD, vSIvI R
FUNREOEERATERZER T, BT TSR SHERREZERE TRYT. 8RICEIE
B LA TR, ERTIHEURICRN 2 —TREOEEISER NS W, NI, Fgd4
EFARRIZ Na,CO;+NaOH DEBHAVNE Ko TR I EIXEBEEZLENS.

Figs.4-6 B 4-7 I MgClL+NaCl 2883721 T 2 v 7 AEEURORRE CEEEIER DGR
%R, Figd6 ISRYEEROBETHD. FRIT 400°C IHRFFL ZBBUREH 480°C 1247y
LI-BLFITBLEZD 2 EICLDITo7. MeCLNaCl DBEEITIIHE(LFEELY) 440°C 1F
IICHEICZERN TS O 5. BREIEORERT, Bl 1 D TI< 450°C HRicEk
HEIND, FTNTNORMSDBEZRIZTNEERE AL ) 20-30°0) 7%, RifRE
BT 1 DOMBILICBABTHEENH S, MegCL+NaCl DB I3RS 28 A TRE DRE
ERETREZEEDIRT & DTA OEBEAE—7NERKT2HSNRENED, FERICHW:E
SIwIABMKIIT NI ERIPIFEELEZDOTH S0, BFEICKDERBFIINE
WEEZ5N5. Figd-7 ICEHEIEROIEEERT. 5100C IR L B8R 2 FRSIRE 350°C
IR U7=HER, 19 430°C WBWTHE LA U TWA00oNn5. T O LREIXEED
BEI DR 10°CEL, BEHPEN TS EEX 5N,

Figs.4-8 BT} 49 12 CaClLNaCl ZEBEIE-1 T I v 7 AESRORMER DB EER DR
2R, Figd-8 IRMREROBRETH D, ZRIN 27°C ITRELIZE T 3 v 7 AEBRER
540°C DBZFRBLEZ D Z L& D{Tok. HTHAREBREE, BElldts3Ivr A
ERNEETHD. ERBKICHETRY. ERIIES 3 v 7 ABEKRRINEE, KiRid
KEREEZRY. ARREBERT TEATSHEKIBE THS. K5 d & D BT
RIIEBR L D BEE FREENAE. JIUBIA B DBATHED & 5 WITERRDE ER
R BEESEOBYMHEINER BT TRIO TNAIEIZEDZHDEEILNS. BYEL
25 3w 7 AEBROBEBE 2 EHICIEET 22910013, SEBOSERRER O Y
RUBYMEZTFHITREST 2 Z EVNEETH S, Fgd-9 ICHBEIFOERE R R OB E %
RY. KOS RMNRIIFIKER U TH 5. EERIIH560°C DET 2 v 7 ABHEEH465°C D
FBRSPFICHEL TiTo 7= ZRT 500°C KBWTEENE U TWS Z EAEEI N,
WA BT DR R T 3 R OEHEITR OIR B TR AT O R L D K&, Figd-8
ERRIC AR B USE (2 TEREICAHIET S 20855 & X 55,

FNEMREZIZEI LTI, Table 2-2 & Table 42 Z HUiET 2 SHIME D Na,CO,+NaOH &1 5
3w 7 AEBR TN 2 SR EENRCEROENNR S NS, ERMEOIERIIE T
ElzWizd, BRUEPREROBICE D LA U —REERIIEEHE TERN 720, HARER
2B Ryl NI 1<Nu<10 EZEA SN2, LMo T, EEMnER 2 (S35f8 g
INTREEMRERN T E L SN Z WS, SEERLZBEVa=IAdES53I vy
A D TIHEEYRERHEIIN R DEWD, DTS I v I AEFHTSH I &Ik D & 5i8m
IEBENTRETH D EEZ HND,

4. 5. 2 IREEB R ORRTHER
Figs4-10-4-12 WIRELHEREREIRT. Figd-10 1 Na,CO+NaOH DFBOFERIERT



JAERI-Tech 98-056

H5. BIPNIRELZ5DCtET 2 v /ERGEE AN, ERFNSHSEELESK
278°C, Bx{E#47268°C TEEE T2 v/ APINREOEEZH7=. BE ERIFRAIZH 130
#, TR 230 BTH5. 5DOFNEELTIRE 276°CRIELN 2710°C TH 3. +
T2y 7 ADADOHFNRELENEL 267.521°C THB. Fi, ©I 3 v 7 AR NEE
I 266.5+0.8°C TH5D. I Iy I ABMER OIS 2 w7 ADADBEEENRIS DIFNE
HASVBEOEF#HHL DIEVDW, €53 v ARVEEEE 2 DIFEICEVW -0, &
FEASKIBE X VEVWEDREDHEE 2T THDEELZLND. FDD, BEYK
ISHELRE X DEWEESTEBI LTS, 353w 7 AL DESUREELSEMEIVAI LD
IIMBERDENIELSEZEZONS.

Fig.4-11 {d MgCl+NaCl DIFE DRERESERIER TH 5. EXKFNEREIRENL 499°C, &
EIREET 466°C, B DIFNRERINRERRZNEN 489°C R 472°C THB. EIIw I A
DOBOREEIMEIIERS 4755°C, TK 470°C, T I3 v 7 AEBMROBRELEEIH
B 473.2°C, BK 469.6°C THD. ENSANDEINITETI v 7 AERMEOREREE TS
2w I ADHDRARRE LITFEL WY, EEREREII v/ ABELVEN. 53y
2 AR UERINERE & MgCl,+NaCl DHZHRE LD EW. Lo T, REELEE T
BRI E > TWBEEZONEDT, I3 v I A EEREDOIBELEMEDEN
BEE LU TREEREDENILD EEZ NS,

Fig4-12 V& CaCl,+NaCl DIRELHERIER THS. KIIMIEREME TR, KXHE
25 DIFNBESEE, BEAdtSI v 7 A0ADERE, BREItES I v 7 ABRNEE%
R, DDOIEFNREEEIL 499°C, RIKREL 487°C ThH 5. BE LRI 130 8, Tk
B 230 B THB. I 29 7 AZRFORERE LT I v 7 ADADORKRE SI1FF
ZLW. BEERBEETEII YT AOBORE & EARTH 2°C K. FRKR ORISR
TH 5. HNWERIIRG CEX - FHEKIREORNER 2R, BIERTIHEELIRE 494.5°C
ELTKRD ., BUEMTERE TIIHELREZEA S 2 &EICK DT 2 v/ ABBMKNEER
BNEDS. HEUREE 490°C &35 8, EI3Iv 7 A&V T Iy 7 AERMADIREES)
BlIHEELERNS . ZITH, B3Iy 7 ABMEBEN TS I v 7 ADHDEE
LD BELBDEIITHEMREZEAL. LHL, BEEEBEIEIFERED bREB>TN
5. UL, ATROXDITET 2 v I ARVERMREHIBORICENZ LITXD, KHD
BEOHERZZITTNEEOHTHSEBbONS. Fix, BT TIIERAOERREEILY S
v MR DITHELOMENENTWSY, ERTRZOLIBECRE SR, ARl
DFEITIIHBRAE N B 2 —FDBERTE U S J ERVEEROBERHOEEIC L2 H DM
H LN, FEKEEORERMREOREEES I v 7 ARSI v 7 ABBKOS
BRI ORI T U 5%, T EERIIBR <L TWAST &% 5.

Fig.4-13 W HHSEERKIRE Z TN T 510 U 470°C & Uiz & EOIREEBOMTTESR
ZRT. HIWERESHSIEELSS), BRIy 7 A0ADBRERE), KnEFItES
Iy I AEMMEOBRELEERT. AL 400°C, FIHHRE 490°C, ¥IHAEHER g, =0, FEF)
BEE 28lfg & LTI RIT o7z, BN 5K 1000 BLRIEFR7LOREZEMNER =N,
T2 v ABEBMEORELEIFRGIRED 40°C I LK 1.5°C &/hE .
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VIEAEHERNREEINT G X DB E R IAERE Figs4-14 KU 415 1WORY. BATOSEH
K[EERRIREL T TN 496°C BT 484°C Th 5. Fig4-14 W IHIHERR Y 0 OHE, Fig4-15
131 DFEDORRTHS. Figd-14 THIK 1500 B ZIBE S SEFITEL, BHELENIN 016°C
EETHS. Figd15 T, # 1500 BEBE 3 EBEEEHBEINIEAEHERL TS Z &8
bnd. Ihens, 753y ABERMEOBREEIMRIESFHIOSRFIZE D ELTE I &N
Hinb. _ :
FEAKIBEOLIREREE 12°K, FENEBEE 28V, BIR% 490°C, #HEMREZ 0, B
BIFRE 130 7, BRBRER 230 B ETBHEE, +HREINER L EOFHSEEEREEYS
2w J ABERPINBEOEEEOBRE Figd-16 1TRT. FHRITREN 490°C DA
(TRHEFHEIRRIRE 484°C, BEIRE 496°C DHFE) W2 T 3 v 7 ARNEE OEEE
DEH/NEL, £016°C THD. FEKTHREMN 491°C BTN 489°C DFAITIIE T I v o
AHUNRE OBEMEIL TN TN 2.64°C KT 296°C &5,

ZOTTH, 53y I ARDERDIREEENIS DRFRHEERICE Uk, SFRKESE
B LIBELERAE O OBIEE Figd-17 ITRT. BING, FRKIEGREN 490°C L&
WEEIZE, €73 v ABMNREISHQUREOEEI E EDITEBIEH TS, L,
FEKTIEEDT 490°C K DEVIEAITIE, BEURIAD 490°C 275, RO THDHHFHE
WEBNERIAT S Z Ehns. FHISTIFREN 489°C DFEITI 5000 HEALAE THID
TREZFIED, 484°C DHEICH, K 17 HEtES 3 v 7 AFINRER 490°C Z2EDZ
EWRENE. il FIEHREDSTEAORE, FHRIIRELHOHEI BRI EOBE
WM LIC & DIRERBORIIME CRN T EBR L TNA.,

4.5. 3852

(1) BUR - BEERICBN TN E OB ET o7z, KERAWEEBR TR SRR
MBS —&L7’E Uhl, BRitEZAWES 3 v 7 AERYEOER SFRNIE BT S
FO—HIEBRE <oz, ZOBHRELUTUTMORIEHNE I ONS.
1) EEDEN.
Na,CO+NaOH % FV /2528 T UICfE DIRE—E sl U LinEREE S huizino
Fo. 2R, ZBRHRICHEB LI ELBEHRORTICEDHDEEISNS.
2) BRI OBMEEDEN.
53 w7 AEBMEOBR B LICHE S 5 X DBWMHEICIE, BEERN TS L8R
MR, H#le,, BENBHFOND. INSIHRELRER Ve, , EA—Kaa/
(o HBMRER) FEUTHENS, 7397 ABEK TSR, SYREROFENT
HLUWDT, FWMEE EERBOMEIIIRENH D ENEX5NS. Fgd2 TR
TR ZERW-AMRER T, EMEERICBNTIIEZROAINEE EEEEINENT &En
5, 70, DEERERIIFTHUG L /EL D RENT EMHENIENDS. F72, CaCl+NaCl
ZRWEER EFNIIBWTHIRE ERH 2 WHETOHEEDEVWYEHNZ. L,
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COBEITEEBERTH D, YWHEDBR WIS B E DO ZEDRELHE
BTERNEEASNBI0, YHEECE U TR 2 T3 o TR0,
3) FBRHKHUA L OBOTZOEN.

FMTICBWTEHSKIRE (FR) 0ROz %E, HARSMUER VBN 22 1E
LU TE A BRHRHBIINIE Boussinesq iIREUCEDWTEIE I NED, HBODES
IVIRREZEDY 100°C % & Boussinesq BRI T DIREZE L DIZBMITKEN. L
=5 T, HBERZODONKEMBEZTHRILTAINEINEETHD. Fi-,
AR THWE=EEOZLHOMEGH . X517, ERICBWTHEM &8
L BEEBICBITAREDRE LD, FRSYMROBMETZR % EHE UG 5
DITSEDEREEE TSmO THE#TH .

S ECEHI 2 IEREICIT D S TEIUIMRNTIC & 0 RERME 2 TFREICEHE 2 = &A%k L 12 0,

T2 w7 ABBREOFEBOFRAMEICB N THEER - HEUWSEOEE, AREESRIEAES

BERHUETD I ENTES.

(2) BELTHEROSEINL FHIUREVHELRELVE2o7z0, E<Ao7/z0T53
7%, EBHHOBEIEND., BRAINAKENS, SRKIBENER OBESUTERSTH
BENBRAR T, WAEOETEEIBLTS. Lizdo T, TOBEITIINT EERITELS.
QﬁmNﬂj%mmtﬁE%ﬁ¥%K£mT}ﬁﬁ%@@ﬁ;ﬁiivﬁ%@&@%ﬁfﬁyt,
T 53wy AEMEDBRETH 35°C TH3. Z0ER, BBEIHEBMBICLDEELD
N5, BT TR A FHEIVRE OEEIHELREIL—RT 258, EI3I v AN
RE QTR IT/NE <T2BA, —BUBWEEITIEEMIRREIREL RSB I LAVREN
7Z. UL, TNREROMEEZFDOSFHKIPICES I v VBN 1 DEMNBE O
FTHo, AEBAFEOFHIPICSBROBHENBENNBEITE, BELE T 5H5HS
OEREEIHELRE &~ U< T, EMNEELFINE<R2bDEEZ NS,
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Table 41 Effective density, specific heat and latent heat

Z0+ | poy N Pesr Cesy pe Ly Ly
PCM - e/en®) | U/ek) | [fen®k) | lfen®k) | /) (r/¢)
Air 3.50 0.502 1.76 1.76 - -
Na,CO+ 419 0753 | 316 3.16 532 5094
NaOH
MgClL+ 4.12 0.584 241 240 48.1
NaCl
CaCl+ 423 0.590 250 2.50 442 276
NaCl .
H,O | Solid 3.88 0.64% 2.52 2.52 326

Liquid | 388 0863 | 335 33 26
Table 42  Effective thermal conductivities obtained by egs. (6),(9) and (10)

, Z02+ hegr W/m-K) hefr W/m-K) hegr W/m-K)
Alr eq. (6) eq.(9) eq. (10)
Air 0.174 043 0.31
Na,CO,+ 144 149 155
NaOH
MgClt 168 168 172
NaCl
CaCl+ 1.69 1.68 1.73
NaCl
H.O Solid 2.24 2.15 2.14 »

Liquid 1.10 122 131
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Fig. 41 Schematic diagram of experimental apparatus for melting and solidification
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Fig. 42 Plot of temperature against time during melting for a porous ZrQ: containing water
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Fig. 43 Plot of temperature against time during solidification for a porous ZrO:z containing water
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Fig. 44 Plot of temperature against time during melting for a porous ZrO: containing
Na:COs+NaOH
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Fig. 46 Plot of temperature against time during melting for a porous ZrO: containing -
MgClz+NaCl
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Fig. 47 Plot of temperature against time during solidification for a porous ZrO: containing
MgCL+ NaCl
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Fig. 48 Plot of temperature against time during melting for a porous ZrO: containing
CaCl+NaCl :
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Fig. 49 Plot of temperature against time during solidification for a porous ZrO: containing
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Fig. 410 Temperature variations of porous ZrOz with and without PCM( Na2CO3+NaOH ) put in the

atmosphere whose temperature is periodically changing
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Fig. 411 Temperature variations of porous ZrQ: with and without PCM( MgClz+NaCl) put in the
atmosphere whose temperature is periodically changing ,
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Fig. 413 Numerical results of temperature variations for porous ZrOz with and without
PCM( CaCl=+NaCl) put in the atmosphere whose temperature is periodically

changing between 470 and 510C.
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_ Fig. 414 Numerical results of temperature variations for porous ZrO: with and without

PCM(CaCla+NaCl) put in the atmosphere whose temperature is periodically
changing between 484 and 496°C ( initially €s=0).
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Fig. 415 Numerical results of temperature variations for porous ZrQO: with and without

PCM ( CaCl2+NaCl) put in the atmosphere whose temperature is periodically
changing between 484 and 496°C ( initially 8s=1).
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Fig. 416  Plot of maximum temperature difference of heat storage ceramics at steady condition
against average atmospheric temperature periodically varying around the average value,
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5. £&¥
ZERRERE 039 OBILDN AT LEERN ETHET I v I AZAETICEREAE
(Na,CO;+NaOH, MgCL+NaCl, CaCl,+NaCl, 7K) ZERIEt I3 v/ ABBEEHEL,
MEZHETDHELELIT, BE, HROYMEZRELEZ. £z, BUE BEROBRERME,
FESIRENEET 5 & XOREMEZRRIERR BN 21T o7z, IS OERKUMENT
DERUTFO T LA 7.

) S U 7-EB8HA & 700, ZFURIIIENID S Wk, EREAROZILE~DOERIT,
BRI - BB IS A EZB T EICEDBBIT O LT ES. T, Ul
e TNREEIERNE, SAKEIIYHENEZ> TUESFEENNSH 5. T2, &5
2 v I ABBRORERAEESET TITONED H 5. EBEROFEOFRITB W T,
FEHAEHMNTEORZZTO EEALNDD T, EBREDEHHIIICHEETH S,

©®  ZEHER039DZ0, T3y I AIEABERTHEAT 20 THREEHTS. %
ARSI v I ABHERLD %%ﬁﬁ%ﬁk%’éﬁéﬁt%@ﬁ REENKELRS. L)L,
t 53 w7 AER AR ESHFICERIIENE T 5 &K 0K ERIS U THREMET Lz
0. Na,CO;+NaOH ZHWHED L DITZERH DK 2RI L TRAFEOMICES 2 v
27 ADKNT IR BIRENH BN, KRG EFREL TRNERSAT TEATIE chs2f<
ZEBADICARETH B EEABNS, '

® TEERIE DFER, Na,CO,+NaOH {3ZEQF DKA Zl> TEE L, W THE L E4E
Uia<73%. E7z, MgClL+NaCl [3Alf7 - BEOKEDIEUICL DERFEL TEREDZEL
BIEEADNRA G D, CaCl+NaCl Wk RIRIC & D SRE/SEADEII R S haho 7=
UnL, A UBRERIZES P 0K 2RI T 5728, @BEABNEICEFALZD, K
ERSAEEST CHET RENSH S EEbh 5.

@ 53w AE U TIEIBMEERDOE MWL O L2 EHEE L TRV
BETBNTDH, EPERERI 2 SEEENL-. 4%, BB tomES 3
W ABENS T ST L VEYRERS 2 X SICALLE TR T ENHEETH B EEZ BN
5,

ZFAPITHB LR EE L PEORGER, EEOBWEEITIZE A CHIE
ENTWRN. TEROIFE TREINTWAIHERICE, £53 v 7 ALHEDL DI
% OEHEDSES SN UEKDBEEITIE, HEEENSEEN TS O EE/EDA
ENKENEEZEZENS. Lizdio T, BEMEOREHE ZHUE T 5= OICIIEREE %
BIET 2 & &BIFHEROEE 2 LT TS ENH 5.

® t5 3w AERKRORE - BEESURELETORE, THFHEKIRE DY
EEVHEBLBEICGEWGSICE, I3 v ABRATOREREABRREOLTE#ICD
M STIF—EEE &5 EHVRE N

RETERINEREN S, BRI UEREZFOERKREAVIL, BRANESZL)
BTN S D - ENTIRETH 5 Z EAth oz
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ESR, 8|7 - o v C| As £ a 9 - Ci ER&R 1985 EFHTICL B, 1L, 1eV
Ea, BF, EEH (£ o M|V W/A I N, R BLT 1 uDfliiz CODATA D 1986 & #1Z
] <o B Bg|7 » 5 F F C/V 5 K rad BiC & -7
® 5 & w4 - «| o va L 4| rem :
av gy sy vR V-2 RS A/V 2. RAwRBE, /o b, Ton, ~I ¥
B #Flo = — | Wb| Vs 1 A=0.1n0m=10"m TAOLEINTRANARORELOTL
w O® ® E|¥ = 7| T | Wb/m? 1 b= 100 fm?=10-2* m? CTRERL
. 3 . ~ [T - SEE a
47 7 /AN Y ) H Wb/A | bar=0.1 MPa=10°Pa 3. barid, JISTRHEBOENEEHLTIS
e v 2BE |ty rE C | Gal=1em/s? = 10-m/s? AIBNE2DHF T — S AT
x ®Blv — 4 v Im| cd-sr al=lem/s™= s 3
2 1Ci=3.7x10'°B °
” v 7 2 x| Im/m s 4. ECHBEFLIESTE bar, barnsk
% 5 ge|l~ 2 v | B s™! 1 R=2.58x10"*C/kg . .
2 q 2 U TMEORA] mmHg %&2DH 53
% I B 8|7 v 4] Gy J/kg 1rad=1cGy=10"Gy AT
B# OB %4 B|lvy-~xwnr] Sy J/kg lrem=1cSv=10"*Sv °
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