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A Study on Gap Heat Transfer between Boron Carbide Pellet
and Cladding (IV)

*
Sennosuke Sato

*
Fumite Kaminaga

Abstract

The purpose of this study is to investigate gap heat transfer
between a boron carbide pellet (BQC) and a cladding in a control rod of
the Fast Breeder Reactor. The present report describes discussions of
the experimental data obtained previously and results of the following
two experiments and one analytical calculation. The first experiment
was performed to measure conductances of an amnular gap between the B4C
pellet and the cladding. The test piece used a sheath heater to obtain
an accurate heat transfer rate and ceramic spacers to minimize an axial
heat dissipation and an eccentric effect. The gap width was 0.5 mm and
the test range was up to 600°C on a surface temperature of the B,C pellet.
The second experiment was to measure an emissivity of radiative heat of
the B4,C and the stainless steel materials. The analytical calculation
was made by the finite element method to evaluate an eccentric effect
on a circumferential profile of the heat transfer rate.

The results were summarized as follows. The emissivities of the
ByC and the stainless were 0.85 and 0.25, respectively, When the minimum
gap width was 0.125 mm due to the eccentricity of the B,C and the clad-
ding, heat transfer rates in the circumferential direction distributed

within 25%. If the gap width is around 0.5 mm and the gap is charged
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with helium gas, the gap conductance can be predicted by thermal conduc-

tance and radiation.
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A :  Area

D : Diameter

g : Acceleration of gravity
L : Length

h : Gap conductance

Qin : Heater power

r ¢! Radius or Radial direction
q + Heat flux

Ra : Rayleigh number

T : Temperature

AT ¢ Temperature difference

o : Coefficient of thermal expansion

Average gap width in cold condition

§m : Modified gap width in hot conditiom

€ Emissivity

8 ¢ Circumferential direction

A : Thermal conductivity

v : Poisson's ratio

o : Stefan-Boltzmann's constant (=5.6687x10~8 w/m2x*)
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BEEE5A/, I0LE 7RIV EGETHS LR LIS EEORME
Tofee MEN—EIEDEFREBICE L2 EEHEE LR, BSEOBEENLTY v b
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DARNESIEOOREQR, ¥FEr., rv, FOUBETOEREE T Th ok, kRO
L D IEREENH B,

2 A

Q= I n(ra/rb)

(Ta—Tb) (3.1)

Fig. 2 =3iZR7T A, B, CHENMRESNIABEZNEFNRD & HEHETKD 7,
Ta, Th ELTABETI (Ty +Ts ) /2&T,, BERATIE (Ts +Te ) S 2&
Te CARITIE (Ts +Ty ) /2ET; ZHOVTRDABDTHS, TOHRFEIIFig 2 —
JIRTRENESOREEERYT, 8, A, B, CARDEREQ. , Qs ., Q. ik
Tmaha,

- 2l Ty +Ts .

Q = In{D: /D) [ 2 T ] (3.2)
_ 2w A Ts +Ts _ V
Q= D, D0 ( : Ty (3.3)

. 2m A Te +Ts _
Q= TuD, /D)) [ 2 Ts ] (3.4)

ZIT, Di &D: & BlRVy FORRESNETHD, BEEEL WK BEEED
FalE, FIZAAKETE ((Ts +Ts ) /2+T.) /2h0HELLEEEV, B
EROFEEBERIEE 3 IR,

Fv v 7EELh,, he, h. BTLORXTHEL .
Qa
fs 7D, (T: —Ts) s (3.5)
Qs
fe 7Dz (T: —Tiq) (3.8)
_ Q.
he = 7L‘Dz (Ta _Tll) (3'7)
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RESNICRENSUTOXEROTE v v TEEEEDEBRE Norpr, heses AW
720
Nexp1=Qia/” {7 Din (T1 —Ts)} (3.8)
Hexp2=Qin/” (A Dya (T2 —Ty)) (3.9)
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FidFig 2 — 5 K RTRMBEUESOEELTT,
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(3.10)
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B.CTIFFig. 3~ 5ITRT &I, €& e OEFIIFRULCLIED, REEE 2000CLIET
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3.4 B RLy bEFERLURER I ICLE3 ¥y v TEEERDRST
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AOEDcond LB ZE D 1.0 OFIE LTEES,

h:hcond‘l'hrad (3-11)

(1) F+v v TEHOEZEIZ>WT
F v v I HAODEGEDIE O conald, KRTETIENTXS,

_ Ae
hnond_ 5+g1+g2 (3-12)

IIT A BF vy THROMEER, g+ 3EEEEIEORE S EREGE ST
BT E X IR ULREMIEIER, 613 B.CRL v P EWEBEOEE CEERESE) T
5, MEMERHOBEIISFOEITHITRLERRES ! (Fr v 7IES) 2HWIZ/ X
b %Kn (L 1) IRTEL, 0.01<Kn< 0, |ORHEITAIZESE S LTEDIES 2 &h
TELD, [UESFOREMICENT 2HENH T OE KO HALEREIGEES, B
BEBRRERRBEASE U B, Kn<0, 0178 O IFRPALIRERIC IS 0 BB EBIREE I3 sV b & LTk
WY EEHHMITEL I

_ du J/nm
L= o SKT (3.13)

EETIENTER, J2T, mEANYYLOSFE (m= 6.695x1072"g) K3EALv=y
T (K=168x10"%" J/K) Th5, LIZEEICEL CREMERICHEIOT, EBF—2
OEWHEEELT, S0KDBAI >VWTHEAT /MR, L=09669%10"" (m) &8
foo TIT, B0 =0.06017(Ke/m?), FEMARE L =3.94%107" (Pa.s) ZH i,

W-T, BPhFvy METHBTable 2~ 1ITRLT: B v Mo 1 DBEAITHBVT, &
EHOI R M ARIERATK n=0,0043&8 750, EROS&M, S BEMKIEIESE 6 1<~
BTEXBEENE L,
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ERTENTES,

(2) BEAEMmEICOWT |
ANY T LHRRED &S ITHTFRAVNE { S FREEH BRISESHUNAICEI L TSN
EEZZTEON SIS EED .0 BETORICET S,

g (T:1* —T.")

1/ e +Ay A, (1€, —1) (T] —T,) (3.15)

hrad =

CIT RELR BLCOAERE, 2RRAF U VAWBEORNRZEDEZ T~T. AZFEDHE,
TMﬁﬁfﬁéoﬁﬁ$suome,&3%®Mﬁﬁ%mm1,Bmtﬁbfﬁ&%,z
F U ABICDWTIR0, 25& Lz,

3)  BilRVy b EWEHEORUEDHEE

3. 1 BiCH~Fo ki HIC Bol_RL w P EWHEDORLMEL TV S, ZITHEREOX v v 7
TRORIEATE % 1986ERMEFTOMER 3 ITREVIT» 72,

Pig. 3—9 &3 —10ENENRIg 3 - 1&3 - 2IRLATF-ZIC LT, #dhicR
(3-5) 5 (3-7) THELULF v v TEEERE, BICHRELF v+ v TIBEED
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N (EREAELEZRLTVLA,

(4) BAFANORRIMEDHEE

A MANDOEROFERICOWT, Bl Yy FADES T & EFHEO IRIEAEEEEA
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B.CX Ly b DAREDBEIZEIE L HENARTREZHAVTHEL TR/, Fia
2 - 3&M-THITHESTHE, HEMN.TDMENS By FA 2 DAEEOHINE
EL, BENN. 85 BV y FB | OAREOPREEEZANEL, TO2O0REE
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BilR by b EIRORES I
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T, FIHOBENH
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3 3 I n (D/0.0030)
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IRTEAERNESTH S, BEF—FEFAELI-F y v TEMEERA (185 | DTable A.
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DNTTFRAEEDBRENREC L S>TVAEY, ThRRTF VLV ARBEEOREREDEZIC
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LT ALGAME T AR, HEE/MIOB=ERLY, JBORET f 254
72e TITH, EBRF—IH5h5q=1680W/m h=150(/m*K), T f=56TKE L7z BOE
DX%0.0, 0.125, 0.25, 0,375, 0.505mm®D 5 FEEDOBAICOWT, F+ v TH A EDHE
BIUESNBHTRD ¢ HMOAIMERDf, FEIFEEF v v FIEH 0. 505mDEac
DWTTo 7, Fo w FHARCHBVT, Fv v THROBZEIZMA By bERT
v U AWEEOMOBBE bER L 1,

Fig. 3 =17, RLAEOEE (DX=0.0mm) OBFE q. &/BLDDH 5 & XDOBFER G,
LDRDOELESHER LI bOTH S, DX=0.505mm OEOESERELBRIIZELED
Zfbic & 0 MBI EHEIC T H% ~0 G IRE OBFINICAEET 2 2 &A% B, DE=0. 505m
DIFIE 0 > 160° THRIEBESESEOLIZ ILIELE Y, Bl T AEERAI VL
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Table 2—1 Dimensions of B.C pellet C
Pellet” | Outer Di- Inner Di- Height Density Radial Gap
Number | ameter(mm) | ameter(mm) (mm). (g/cm®) Width(mm)
1 16. 05 3.19 20. 03 2. 36 0, 225
2 15. 86 3.19 20, 01 2. 36 0. 320
3 15, 65 3.18 20. 02 2.38 0, 425
4 15.49 3. 19 20,02 2.39 0. 505
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Terminal wire
‘of heater -

(1) Test piece

(2) Test section without a cooler (3) Test section

Photo 2-1 Test piece and wview of test section By,C
annular gap test II1
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Fig.2-1 Schematic diagram of experimental apparatus
of ByC annular gap test I
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Fig.2-2 Description of the test piece of ByC annular gap test 1
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Fig.2-3 Cross sectional view and thermocouple locations
of B,C annular gap test I
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Fig.2-4 Experimental apparatus for the low temperature test
using the sheath heater
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Fig.2-5 Cross sectional view and thermocouple locations for
the low temperature test using the sheath heater
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Fig.2-8 Schematic diagram of experimental apparatus
of B4C annular gap test II



Machinable ceramic

B 4C Pellets:Type B

B 4C Pellet:Type C

Machinable ceramic'

‘ B 4C PelletsiType A

/" 100 (20x5)

Lfighermocoug ie

215

i il 1
—%ﬁﬁ

Sprin

Fig.2-9 Description of the test piece of ByC annular gap test II

100-68 €196 ONd



PNC TJ9613 89-001

C direction (33,311

A direction (#1,#5)

B direction (32,38)
B.C

20

# :Thermocouple number

Fig.2-10 Cross sectional view and thermocouple locations
of B,C annular gap test II
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Table 3 —1 Change of gap distance by thermal expansion of
BsC peilet and stainless steel sheath pipe

Run No. A kirection B direction C direction

41 0. 510 0.510 0. 510
801

Sz 6. 510 0.510 0.510

51 0.517 0,517 0,517
802

oF) 0.516 0.516 0.516

61 0. 524 0,524 0, 524
803

G2 0. 523 0,522 0.523

g1 0,532 0.531 0. 531
804

O 0. 530 0. 530 0, 529

61 0,541 0.541 G. 541
805

G2 0. 538 0.538 0,538

S 0. 550 0. 549 0.550
806

d2 0. 547 0,546 0. 547

d1 0. 557 0. 556 0, 556
807 .

Gz (. 554 0. 553 0. 553

&1 0. 563 0,563 0. 563
808

o) 0. 560 0. 559 0. 559

&1 (mm) : In case of free axial expansion

G2 {mm) : In case of no axial expansion
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Photo 3-1 Thermoview of thermo tracer for B,C specimen
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Photo 3-2 Thermoview of thermo tracer for SUSE] specimen
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Photo 3-3 Thermoview of thermo tracer for SUSE2Z specimen
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Fig.3-1 Relation between measured gap conductance and average gap
width in cold condition (Run Nos. 111,207,311,411,513)
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Fig.3~2 Relation between measured gap conductance and average gap
width in cold condition (Run Nos. 112,213,313,515)
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Fig.3-4 Comparison of experimental gap conductances with
calculated ones in the annular gap test using
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Fig.3-5 Emissivity of B4C for different temperature
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Fig.3-6 Emissivity of stainless steel (Specimen SUSE1)
for different temperature ($5EIRNE)
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Fig.3-9 Gap conductance versus modified gap width in hot condition
(Run Nos., 111,207,311,411,513)
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Fig.3-10 Gap conductance versus modified gap width in hot condition
(Run Nos. 112,213,313,515)



PNC TJ9613 89-001

hexe (W/m2K)

X103
o T i I I | T |
[T A direction
[~ O B direction
A C direction
a — Calcutated
gap conductance
3 e
2 |
1 S
0 ] ] ] ] i l i
0 0.5

Fig.3-11 Gap conductance considering axial heat removal versus
modified gap width in hot condition (Rum Nos. 111,207,
311,411,513)




PNC TJ9613 89-001

hexe (W/m%K)

X103
S ] I | l T T |
_ 0O A direction
O B direction
A C direction
1 = Caiculated
gap conductance
3
|
2 |- ]
1 .
0 | ! | ! 1 1 |

Fig.3-12 Gap conductance considering axial heat removal versus
modified gap width in hot condition (Run Nos. 112,213,
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Fig.3-13 Comparison of measured gap conductance with calculated ones
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Fig.3-14 Gap conductance versus B,C pellet surface temperature
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Fig.3-15 Gap conductance versus linear heat rate
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Fig.3-16 Calculation model for eccentric effect of BiC pellet
on circumferential heat flux profile
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Table A.

Run
T1
T2
T3
T4
T5
T6
TT
T8
T9
T10
Tl
Tt
Qa
Qb
Qc
ha
hb
he

No.

(C)
(C)
(°C)
°C)
cl
(’C)
(°CJ
(°C)
(°C]
(°C3
(°C)
(°C)
M/m ]
(M/m ]
(M/m )
(M/m 2K)
M/m 2K)
(M/m 2K)

dea {mm
Seb {mm

dec {mm

]l ~1 Measured temperature and gap conductance of the
B,C pellet test 1

111
599, 1
595. 8
601.0
6315
636. 4
626.7

© 548.6
604. 1
583, 9
575. 8
572, 5
388, 2

2317
2381
1870
3368
2568
1362
0. 169
0. 223
0,318

112
626. 1
622. 1
627. 9
659. 7
665. 5
655, 1
272.5
634. 2
610.3
601. 6
597.9
411.5

2382

2498

1927

3321

2630

1331
0.170
0. 221
0.323

207
457. 6
454.8
455, 2
471.5
476. 8
4747
444.0
426.9
435.7
439. 2
440. 9
250. 5

1463

1571

1566

1412

2184

2393
0.416
0. 297
0. 272

213
527.3
524.8
525.1
551. 8
550, 0
548, 1
508, 7
496, 9
502, 8
506. 3
508, 5
301. 6

1671

1720

1761

1439

1998

2303
0. 402
0. 304
0.272

311
531 7
534.9
533. 8
560. 7
554. 0
556. 8
493, 5
513.1
507.1
501. 1
507. 9
347.6

1824

1457

1772

1582

905

1463
0. 377
0.518
0, 397

313
581.6
585. 1
584, 2
615.2
606. 2
609. 0
541. 1
560, 2
554, 1
548.3
555. 3
380. 0

1993

1541

1908

1552

877
1407
0,380
0. 509
0, 400
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Run
T1
T2
T3
T4
TS5
T 6
T
T8
T3
T10
T11
Tf
Qa
Qb
Qe
ha
hb
hc

Table A.

No.

(°C)

°C)

(°C)

(°CJ

(C)

(°C)

(’C)

c

°C)

°C]

°CJ

(°CJ
M/m )
M/m 3
M/m )
(M/m 2K)
M/m 2K
M/m 2K)

dea [(mm
deb [(mm)

dec (mm)

1-1

411
927.1
523.4
524.3
548. 8
545, 4
948. 1
472.5
494, 1
489.6
483.5
492. 3
293.5

1475

1683

1774

832

1205

1187
0.575
0. 458
0.430

Cont inned

513
062, 4
562. 4
560. 7
590.5
280. 9
599.3

- 510.3

934, 1
531.2
517. 6
534. 9
302. 3
1632
1937
2389
1116

917
2034
(. 484
0. 695
0. 400

515
601. 0
601. 1
598. 6
631, 0
621. 1
638. 6
545, 8
269, 6
a66. 4
953.5
571. 8
325. 6

1706

1956

2460

1049

869

2012
0. 500
0. 687
0. 387
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Table A. 1—2 Measured temperature, gap conductance, and Rayleigh

number for sheath heater tests using air gap gas

Run  No Airl Air? Aird Aird Air5 Air6

T1 (°C] 3.2 61.9 1173 421 80.2 127.4
T2 (°C) 35,3 631 108.5 40.3 756 119.7
T3 (°’C) 34.8 60.8 103.4 39.8 727 113.5
T 4 °C) 3.2 5L2 8.1 3.3 639 983
T5 °’C 33.2 567 9.1 383 68.9 107.2
TE6 (°C) 33.3 56.9 966 384 69.5 108.0
T7 (°C] 33.4 56,9 96,5 385 69.4 107.8
TC (°C] 1.4 1.2 1.4 17.1 16.9  16.8
Qin Wm] 1227 3.1 80.4 13.2 39.9 79.0

hel (WmeK] 51,9 559 62,2 526 57.6 63.7
he2 (Wm2K ) 51,6 55,1 60.% 523 56.9 625
hel (W/m2K ] 50.2 540 60.1 50.9 55,7 6L5
hec2 (W/mZK ) 49.9 53.3 58.8 50.6 55,0  60.4
Ral 0.047 0.080 0.096 0,042 0.076 0.081
Ra?z2 0.050 0,102 0.114 0.046 0,084 0,095
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Table A. 1—3 Measured temperrature, gap conductance, and Rayleigh
number for sheath heater tests using air gap gas with

open end condition

Run Mo Air7  Air8  Air9  Air10  Airll  Airl2
T1 e 24.9 68.3 110.¢  140.8 170.9 188.3
T2 4 24,0 642 1029 13L.8 160.3 176.7
T3 C) 2.3 544 86,9 110.8 1165 117.6
T4 {°C) 21,2 52,3  82.1 1046 127.3 139.9
T35 (°C] 22,3 56.6 85,5 1143 139.0 153.1
T6 °C3 22,0 561 89.0 1139 137.6 1519
T7 °C) 22,5 5713  90.8 1158 140.6 153.5
TC (*C) 9.6 10,6  10.8 11,2 10.§  10.8
Qin (Wm) 9.1 41,6 78.3 1050 141.4 157.5

hel (W/m2K) 0.2 55,9 6l.2 65.1 68.8 70.9
he2 Wn2) 50.0  55.3  60.2 63.8 67.3  69.2
hel W/meK) 48.5 540 59,2 62.9 66.5  68.5
he?2 (WnZK) 48.3 53.4  58.2 6.7 65.0 66.9
Ral 0,037 0.094 0.101 0.094 0.084 0,079
Ra2 0.040 0.100 0.112 0.108 0,098 0,094
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Table A. 1—4 Measured temperature, gap conductance, and Rayleigh

number for sheath heater tests using helium gap gas

Run  No. He 1 He 2 He 3 He 4 He 5 He G

T1 (°C) 241 67.8 120.4 138.2 153.3 164.1
T2 (*C] 23,0 63.2 1121 128.7 143.0¢ 153.1
T3 (°C) 22.5 60.1 1053 120.0 133.5 142.9
T4 (°C) 20.6 519 90.2 102.6 113.8 122.9
T3 °C) 21.8 572 99.8 113.6 126.5 1358
T6 C) 2. 567 99.2 113.2 125,90 134.6
T7 °Cl 2.4 56,0 98.0 I1L9 1245 133.6
TC (°C 10.2 1.2 12,6 12.6  13.0 140
Qin (Wm) 8.8 39.9 843 105.2 117.7 129.5

hel (Wm2K) 291.3 316.7 346.1  355.5 363.8 369.7
he2 (WnZ ] 290.6 313.6 340.6  349.4 3570 362.7
hel WmK ) 2817 306,2 334.6 343.7 35..8 3571.5
he?2 (WmK) 280,9 303.2 320.3 337.8 345.2 350.7
Ral* 0.540 1.429 1.535 1527 1.434 1.360
Ra2* 0.274 1.613 L.3ll 1.820 1.767 1.649

* Real Rayleigh number Ra=Rakx0, 001
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Table A. 1—5 Experimental data of measurement of emissivity of B,C

Tw Te T, T, Ts Ta

Temp (°C) 21.1 22.0 22.4 22. 4 22.2 22,2
E 0. 96 0.99 0.99 0.99

Temp (°C) 92.1 80.0 83.2 82.7 82.5 82.5
£ 0.80 0.78 0.78 0.78

Temp (°C) | 139.9 191. 0 174.5 137.7 173.5 173. 2
£ 0. 87 0. 86 0, 86 0. 86

Temp (°C) 33. 4 36.5 35. 1 34.7 34.9 35. 1
€ 0.92 0.91 0.91 0.92

Temp (°C) 95. 8 9.7 88.2 87. 7 87. 8 88.1
€ 0. 88 0. 88 0. 88 0. 88

Tenp (°C) 190. 1 187. 3 170. 6 170.1 170.0 170. 6
I3 0.88 0.87 0. 87 0. 88

Temp (°C) | 297.0 304.0 213.7 272.7 272.2 273.5
E 0. 85 0. 84 0.84 0.85

Temp (°C) | 392.6 430. 0 360. 0 359. 2 352. 8 360. 7
€ 0.85 0. 8. 0. 84 0. 85

Temp (°C) | 487.7 508.6 360, 0 453.5 450. 8 454, 6
£ 0. 85 0.8 0. 84 0.85

Temp °C) | 36.6 37.3 | d50.7 35. 4 35. 4 35.6
¢ 1 091 0.89 | 0.89 | 0.90

Temp (°C) 94.0 92.17 85.5 85. 3 85.3 85.5
E 0. 89 0.88 0.90 0. 89
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Table A, 1—5 Experimental data of measurement of emissivity of B4C

(Continued)
Tw Te T T, T T,

Temp (°C) 195. 4 193. 0 175, 7 175.0 175.1 175.7
E 0. 88 0, 87 0, 87 0, 88

Temp (°C) 298. 6 307,17 279. 3 271. 2 277. 2 279, 0
£ 0. 86 0.85 0.85 0. 86

Temp (°C) 326.6 337.1 304. 1 302.6 302. 2 303. 3
E 0.86 0.85 0. 85 0.85

Temp (°C) 385. 6 399. 8 360, 1 359.0 357. 8 360. 1
& 0. 85 0. 85 0. 85 0.85

Temp (°C) 397.7 412, 2 371.0 370.6 368, 1 371, 3
£ 0. 86 0. 85 0.85 0. 86

Temp (°C) 484, 9 508. 2 458.0 457.6 457. 6 458.0
£ 0. 86 0. 86 0. 85 0, 86

Temp (°C) 487. 1 hl1l. 2 461.5 461, 0 459, 0 461.5
0. 86 0, 86 0. 85 0. 86
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Table A. 1 —6 Experimental data of measurement of emissivity of

stainless steel (Specimen:SUSE1)

Tw Tec T Te Ta T
Temp (°C) 18.5 19.0 20. 8 20. 8 20. 8 20, 8
E
Temp (°C) 40.4 39.0 25,2 25, 2 25.2 25,2
€ 0,32 0.32 0. 32 0.32
Temp (°C) 95.0 93.5 34.5 34.5 34,7 34.5.
& 0.18 0.18 0.18 0.18
Temp (°C) 196. 4 195.0 97.5 57.5 58. 7 57.5
€ 0. 16 0.16 0.16 0.16
Temp (°C) | 402.6 400, 5 125. 6 123.0 127.1 123. 0
£ 0. 14 0.14 0.14 0.15
Temp (°C) | 477.0 498. 6 194, 7 152. 8 157.7 152.5
E 0.15 0.15 0.16 0.15
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Table A. 1—7 Experimental data of measurement of emissivity of

stainless steel (Specimen:SUSE2)

Tw Te T T Ts T

Temp (°C) 14.5 16.3 1.7 17.7 17.7 17.7

Temp (°C) 32.3 31.8 20.1 20.1 20. 1 20.1
£ 0. 34 0.34 0,34 0. 34

Temp (°C) 100. 2 97.2 30. 8 30. 8 30.8 30. 8
& 0. 17 0.17 0.17 0.17

Temp (°C) 198.6 193.8 23. 7 53.7 93. 7 53.7
£ : 0.16 0.16 0. 16 0.16

Temp (°C) 397. 8 410.5 125.5 124.0 126.7 123.0
I3 0. 14 0,14 0.15 0.14

Temp (°C) | 492.5 511.0 | 158.5 156. 0 161.0 156.0
€ 0,16 0.15 0.16 0.15
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Table A, I —8 [Experimental data of measurement of emissivity of
stainless steel (Specimen:SUSE3)
Tw Te T, T Ta T,
Temp (°C) 12.5 12.0 14,3 12. 8 13.3 14. 8
€
Temp (°C) 29.5 28.0 22,1 20.0 20. 4 21.6
£ 0. 64 0.53 0.54 0. 61
Temp (°C) 111, 7 108.7 37.5 36. T 36. 7 36. 7
€ 0.22 0.21 0. 21 0.21
Temp (°C) 194.9 191. 2 60. 0 58. 2 58. 2 60, 0
£ 0.20 0.19 0,19 0. 20
Temp (°C) 378.2 386.5 160, 2 142, 7 167. 7 142, 7
£ 0.24 0. 20 0.26 0.20
Temp (°C) 496. 3 510.0 210.0 187.5 250. 0 180.0
E 0. 26 0,22 0.35 0.20
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Table A.

Run Mo

T1
T2
T3
T4
TS5
T6
T7
T8
T3
T10
T11
T12
TC
Qin
ha
hb
he

(°C)
(°C)
(°C)
(°C)
(*C)
(°C)
(°C)
(°C)
(°C)
(°C)
(°C)
(°C)
(°C)
W/m 3

W/m 2K)
W/m 2K)
W/m 2K)

B,C Pellet test I

801
96.1
69. 0
95. 8
93.1
91.7
87.4
92.3
90, 7
86.0
91.9
90. 7
85.9
8.6
82.5

389.4
322,17
335. 4

802
173. 3

- 173.2

172. 9
166. 7
164, 7
157. 2
165. 6
163, 1
154. 4
165. 2
163, 4
154. 3

8.8
ITL 7
414, 5
352. 4
374. 9

303
247.7
247.5
247.2
231. 3

234, 8

224.4
235. 4
232.6
220. 8
235.2
232,71
220. 2

8.7
270.6
435. 4
376.5
386. 9

804
319.2
319.1
318.8
304. 3
301. 9
288, 8

302.4

299, 1
284. 3
302. 0
299. 3
284.0

8.8
379.8
455.6
393.6
403.8

1 — 989 Measured temperature and gap conductance of the

805
411. 2
411.1
410. 6
390.0
387. 8
3715
387.3
383. 9
366. 1
386. 6
384.6
366. 2

8.7
541.5
480. 1
412.5
431.7
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Table A. 1—9 Continued

Run No.

TI
T2
T3
T4
T5
TG
TT
T 8
T9
T10
TIl
T12
TC
Qin
ha
hb
he

(°C]
(°C]
(C)
(C)
(°CJ
(<C)
°Cc
(°C)
C)
(°C)
c
(*C)
)
(W/m )
(W/m 2K)
(W/m 2K)
(W/m 2K)

806
492, 9
492, 4
492. 4
464.4
462. 9
444.8
461, 3
458.3
438.5
460. 1
459, 1
438. 6

8.9
704, 3
486. 9
4217, 9
438.2

807
954.2

953.5

553.7
519. 4
518.9
500, 7
516. 2
513. 6
493. 8
514. 8
514.9
495. 1

8.9
849.7
499.1
441.1
453.7

808
611. 5
610, 5
610. 9
570. 2
o70. 4
552, 0
566. 9
964. 8
544, 8
565. 3
566. 0
547, 2

8.7
1006. 6
507.7
456. 2
464. 4
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IIT A (A 2-1) = (AL 2-2) IERATHIE
0 du: U, 1—-2vy 8% u.
ar (or tr)t oo T e
1 % u. 1+v ot
T =) sraz 1~y * 5r 0
62 Uz 1_21) a 1 aUz
gzt + 2 (1—v) ( ér + r ) ar
l 7] du. du; 1+v dr
+ 2 (1—v) @&r ( ar i gr ) 1—w a ér =0

(A, 2—-3)
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REF(L,
=i

d (reogc)

gr
Efuesl (A,
d®u, _ d

dz? = dz

d¥u. 1

du: I U

rOADOERTHENS0..=0&1D, X (A, 2-2) O2DHBVEHE

_ 30z
Gee=10 , 3z 0

2—-1) 2RATHI

(Ezz) =0

+
dr? T

roE—RLD

du:
dz

dr T r

— P a

=£..=C0NST =k.

BN, ROXSKEHTE S,

d (ru.,

1+v dr

d 1
dr{r

2SI
l14+vp

P =

1—v
EXEK (A
E

)y _
dr y= 1—v % ar

T C2
J‘arrdr+C1r+ T (A. 2_4)

2—1) RATHIE

To= "7y

n v

1—-2vw

1+U a r Cl CZ
1—v r -r rrdr+ 1—-2 v rt

k. )

ANDVEBD IS WG, r=a, bTo.m=040, BHIEHC,, C. 2EDH A,

C‘=(1+T¥i_QU) bziaz [ rrdr—vk,

Com s i [l . 2-5)
R (A, 2-1) 25

Gree ™ ‘;EV {- r Jirrdrs rzr(zb_zizaz) [iTrdr}
Tos=" ?Ey ( ig [otrdr+ rz(;;:izi) [ trdr-2)
ou=t B- {E -+ ey trds

(A. 2-6)




PNC TJ9613 89-001

ANOTERAVEOERTIE, BARDIEAE SO0 HVWLY,

¢z |, 0oardr=20 (A, 2-1T)

KN (A 2-6) 28 (A, 2—-T) KRATHE

k==—b§g"g*a";jz trdr (A, 2-8)
12 (E;fy) ( 3 Ea“ J'b rrdr—‘c) (A, 2—-9)

BrAEDEMANTEVWEE, §bbk, =0&8554I10, X (A, 2—-6) XDk,
=0 &b EIRED, 0..OFEFRK (3 1.7) OAIF-HvELIEE,

C. =

trdr (A, 2-10)

1—3 vy (4 b
1—v b? —a® I

A

B.Cloxt L THIRA R a = 5.0x 1078 Y, K7y v iy =0, 16%F0V,

AR5 v L AWEEOBEARROARIE, EXEANEL LT, UTOoRXTHELK, P
AL/L =—0.358 + 9.472x 107* T+ 1.169x 107°T* — 4.586x 107'° T?
Denee = (L+AL) / 7

ZIT, L=aDscora, ALREHEIDESFERT,



PNC TJ9613 89-001

fF & 3 Yo fE WD W T

ATRICH O IO OB LMERIRE BIT IR, T 2T, BYREIER A 13W/nk, BHREHEEN
vidn2/S. WETRKOBRMERD, &/, BillRF L RIMOBY=ERITER LI iEh
SRDIEMAEATH 3,

L & &

1) AYYL
A= 3.366x 107°T " 668013
v =—21,69x107°+0.2516x 10T+ 7.981x 107! T? — 6.938x 107'¢ T® u#»
P r =0.6905—4, 477x10~°* T “*

2 = K
A =1.45x10 ~*+9,632x10"° T —3, 1671078 T2 0%
v =—4, 482x107°+4. 136x107° T +9, 288x10~1! T2 u#
P r =0, 8157 ~4. 668x107* T --4. 089x10~7T? &

2. B &
(1} B4C
A= 24.21—0.009433T +3. 836x10° T2
(2) AFv LA 304
A=12.39 +0.0232 (T —273)—5,08x10 ~® (T —273)2




