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SUMHARY

A danford Waste Encapsulation and Storage Facility (WESF) capsule was
filled with a nonradiocactive salt mixture to simulate cesium chloride that had
decayed for 1 half-1ife (30 years). The impurities found in the radicactive
WESF capsules were also included in the salt mixture. This capsule, which was
filled to a Toading factor of 3.11 g of saltXcm3 of inner capsule volume, was
heated in an 800°C furnace for 90 min to examine the possible effects from an
accidental fire. The end cap weid of the inner capsule failed, opening a smal)
crack and allowing the molten salt mixture to flow into the annulus between the
inner and outer capsules. The salt, however, was contained in the cuter cap-
sule, which has the same wall thickness as the inner capsule. Corrosion of
the inner capsule wall by the salt was quite high (0.005 to 0.010 in./h), as
expected at this temperature; however, corrosion should not be of consequence
in a short-duration fire.

Based on the results of this test, WESF capsules can be used safely even
in the unlikely event of a short-duration 800°C temperature excursion. Cap-

3 are not expected

sules with Toading factors equal to or less than 2.71 g/cm
to be stressed on either the inner or outer capsule walls, thus assuring cap-
sule integrity. About 40% of the capsules in the WESF pool have loading fac-
tors higher than 2,71 g/cm3 and could potentially have inner capsule weld
failures under the conditions of this test, but none of the capsules planned
for irradiator use has a loading factor high enough to produce stress from sait
expansion on the outer capsuie. Since the most highly Toaded capsules may have
inmmer end cap weld failure when subjected to a fire, consideration should be
given to removing them from service if they are ever subjected to such high

temperatures.

In a wet storage/dry operation irradiator, capsules are thermally cycled
as they are transferred from the water storage pool to the air environment.
The results of a finite-element analysis of thermal cycling indicate that the
most severe thermal stresses are placed on the outer capsule bottom end cap
weld. This weld is subjected to temperature differences up to 36°C across the
weld when the capsules are Towered into the water. The stresses generated by



such temperature differences are projected to produce a ¢rack growth rate of
2.9 x 1072 in./cycle. Thus, a weld crack of only 0.0001 in. would be expected
from a capsule after 3.5 x 104 cycles {94 years if cycled once each day).

An experiment was conducted to verify the theoretical calculations using
WESF capsules filled with radioactive cesium chloride. After 3845 cycles, no -
evidence of cracking or thermal stress was observed on either of the outer
capsule welds during high-resolution metallographic examination. Although
this short-term test does not quantitatively verify the projection, it does
indicate that no unanticipated, observable thermal effects occur in the first
3800 cycles. The test simulates the stresses expected during 10.5 years of
operation with the capsules cycled once each day during irradiator operation.
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APPENDIX A

CALCULATIONS SUPPORTING ASSUMPTION REGARDING HEAT TRANSFER
ACROSS THE ANNULUS BETWEEN THE INNER AND OUTER CAPSULE WALLS




FREE CONVECTION IN ENCLOSED SPACES

From "Heat Transfer” by J. P. Holman, 4th ed., McGraw-Hill, 1976, pp. 255-256.

TI T2
3
“Vertical L gn?,(T.| - T2) 8
Plates Gr, =
8 pJ
I Y
_‘4 Low Grashof numbeérs = no convection
6 b
Gr, < 1000
i
g = -
-
—~—t
Yaip 26.26 x 10'5 m2/sec kinematic viscosity
g = gravity acceleration
Yy 200° (-100°F) = 7.568 x 1078 n?/sec
2
1200°K (1700°F) = 156.1 x 10°° m%/sec
5119 x 1076 I < 155 ¢ 100 IS L g o793 In.C
¥ : S ’ 2 : S
m/s
in. 2 3
386 <)y (Tq - T,)(0.0515) T
- sec 1 2 _ 1 2
GFS = 2 = ]6.75 T——TT—
(0.07934) 170
- T,
16.75 TP—1—7-> = 1000 Minimum Grashof for free convection to occur
1 V4
T, - T
LT,
T] - T2 = GUT.I + 60T2
(1 - GU)T] = 61T2
--59T.I = E]Tz
T
1 _ 61 _ _
T, -1.0334, Gr, = 1000

Al



TT = -T2 to satisfy Grashof requirement

Therefare, no convection heat transfer in annulus.
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APPENDIX B

REAL CONSTANT INPUT FOR ANSYS RADIATION LINKS




TABLE OF ELEMENT REAL CONSTANTS

Stephen-

NG . Area Shape Factor Emissivity Boltzman Constant
1 0.%9000-001 0.34500+000 0.50000+000 0.33060-014
2 0.99000-001 0.31600+000 0.50000+000 - 0,33060-014
3 0.99000-001 0.12200+000 0.50000+000 0.33060-014
4 0.16800+000 0.10000+0017 0.50000+000 0.33060-014
5 0.%9000-001 0.10800+000 0.50000+000 0.33060-014
& 0.99000-001 0.88000-001 0.50000+000 0.33060-014
7 0.72000-001 0.13700+000 0.50000+000 0.33060-014
8 0.72000-001 0.15600+000 0.50000+000 0.33060-014
g 0.72000-001 0.17700+000 0.50000+000 0.33060-074
10 0.72000-001 0.,49000+000 0,50000+000 0.33060-014
11 0.11800+000 0.10000+001 0.50000+000 0.33060-014
12 0.14100+000 0.10000+001 0.50000+000 0.33060-014
13 0.19700+000 0.64700+000 0.50000+000 0.33060-074
14  0.19700+000 0.34500+000 0.50000+000 0.33060-014
15 0.22500+000 0.26800+000 0.50000+000 0.33060-014
16 0.22500+000 0.49000+000 0.50000+000 0.33060-014
17 0.15300+000 0.34500+000 0.50000+000 0.33060-014
18  0.15300+000 0.64700+000 0.50000+000 0,33060-074
19 0.15300+000 0.10800+000 0.50000+000 0.33060-014
20 0.15300+000 0.12200+000 0.50000+000 0.33060-014
21 0.15300+000 0.88000-001 0.50000+000 0.33060-014
22 0.15300+000 0.55000-001 0.50000+000 0.33060-014
23 0.15300+000 0.64000-001 0.50000+000 0.33060-014
24 0.15300+000 0.45000-001 0.50000+000 0.33060-014
25  0.15300+000 0.11000-001 0.50000+000 0.33060-014
26  0.15300+000 0,20000-002 0.50000+000 0.33060-014
27  0.15300+000 0,18000-001 0.50000+000 0.33060-014
28 0.,15300+000 0.17700+000 0.50000+000 0.33060-014
29 0,11800+000 0.10800+4000 0,50000+000 0.33060-014
30 0.11800+000 0.88000-001 0.50000+000 0.33060-014
31 0.11800+000 0.64000-001 0.50000+000 0.33060-014
32 0,11800+000 0,55000-001 0.50000+000 0.33060-014
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33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
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52
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54
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.60000-002
.60000-002
.60000-002
.60000-002
.15300+000
.19100+000
.19100+Q00
.18100+000
.19100+000
.197100+000
.19100+000
.19100+000

O O o oo o O o OO O o oo o o o o o o o o o o o o 00 0 0000 o 00

.33000-001
.24000-001
.12200+000
.55000-007
.45000-001
.24000-001
.14000-001
.13700+000
.14000-001
.60000-002
.15600+000
.13700+000
.30000-002
.24000-001
.64000-001
.15600+000
.20800+000
.33000-001
.24000-001
.64000-~001
.15600+000
.34500+000
.75000-001
.75000-001
.20800+000
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APPENDIX C

CALCULATIONS SUPPORTING THE ONE-DIMENSIONAL STEADY-STATE

ANSYS TEMPERATURE PROFILE




B0°F Air

Cs C, e |roows(se] am fosrer

. 70°F Water

RADIATION AND CONVECTION AT QUTER SURFACE

.-t Convection
T, - T T, - T T, = T
- 1 = 1 = _ ] oo .
L 1 35665 (Air)
hA 3.4 x 10°0(2n)(1.3125)]1
T, - T, T, =T, T, - T,
9 = i — 7 © 62862 (Water)
hA 1.926 x 10" % (27)(1.3125)1
Radiation Resistance
1 - ¢ 1 - ¢
1 1 2
R, = + +
R el Fi2Ay - 2P
) 1-0.7 1 ) -1
= Ty P ma sy PO 7 1738 x 10
-1
1.7323 x 10-14= 5 2399 x 10'3
0.3306 x 10
T?ir = 295°F From attached program T#ater = 76.6°F
Conduction Through Quter Wall
] T - T, ] =T, T-T,
Scond Tnra/r)  m T2
AX 2/ T.1765
k 2wkl 2nkl (L=1)
@ o 1741 x 1078
, k
. ) -2
RA1r - 1.741 x 10 RNater - 1.741 x 10
—— -
2 x 10 1.8071 x 107%
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R = 87.0496 R¥ = 96.3418
T, - T
q=1.06 x 1070 = 12
T. =R 1.06 x 107% + 7
] : 2
™ = 87.0496 (1.06 x 10°° W s -2 -
| = 87 06 x 107°) + 295 Ty = 96,3418 (1.06 x 107%) + 76.6
r? = 295.9 T$ = 77.6°F

Thermal short - no change in temperature through wall,

INNER GAP
Conduction
.
2 1y 1.1765 g
. ) 1 TI25 | 7.162 x 10
cond 2mkL 2k K
A 7.162 x 1073 W 7.162 x 10 °3
Rcond = . 7 = 14828 RC nd = ';—‘—'——_T— = 191133
4.83 x 10 0 3.74 x 10
Radiation Resistance
) 1-0.5 1 1-05 )
Rap™ 0BT 125)T P T 0BGy Y e sy iTesyT - 041822
0.41822 . 1.265 x 10'*
0.3306 x 10
T, = 300°F T, = 76.6°F
T1 = 425°F From attached program T] = 253°F
E[pfi]& in Fuel
Air Storage Water Storage
3.4466 x 1072 . 3.4466 x 10 ~3 2 2
T - 425 = 3= 0 (0.989° - r®) T - 253 = — (0.989° - )
4(6.3 x 10°°) 4(6.75 x 10°%)
T - 425 = 135(0.989% - %) T - 253 = 127.65(0.989% - ro)
T, = 557°F T, = 378°F
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557 425 425 300 300 80

O pAN Sl M) A O PAS WA —} Air
0 11800 0 20750
Fuel 316L N2 316L
0 16600 a 660 70
R . e e e e e T - IR -0
378 253 253 77 77

HP Pragram for Combined Radiation and Convection or Conduction

{nown temperature ... Store 2
sonyection or conduction resistance ... Store 9
Jadiation resistance ... Store 7

Key in unknown temperature guess.

001 *LBLE 21 15 021 + -55
002 ENT+4 ~21 022 RCL5 36 05
003 35T01 35 01 023 X -35
004 RCL2 36 02 024 RCLY 36 07
005 - -45 025 X3 -41
006 STO3 35 03 026 5 -24
007 RCLI 36 01 027 sT08 35 08
008 RCL4 36 04 028 RCL9 36 09
003 + -55 029 X ~-35
010 X2 53 030 RCLS 36 09
011 RCL2Z 36 02 031 RCLS8 36 08
012 RCL4 36 04 032 + -55
013 + -55 033 4 -24
014 X2 53 - 034 sTOC 35 13
015 + -55 035 RCL3 36 03
016  S705 35 05 036 X2y -41
017 RCL1I 36 01 037 4 -24
018 RCL2 36 02 038 STOB 35 12
019 + -55 039 RCLA 36 11
020 RCLG 36 06 040 - ~45

041 R/S 51






APPENDIX D

STRESS INTENSITY FACTOR CALCULATIONS USING

THE DISPLACEMENT METHOD




From Tada Handhook

o]

KI 1/2
u= = r/(2w)] cos

1/2
{r/(Zﬂ)] sin

1

2 - 2v + c052

Gﬂ <
—
| o

1
[1 N sinzg

0
2

w K . 61 - 52
v = crack opening v =|———= computer output
8 = 180°
5 KI 1/2
F=VE = (r/(Zﬂ)) (2 - 2v) (plane strain)
K; = VG (21) e ! G = E
I r 201 - v} ? 2T + v

K, =V b 72T 1
I~ 21T + v) /r =207 - v)

-V Ev2m _ /2 ( E ) i
/Fam-uz) 4 1-u2_,/§-‘

£ v E 3
0.52?( )—=0.3'|3——2- —
: 1 - v2 /r ( - v ) yr

v = vertical displacement component from & = 180° at nearest node to crack tip
in opening

~
11

& = total vertical travel of two nodes nearest crack tip
E = temperature dependent elastic modulus

v = temperature dependent Poisson's ratio

r = distance {radial) from crack tip to nodes of interest

Extremes for Upper and Lower Weld

Upper Weld

Guench 20 sec v =-8.4x10° Temp = 133°F
Air Heatup 400 sec v = 1.75 x 1076 Temp = 96°F
Temp = 96°F v = ,26654 E =28 x 106

Temo = 133°F v = 0.26813 E = 27.85 x 10°

D.1



r = (x1 - xz) = (1,2507 - 1,2566} = |0,0059] A node coords.

1 28 x 10° -8.4 x 1070
Ky = 0.627 >
1 - (0.26654) /00059
1
K] = -2067
2 27.85 x 10° 1.75 x 10°°
<& = 0.627 ,
1 - (0.26813) /5.0059
K% = 430 AK = 430 - (-2067) = 2500 psi vin.
AK = 2.5 ksi /in.
Lower Weild
Quench 30 sec v = -2.5402 x 107° Temp = 117°F
Air Heatup 400 sec v = -1.432 x 107° Temp = 96°F
Temp = 117°F v = 0.26744 € = 27.92 x 10® = (1.2249 - 1.2326) = 0.0077
1 27.92 x 10° _2.5402 x 107°
K = 0.627 2122 > ' < 10 ° . 5458
1 - (0.26748) /06077
2 27.85 x 10° -1.432 x 1078
k¢ = 0.627 2L > ' = 2307
1 - (0.26813) /30077
5K = [K}| - |K{| = 5151 psi /Tn.
AK = 5,15 ksi ¥in.

D.2






APPENDIX E

STRESS INTENSITY FACTCR CALCULATIONS USING

THE CRACK CLOSURE WORK METHOD




K ENERGY METHOD

ORIGINAL CRACK

TIP DISP

20 sec Quench

Upper weld

Node D

isplacement

2033 U
U

uon

X
Y
2209 U
%
Y
400 sec Heatup

o

3
10

107!
-3
-1

0.852861
0.149924 x

b

0.849709 x 10
0.150088 x 10

Upper weld
Node Displacement
2033 U = 0.255778 x 1073
U; = 0.128926 x 10
2209 U, = 0.256196 x 1073
Uj = 0.128392 x 10

CORR=ZSPONDING N

ODAL FORCES

20 Sac Quench

Upper weld
Node 2033
Slement 2401 Element 2404
F F F F
X Yy X Yy
74.4593 -70.0324 -41.2338 -55.2343
Node 2209
Element 2322 Element 2323
Fx Fy Fx Fy
18.86921 52.3352 -52.1176 72.9315
30 sec Quench
Lower weld
Node 2403
Element 431 Element 432
Fx Fy Fx Fy
50.8553 -156.972 -153.769 -220.278

E.1

30 sec Quench

d

Displacement

Lower wel
Node
2403 Hx z
Y
2445 Bx :
Y

400 sec Heatup

0.134615 x 10°2
-0.402575 x 10°

0.135574 x 107
20.350449 x 10

d

Displacement

Lower wel
Node
2403 UX =
U =z
Y
2445 U =
u* =
Y

3

0.544617 x ]0—3

0.10404 x 10~

-3

0.545147 x 1073

0.106978 x 10

3

3



Node 2445
Element 223 Element 267

F F F F
X X

Y y
226,274 211,377 -123.360 165.872

400 sec Heatup

Upper weld

Node 2033

Element 2401 Element 2404

F F F F

X Yy X Yy
-13.,524 13.8875 8.96348 12.0147
Node 2209

Element 2322 Element 2323

F F F F

X y X Y
-5.552332 -11.4332 10,1128 -14.4683

400 sec Heatup

Lower weld
Node 2403 :
Element 431 Element 432
Fx Fy Fx Fy
2.9058% -8.90%74 -8.7329 -12.4785%
Node 2445
Element 223 ETement 262
Fx Fy Fx Fy
12.9 11.9718 -7.07385 9.41248

CRACK CLOSURE WORK METHOD

Plane Strain

£ 1-v 2 dw _ Aw

I ET da =~ aa

1/2 {F U + F.U)
From Tada Mode I .4 Yy X X
A3 R&z- %)

Total work includes
modes I and 1I

m
n

T total energy
Poisson's ratio

<
n

op]
n

shear modulus, E/2(1 + v)

E.2



stress intensity factor

nodal y force (£ all element contributions)

nodal y displ-relative

nodal x force (£ all element contributions)

[y
I}

nodal dispi-relative

original crack length

first unzipping

radius to unzipped nodes (released this time step)

AW _ 1 - v K2
Aa 2G I

oW 26 _ K2
¥ T - v I

K: .@_‘! ZG = ﬂ_‘ﬂ 2 E
1 ra T - v aa 1T - w 20T + )

= A —
da 1 - v

: ]/Z(Fyuy + Fxe) ( £
R(a2 - a1) 1 - u2

_ [ £ (Fyuy +FU)

R(a2 - a1)

1/2

172

. 1/2
= - (FU +FU)
2R(a, - a3 ){1 - v%) Yy

i 172
E{FyUy + qux)

1/2

E.3



Upper Weld

Quench 20 sec v = 0.26813 £ = 27.85 x 10°
Heatup 400 sec v = 0.26654 E =28 x 10°
Lower Weld

Quench 30 sec v = 0.26744 E = 27.92 x 10°
Heatup 400 sec v = 0.26654 E =28 x 10°

wy

Quench (20 sec) (Upper)

N2033
o/ 27.85 x 10° (-55.2343 + -70.0328) (0.149928 x 10™' - 0.150088 x 101
I 2l 2565 + 1 ZQ—JI (1.2087 - 1.2566) - (1.2087 - 1.2624)| (1 - 0.26813°%)
K. = -2054 psi ¥in. {-2067 from Displacement Method)

I

Heatup (400 sec)

1

’ =\U/ 28 x 10° (13.887 + 12.0141)(0.128926 x 10| - 0.128882 x 107 ')
2{] 2552 * 1.26280 1) 9624 - 1.2566] (1 - 0.266542)

K, = 426 psi Yin, (430 from Displacement Method)

{

8Ky = 426 - (-2054) = 2.48 ksi ¥in. (2.5 from Displacement Method)

Same growth rate for upper weld,

Lower Weld
EF U
K = Ly 2
P (e, - a) ) - V)

Quench (30 sec)

N2445

\/ré?.gz x 10% (211.377 + 165.872)(0.350849 x 10™° - 0.402575 x 10
2("2322 + 1.2403) (1 2403 - 1.2326) - (1 - 0.26744%)

3 3)

-5573 psi ¥in. (-5458 from Displacement Method)

7~
n

£.4



Heat.p {400 sec)

NZ2445

3 3

(- \/(28 x 108)(11.9718 + 9.41248)(0.10404 x 10> - 0.106978 x 10°°)

(1.2326 + 1.2403)(1.2403 - 1.2326)(1 - 0.26744°)

K, = -315 psi #in. (-307 from Displacement Method)

AK = =315 - 5573 = 5258 ksi ¥in. (5.15 from Displacement Methad)

Virtially no difference between results of displacement and energy method.

Displacement Method K Energy Method K

Upper weld -2067 psi ¥in. -2054 psi vin.
430 426
AK = 2497 aK = 2480

Lower weld -5458 psi vin. -5573 psi vin.
-307 -315
aK = "~ B15T aK = 5258

E.D
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