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FINAL REPORT OF FUEL DYNAMICS TEST E7 

by 

R. C. Doerner , W. F . Murphy, G. S. Stanford, 
and P . H. Froehle 

ABSTRACT 

Tes t data from an in-pi le fai lure exper iment of high-
power LMFBR-type fuel pins in a simulated $3/s t r ans i en t -
overpower ( T O P ) accident a re repor ted and analyzed. Major 
conclusions a r e that (l) a s e r i e s of cladding rup tures during 
the 100-ms period preceding fuel r e l e a se injected smal l bu r s t s 
of f ission gas into the flo'w s t r eam; (Z) gas r e l ea se influenced 
subsequent cladding melt ing and fuel r e l e a s e [there were no 
m e a s u r a b l e FCI ' s ifuel-coolant in terac t ions) , and all fuel m o ­
tion observed by the hodoscope"was very slow]; (3)the p r e d o m ­
inant postfai lure fuel motion appears to be radia l swelling that 
left a spongy fuel c r u s t on the holder wall ; (4) l e s s than 4-6% of 
the fuel moved axially out of the or iginal fuel zone, and mos t of 
this froze within a 10-cm region above the original top of the 
fuel zone to form the outlet blockage. An inlet blockage ~1 cm 
long was formed and consisted of l a rge interconnected void r e ­
gions. Both blockages began jus t beyond the ends of the fuel 
pe l l e t s . 

I. INTRODUCTION 

In the s e r i e s of t e s t s with the Mark- I I loop planned to s imulate unpro­
tected t r ans ien t -overpower ( T O P ) acc idents , E7 was the f i r s t to use a multipin 
c lus te r of high-burnup LMFBR-type fuel. Distinguishing features of this t es t 
w e r e : 

1. Seven near ly identical fuel pins previous ly i r r ad ia ted in EBR-II at 
10 kW/ft (33 kW/m) to a burnup of 4.2 at. % were used. Trans ien t -power 
and fue l - t empera tu re h i s to r i e s were cha rac t e r i s t i c of a $3/s unprotected 
TOP accident in the F a s t Flux Test Faci l i ty ( F F T F ) . 

2. The only p r e s s u r e pulse recorded during the t e s t was smal l (-75 ps i 
or 0.52 MPa) and occur red at the inlet 3.5 s after the init ial fai lure. All fuel 
motion was slow and smal l in quantity. 
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3. Major conclusions of the t e s t a r e that: f 

a. Incoherent cladding rup tures re leased bu r s t s of fission gas 
that initiated flo-w-channel voiding, and mol ten-c ladding/coolant the rmal i n t e r ­
actions maintained the void during fuel motion. 

b . F i ss ion-gas - induced fuel swelling formed a porous and spongy 
shell on the holder wall that served as a channel for molten-fuel flow. 

c. Both f iss ion-gas and coolant-vapor p r e s s u r e s remained below 
the threshold for significant fuel and coolant-s lug ejections that have been 
found in other TOP accident s imulat ions . 

d. Flow-channel blockages were s tar ted by cladding and s p a c e r -
wire s teel freezing to the colder upper and lower pin s t ruc tu re . 

e. Boiling and vapor s t reaming at the inlet prevented formation 
of a solid plug, 

4. Delayed events as late as 10 s after the initial failure suggest the 
possibi l i ty of fuel d i spe r sa l re lated to the postaccident hea t - r emova l p r o c e s s e s . 

5. This was the f i rs t TOP tes t in which measurab le quanti t ies of fuel 
were found below the inlet of the tes t section. 

Ea r l i e r r epor t s of Test E7' we re limited by the detai l and extent to 
which the tes t data were and could be examined. Delayed events were not 
observed because the data did not extend beyond 8,2 s. Analysis of the tes t 
r esu l t s was fur ther limited by the in t e r im nature of the thermophys ica l fuel 
constants used in the thermal -hydrau l ic calculat ions. A reevaluat ion of the 
tes t data was l a te r compared to new and be t te r calculations.^ Reference 2 
included compar isons between all the TOP tes t s and provided some insight 
into the failure threshold. Neither the r e su l t s of the hodoscope-data analysis 
nor the pos t tes t examinations were available at the t ime of these ea r ly r e p o r t s . 
Both a r e included he r e . Advances and developments in both the modeling avai l ­
able in accident codes and a significantly extended capabili ty for analyzing the 
tes t data since the tes t Viras per formed (March 9> 1973), form the bas i s for 
this final r epor t of Tes t E7. For this r epor t , the original analog signals r e ­
corded on magnet ic tape were redigit ized and independently analyzed. 

In the following sect ions , the fuel, the t e s t geometry , and the tes t 
p a r a m e t e r s a r e descr ibed . A number of mechan isms related to causes of fuel 
motion a r e identified in Sec. IV. Techniques used in "conditioning" the tes t 
signals a r e defined and discussed, and the tes t resul t s a r e presented in Sec. V. 
Results of the rmal -hydrau l i c calcalations and an evaluation of the Baa r s -Sco t t -
Culley damage p a r a m e t e r for fuel failure for each axial node of each test pin 
a r e presented in Sec. VIII. In Sec. IX, the tes t resu l t s a r e combined with the 
calculations to generate a scenar io and a basis for the conclusions of the tes t . 
Evaluation of the input constants used in the calculations and tabular l is t ings 
of the test data a r e presented in the appendixes. 



The main conclusions of Tes t E7 a r e that two fai lure events can be 
identified: an init ial b reach of the cladding integr i ty , which r e l e a s e s smal l 
quantit ies of gas , and a "fuel-fai lure" event, producing severe flow anomal ies . 
A s e r i e s of incoherent cladding fa i lures i s identified by a 50-ms sequence of 
small su rges in the flow signals . "Fuel fa i lure" is identified by ejection of 
coolant f rom both ends of the flow channel . The flo-w surges were smal l 
(0.9-3.5 cm^) and a re in terpre ted as f i ss ion-gas r e l e a s e s . They a re not a c ­
companied by m e a s u r a b l e p r e s s u r e pu l se s , and they occur when var ious pins 
(or regions of a single pin) reach an enthalpy of 200 ca l / g (837 J /g ) . Fuel 
r e l e a se occu r r ed after the flow channel was essent ia l ly voided. The p ic tu re 
of fuel motion that emerges is that individual pins swell as the solidus front 
approaches the gassy , un res t ruc tu red fuel region. As melt ing p r o g r e s s e s , the 
c lus te r as a whole swells to form a spongy c r u s t on the holder wall . The 
combined cen t ra l void in the pins and the inc reased volume resul t ing from 
swelling a r e sufficient to reduce f i ss ion-gas p r e s s u r e s below the threshold 
for rapid ejection of molten fuel. 

Blockages a r e formed as molten cladding f reezes to the upper and 
lower pin s t ruc tu re . L a t e r - a r r i v i n g fuel does not pene t ra te the blockages 
and forms plugs of increas ing fuel density toward the original fuel column. 
The inlet blockage forms after complete channel voiding. Some debr i s falls 
down-ward to form a fuel -s tee l deposit in the lower bend. 

During the t rans i t ion between individual pin swelling and c lus te r 
swelling, the upper pin s t r uc tu r e s drop downward, pushing the molten fuel 
outward and upward. 

Near the end of the t rans ien t , the hot tes t region of the fuel c rus t at the 
axial midplane mel t s and moves both upward and outward into the adiabatic 
holder region. 

Delayed react ions of re la t ively l a rge magnitude a r e remin iscen t of 
those observed in fresh-fuel t e s t s in the S autoclave tes t s e r i e s . Pe r iods of 
coolant boiling at the inlet we re observed 2-4 s after fa i lure . P r e s s u r e of 
the sodium vapor may have dislodged and relocated some loose debr i s or 
par t ia l ly molten fuel. At 16 s (8~ s after initial fai lure and 7-| s after shutdown), 
the outlet-flow and t e m p e r a t u r e s ignals showed sodium penetra t ing the upper 
blockage. Vapor p r e s s u r e appeared to re locate sufficient m a t e r i a l to p r o ­
duce a r i s e in the outlet t empe ra tu r e with no m e a s u r a b l e i nc r ea se in the 
upper -head or p u m p - r e t u r n t e m p e r a t u r e s . No la te r events were observed. 

II, TEST FUEL 

The seven fuel pins used in Tes t E7 were modified HEDL N - F pins that 
had been i r r ad ia t ed previous ly in Ring 5 of the X097 subassembly in EBR-II . 
A drawing of the pins is shown in Fig. 1 , and thei r p lacement in the tes t is shown 
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in F igs , 6 and 8 below. Spacer w i r e s were of 1.01 ± 0 .01-mm OD on a 
0.3-m pitch. (FTR pins have 0.91-ni-long fuel columns and use 1.4-mm spacer 
wires . ) Except for the fuel and insulator pe l l e t s , and the Inconel ref lector rod 
and spring ma te r i a l , all pa r t s of the pins a r e made of Type 316 s ta in less s tee l . 

BOTTOM 

TOP 

PLUG 

- 1 . 5 7 5 - -

3.230 

0.187-
DIA 

M-E 
n 

»0.8I5H I ' 

0.25- •0.25 

TOP END PLUG 

ALL pmENSIOMS IW IMCHES 

-0.187 

0 . 0 6 2 - - I— 

0.1925 DIA. 

0.062 DIA. 

0.152 DIA. 

SPACER CAP 

3.375 

BOTTOM END PLU6 

Fig. 1. Modified HEDL N-F Fuel Pin. Conversion factor: 1 in. = 2.54 cm. ANL Neg. No. 900-4383. 

A. P i n Mod i f i ca t i ons 

Af te r i r r a d i a t i o n in E B R - I I , the s p i r a l w i r e w r a p s w e r e t a c k - w e l d e d to 
the solid end plug j u s t be low the c l a d d i n g - p l u g we ld , and the b o t t o m 0 ,453 m of 
the 0 , 5 3 9 - r n - l o n g so l id l o w e r end p l u g s w e r e cu t off, A 1 . 7 8 - m m - d i a h o l e w a s 
d r i l l e d t h r o u g h the plug 44 m m f r o m the b o t t o m . All a x i a l d i m e n s i o n s of t h e 
fuel p in , the h o l d e r , the loop , and the i n s t r u m e n t a t i o n s e c t i o n s a r e r e l a t i v e to 
the b o t t o m of t h e fuel p in , but a r e keyed to t h i s h o l e . 

As v i ewed f r o m the b o t t o m , the s p a c e r w i r e i s wound in a c o u n t e r ­
c l o c k w i s e d i r e c t i o n . The l o c a t i o n of the s p a c e r w i r e at v a r i o u s a x i a l e l e v a t i o n s 
r e l a t i v e to the p u m p and h o d o s c o p e i s shown be low in F i g . 7, D u r i n g the a p ­
p r o a c h to f a i l u r e , the p i n s c a n bow only in t h e d i r e c t i o n a l lowed by t h e s p a c e r 
w i r e s . T h e r e i s s o m e s l igh t e v i d e n c e f r o m the h o d o g r a p h s t h a t i n i t i a l bo-wing 
w a s t o w a r d the p u m p in the m i d r e g i o n of the fuel c o l u m n and away f r o m the 
p u m p a t the e n d s . T h i s m o t i o n i s c o n s i s t e n t w i th the a n g u l a r l o c a t i o n of the 
s p a c e r -wires shown in F i g . 7. 

A 1.5 7 - m m - d i a p in t h r o u g h the 1 . 7 8 - m m ho le in t h e end p lug p r o v i d e d 
the only a x i a l s u p p o r t of the p i n s d u r i n g the t e s t . A l i m i t e d a m o u n t of f low-
induced v i b r a t i o n i s p o s s i b l e , e s p e c i a l l y n e a r t he t o p s of the p i n s . 
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Cladd ing for the a s - f a b r i c a t e d p i n s w a s of 5.86 ± 0 . 1 3 - m m - O D T y p e 316 
s t a i n l e s s s t e e l tubing w i th 20% cold w o r k , hav ing a w a l l t h i c k n e s s of 0.38 ± 
0.02 m m and a l eng th of 0.98 m . T h e y ie ld s t r e n g t h i s abou t t h r e e t i m e s a s 
h igh a s t ha t of n o r m a l T-ype 316 s t a i n l e s s s t e e l a t t e m p e r a t u r e s be low 550°C. 
T h i s i s i m p o r t a n t in p r e d i c t i n g the n e c e s s a r y c o n d i t i o n s for c l add ing f a i l u r e . 

B. F u e l C o m p o s i t i o n 

F u e l w a s f a b r i c a t e d f r o m p r e s l u g g e d , p r e s s e d , and s i n t e r e d p e l l e t s of 
25% P u 0 2 e n r i c h e d to 85% in ^^"^Fu and 25% UO2 e n r i c h e d to 77% in ^^^u. P e l l e t s , 
e a c h abou t 6.3 m m long and of 4 . 9 4 - m m d i a m e t e r , w e r e s t a c k e d in to 3 4 4 - m m -
long fuel c o l u m n s wi th in the c l add ing t u b e . W e i g h t s of the o x i d e s in i nd iv idua l 
p i n s a r e l i s t e d in T a b l e I. I so top i c c o m p o s i t i o n of an " a v e r a g e " p i n b e f o r e 
E B R - I I i r r a d i a t i o n i s l i s t e d in T a b l e XL Both t a b l e s r e f l e c t f r e s h , a s - f a b r i c a t e d 
p r o p e r t i e s and a s s u m e h o m o g e n e o u s and i s o t r o p i c d i s t r i b u t i o n s of m a t e r i a l . 
F u e l - p e l l e t d e n s i t y w a s 10.0 g / c m ^ . 

TABLE I. Composition by Mass of Test Fuel Pin 

Iden t i f i ca t ion 

N - 1 0 4 
N - 1 1 5 
N - 1 5 3 
N - 0 9 2 
N-O69 
N - i 8 5 
N - 0 8 i 
A v g 

Mixed Oxide 

63.64 
63.88 
64.57 
65.18 
64.19 
63.76 
64.15 
64.196 

M a s s , g 

PuO^ 

15.92 
15.98 
16.16 
16.2Z 
16.06 
15.95 
16.05 
16.048 

UO2 

47.72 
47.90 
48.41 
48.96 
48 .13 
47.81 
48.10 
48 .147 

TABLE II. Isotopic Composition of Average Pin 

I s o t o p e 

234u 

23 By 

236u 

238u 

2 3 8 p ^ 

2^9pu 
240pu 

2 « P U 
2 " P u 

I 6 0 

E n r i c h m e n t , 
% 

0.60 
76.88 

0.24 
22.28 

0.09 
85.65 
11.51 

2.47 
0 .28 

Lsotope 
D e n s i t y , 

g / c m ^ 

0.0387 
4 .9785 
0.0156 
1.4613 

0.0019 
1.8560 
0.2504 
0.0539 
0.0061 

1.1543 

Atom D e n s i t y , 
10̂ ** a t o m s / c m ^ 

9.9582 X 
1.2760 X 
3.9830 X 
3.6980 X 

4 .9149 X 
4 .6773 X 
6.2856 X 
1.3489 X 
1.5291 X 

4 .3454 X 

10-5 
10-2 
10-^ 
10-3 

lo-*" 
10-3 
10-^ 
10-* 
10-5 

10-5 

T o t a l M a s s in P i n , 

g 

0.253 
32.556 

0.102 
9.556 

0 .0127 
12.137 

1.638 
0.358 
0.040 

7.549 



F u e l - c o m p o s i t i o n da t a af ter the EBR- I I i r r a d i a t i o n a r e not a v a i l a b l e . 
The m a j o r d i f f e r e n c e s a r e expec ted to be the r a d i a l and ax i a l d i s t r i b u t i o n s of 
m a t e r i a l a c c o r d i n g to the g r a i n s t r u c t u r e . The g r a i n s t r u c t u r e of a s ib l ing 
HEDL N - F p in ( N - 0 1 3 ) i s shown in F i g . 2 and i s d i s c u s s e d f u r t h e r in Sec . I I . F . 

• cv 

• c 

Fig. 2 

, £ Metallographic Cross Section of 
HEDL N-F Pm. Mag. ~28X. 
ANL Neg No 900-4005 

. u 

c v CENTRAL VOID E EOUIAXED GRAIN REGION 

C COLUMNAR GRAIN U UNRESTRUCTURED REGION 
RESIGN 

C. N o n d e s t r u c t i v e E x a m i n a t i o n 

T h e fuel p i n s w e r e n o n d e s t r u c t i v e l y i n s p e c t e d . The e x a m i n a t i o n c o n ­
s i s t ed of v i s u a l i n s p e c t i o n and m a c r o p h o t o g r a p h y , X r a d i o g r a p h y , h e l i u m l e a k 
t e s t i n g , d e t e r m i n a t i o n of e l e m e n t l o s s e s , cond i t ion of the w i r e w r a p , g r o s s 
and ^ '̂̂ Cs g a m m a scann ing , and m e a s u r e m e n t s of t h e we igh t , b a l a n c e po in t , 
l eng th , and d i a m e t e r . The p r i n c i p a l i r r e g u l a r i t y w a s tha t t he s p r i n g in 
e l e m e n t N - 0 9 2 ( c e n t r a l p in in the t e s t c l u s t e r ) had 25 c o i l s c o m p a r e d to 19 
c o i l s in t h e o t h e r e l e m e n t s . P o s t t e s t e x a m i n a t i o n of the s p r i n g s sho-wed t h a t 
s o m e had 19 and o t h e r s 20 c o i l s . T h e d i f f e r ence i s due to the p in o r i e n t a t i o n 
in the X - r a y p i c t u r e s , 

D. P r e i r r a d i a t i o n H i s t o r y 

R e s u l t s of p m - s u r v e i l l a n c e c a l c u l a t i o n s (by the VIGILANTE code) for 
the s even fuel p i n s used in T e s t E7 a r e l i s t ed in T a b l e III. The s ib l ing p in , 
N - 0 1 3 , tha t had been d e s t r u c t i v e l y e x a m i n e d , i s inc luded in the t a b l e . F i s s i o n 
g a s con ten t i s not known but c a n be back c a l c u l a t e d from, the p r e s s u r e s and 
t e m p e r a t u r e s l i s t ed in T a b l e III. The c a l c u l a t e d f i s s i o n - g a s f r a c t i o n i s 86.6% 
of the t o t a l gas v o l u m e . 



T A B L E III . B u r n u p C a l c u l a t i o n s fo r H E D L N - F P i n s Used in T e s t E7 

P i n No . 

N 0 1 3 
(Sibl ing pin) 

N069 

W081 

NO92 

N104 

N115 

N153 

N185 

L i n e a r 
P o w e r , 
k W / m 

38.32 

34.38 

37.80 

33.60 

33.46 

33.43 

33.10 

32.81 

Beginn ing of Life 

C o o l a n t 
T e m p , 

X 

471 

470 

471 

468 

459 

468 

466 

463 

Cladd ing 
T e m p , 

°C 

510 

506 

510 

504 

495 

504 

501 

492 

P l e n u m 
P r e s s u r e , 

M P a 

0.5141 

0 .5067 

0 .5067 

0 .4913 

O.496O 

0.5026 

0.5004 

0.4959 

B u r n u p , 
a t . % 

4.760 

4.Z91 

4.695 

4.141 

4.202 

4.188 

4 .167 

4.121 

F l u e n c e , 
lO^^nvt 

4 .138 

3.705 

4.079 

3.570 

3.622 

3.609 

3.590 

3.547 

L i n e a r 
P o w e r , 
k W / m 

37.01 

33.33 

36.48 

32.60 

32.47 

32.43 

32.13 

31.83 

End of Life 

Coo lan t 
T e m p , 

°C 

467 

466 

468 

465 

456 

465 

462 

455 

Cladding 
T e m p , 

"C 

505 

502 

506 

500 

491 

500 

498 

489 

F i s s i o n Gas 
G e n e r a t e d , 

c m ' 

61.02 

55 .03 

60 .17 

53 .87 

53 .42 

53 .45 

52 .92 

52.50 

P l e n u m 
P r e s s u r e , 

M P a 

3.810 

3.436 

3.209 

3.352 

3.290 

3.332 

3.292 

3.241 

sO 
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Fig. 3. 
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F i g u r e 3 c o m p a r e s the a x i a l 
p o w e r s h a p e of t h e t e s t fuel d u r i n g 
the E7 t r a n s i e n t to t h a t of a h i g h -
po-wer F T R p in . T h i s f i g u r e i s an 
a d a p t a t i o n of F i g . 9 of Ref. 4 . T h e 
3 7 - k W / m p o w e r l e v e l d u r i n g the 
E B R - n p r e i r r a d i a t i o n c r e a t e s a 
void in the c e n t e r of the t e s t p in . 
T h e void s i z e in an F T R p in w i l l 
be some-what l a r g e r at the s a m e 
b u r n u p b e c a u s e of the h i g h e r l i n e a r 
p o w e r . T h u s , the t e s t p in w i l l h a v e 
abou t the s a m e f i s s i o n - g a s con t en t 
a s a 4 . 2 % - b u r n u p F T R p in , but a 
s l i gh t ly s m a l l e r c e n t r a l vo id . A x i ­
a l l y , the c e n t r a l void ex tended n e a r l y 
to the end of e a c h p in , 

A r e l a t i v e a x i a l p o w e r s h a p e 
w a s d e t e r m i n e d f r o m foil i r r a d i a ­
t ions on f r e s h fuel p i n s d u r i n g 
s t e a d y - s t a t e c a l i b r a t i o n m e a s u r e ­
m e n t s for T e s t H3.^ R e s u l t s of 
t h e s e m e a s u r e m e n t s a r e f u r t h e r 
d i s c u s s e d in Sec . I I .G. T h e a x i a l 
p o w e r s h a p e d u r i n g the E7 t r a n s i e n t 

t e s t , shown a t the r i g h t s ide of F i g . 3, i s a s s u m e d to be the s a m e a s the s t e a d y -
s t a t e H3 r e s u l t s . D i f f e r e n c e s b e t w e e n t r a n s i e n t and s t e a d y - s t a t e m e a s u r e m e n t s 
of the fuel c a l i b r a t i o n f a c t o r s v a r y by a s m u c h a s 20%. M o s t o r a l l of t h i s dif­
f e r e n c e can be accoun ted for by d e t a i l e d d i f f e r e n c e s in c o r e load ing and rod 
s e t t i n g s b e t w e e n the l o w - p o w e r run and the t e s t t r a n s i e n t . On the b a s i s of 
p r e t r a n s i e n t p o w e r c a l i b r a t i o n r u n s m a d e for H3,^ the ax i a l p o w e r s h a p e a s 
shown in F i g . 3 did not u n d e r g o s i m i l a r c h a n g e s d u r i n g the t r a n s i e n t . Only 
m i n o r d i f f e r e n c e s c a n be a t t r i b u t e d to the d i f f e r e n c e s b e t w e e n the f r e s h fuel 
of the H3 c a l i b r a t i o n m e a s u r e m e n t s and the i r r a d i a t e d fuel of T e s t E7, Loop 
out f i t t ing , inc lud ing the f l u x - s h a p i n g f i l t e r s , w e r e the s a m e for T e s t s H3 and 
E7. 

Comparison of Axial Power Shape of Peak-power 
FTR Pin, Sibling Pin in EBR-II Irradiation, and 
E7 Test Fuel. Conversion factors: 1 kW/ft = 
3.281 kW/m, 1 in. = 2.54 cm. 

F . F i s s i o n - g a s D i s t r i b u t i o n 

A s ib l ing p in ( H E D L N - F p in N-013) f r o m the s a m e E B R - I I s u b a s s e m b l y 
in w h i c h the E7 t e s t p i n s w e r e i r r a d i a t e d w a s d e s t r u c t i v e l y e x a m i n e d a t the 
a x i a l m i d p l a n e and a t the ends of the fuel colunnns for g r a i n s t r u c t u r e , but not 
for p a r t i c l e s i z e o r f i s s i o n - g a s d i s t r i b u t i o n s . The g r a i n - s t r u c t u r e r e g i o n s a s 
s e e n in F i g . 2 a r e w e l l de f ined . The c e n t r a l void e x t e n d s to 0.585 mnn, the 



columnar gra ins to 1.6 m m , and the unres t ruc tu red region to 2.52 mm, com­
pared to the 2,46-inm radius of the f resh as - fabr ica ted pe l le t s . More exten­
sive examinations for f i ss ion-gas dis t r ibut ions were per formed on a PNL-17 
sibling pin that had undergone a s imi l a r total i r r ad ia t ion , but at two different 
l inear power leve ls . 

A f i ss ion-gas retention profile was es t imated from a compar i son of 
the operating t e m p e r a t u r e , the observed s t ruc tu ra l morphology, and the total 
f i ss ion-gas r e l e a s e . The f i ss ion-gas dis t r ibut ion in the N-013 pin -was e s t i ­
mated as follows: 

The t e m p e r a t u r e dis tr ibut ion during EBR-II i r rad ia t ion was determined 
from the average cladding t e m p e r a t u r e obtained from VIGILANTE data. To 
this was added a gap t e m p e r a t u r e drop using a gap conductance of 85 W/m-°C 
to obtain the fuel surface t e m p e r a t u r e . The fue l - t empera tu re profile was 
obtained from the /k(6)d6 equation for fuel containing a cen t ra l void. 

A t e m p e r a t u r e profile obtained in this way for the PNL-17 pin was 
s imi la r to that calculated by the LIFE-I I code. The m e a s u r e d radia l d i s t r i ­
bution of retained fission gas in the PNL-17 pin -was compared to the ca lcu­
lated t empe ra tu r e profi le . This resu l t was then applied to the HEDL N - F p ins . 

Total gas r e l ea se from the N-013 sibling pin was 40.73 cm^. (The pin 
was put in a vacuum chamber of known volume, and the cladding was punctured 
by a l a s e r beam. The r e l ea se volume -was then determined from the equil ib­
r ium chamber p r e s s u r e . ) Of the re leased gas volume, 86.8% or 35.3 cm^ -was 
fission gas . The remaining f i ss ion-gas volume (5.4 cm^) is retained within 
the fuel m i c r o s t r u c t u r e . L a s e r sampling m e a s u r e m e n t s of the PNL-17 pin 
gave volume fract ions of re tained fission gas by s t ruc tu re regions (see Fig . 2). 
These we re : 

Co lumnar -g ra in region 3.9% 

Equaixed region 32,1% 

Unres t ruc tu red region 64,1% 

An es t imated profile for the retained fission gas in the HEDL N - F pins 
based on these data is sho-wn in Fig. 4, Examination of samples taken from 
the top and bottom pel le ts of the N-013 pin indicated the axial var ia t ion of the 
inner radi i of the different grain regions approximately as follows: 

Axial Posi t ion Void, m m Columnar, mm. Equiaxed, mm 

Ends None 

6.3 mim from ends 0.46 1,4 1.95 

Cen t ra l 250 m m 0.58 1.6 2.06 

This dis t r ibut ion is a d i rec t reflection of the axial power shape during the 
EBR-II i r r ad ia t ion (see Fig. 3). 
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G. Radial Power Shape and Cal ibrat ion F a c t o r s 

Power dis tr ibut ions within each pin and among pins within the c lus te r 
a re important , both as input information to calculat ions and as a factor bear ing 
on fuel motion. The dis t r ibut ions a r e determined by a combination of neu-
t ronics calculat ions and exper iments . Separat ion into axial and radia l com­
ponents is assuined, both of which can be adjusted, within l imi t s , to mee t 
cer ta in c r i t e r i a . 

A se r i e s of t r ans ien t cal ibrat ion m e a s u r e m e n t s was per formed with 
both f resh pins in a p r e t e s t cal ibrat ion study and f resh and i r rad ia ted P N L -
type pins for Tes t H3.^'^ Enr iched-uran ium foils measu red the surface power 
density at severa l angular or ientat ion and axial loca t ions , ' Some of the fuel 
pel le ts -were des t ruct ive ly analyzed for the radial ly averaged power densi ty. 
Two-dimensional t r anspor t calculat ions , normal ized to the pe l l e t -averaged 
and surface power dens i t ies , we re used to obtain detailed dis t r ibut ions through 
the c l u s t e r . ' " s " Moni tor -wire act ivi t ies were used to normal ize c lus te r powers 
to TREAT power. 

Power dis t r ibut ions within the c lus te r a r e cha rac te r i zed by a super ­
posit ion of an ax i symmet r i c rad ia l dis tr ibut ion within the cen t ra l pin and a 
gradient a c r o s s the c lus te r a r i s ing from flux depress ion on the pump side of 
the loop. Each pe r iphe ra l pin is taken to have the same intrapin dis t r ibut ion 
re la t ive to the pin average power. Correc t ions were made to account for 
redis t r ibut ion re la t ive to the pin average power. Small co r rec t ions of a few 
percen t were made to account for redis t r ibut ion of f issi le m a t e r i a l during 
EBR-II p re i r r ad ia t ion . These cor rec t ions include the migra t ion of fission 
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20 40 60 80 
FUEL RADIUS, mils 

CENTRAL 
PIN 

gas toward the center and the d isplacement of 
fuel outward to produce the different dens i t ies 
-within the var ious s t ruc tu re zones . The c o r ­
rect ion calculat ions were supplied by HEDL, 
The resul t ing intrapin power shapes a r e shown 
in Fig . 5. Four types of power shapes a r e shown. 
Type I dis t r ibut ions apply to al l azimuthal s e c ­
to r s of the cen t ra l pin. Type II-IV dis t r ibut ions 
a r e used for the p e r i p h e r a l pins as shown in the 
lower drawing of Fig. 5. Type II dis t r ibut ions 
a r e used for pin sec to r s -whose adjacent flow 
channel is bounded by t-wo additional p ins . 
Type III d is t r ibut ions a r e towards flow channels 
bounded by a single additional pin, and Type IV 
dis t r ibut ions a r e for the pin sec to r s that face 
the holder wall . 

PERIPHERAL 
PIN 

(TYPICAL) 

(SECTORS n ALWAYS ADJACENT 
TO CENTRAL PINS 

T h e s h a r p d e c r e a s e in c a l c u l a t e d p o w e r 
d e n s i t y p e r uni t v o l u m e in the u n r e s t r u c t u r e d 
r e g i o n s i s b a s e d on f u e l - d e n s i t y m e a s u r e m e n t s 
in the s ib l ing P N L - 1 7 p in . T h e s e v o l u m e t r i c 
p o w e r c h a n g e s r e s u l t f r o m an a v e r a g e p e l l e t 
d e n s i t y of 93% TD b e f o r e i r r a d i a t i o n , chang ing 
l o c a l l y to 78% TD in the u n r e s t r u c t u r e d fuel 
r e g i o n a f t e r i r r a d i a t i o n . C a l c u l a t i o n s of the 
r a d i a l p o w e r s h a p e a s m a d e by H E D L c o r r e c t l y 
p r e d i c t t he c e n t r a l - v o i d g r o w t h and c o n s e q u e n t 
fuel d e n s i f i c a t i o n in the c o l u m n a r - g r a i n r e g i o n . 

No c o r r e c t i o n in t h e p o w e r s h a p e w a s m a d e to a c c o u n t for l o s s of fuel r e s u l t ­
ing f r o m b u r n u p and the add i t ion of f i s s i o n - p r o d u c t p o i s o n s . 

Fig. 5. Normalized Radial Power Dis­
tributions and Pin-sector 
Identification. Conversion 
factor: 1 mil = 0.00254 mm. 

A b s o l u t e p i n c a l i b r a t i o n f a c t o r s d e t e r m i n e d f r o m the c o m b i n e d foil 
and p e l l e t m e a s u r e n n e n t s in t h e H3 c a l i b r a t i o n m e a s u r e m e n t s and the t w o -
d i m e n s i o n a l t r a n s p o r t c a l c u l a t i o n s a r e l i s t e d in the top left of T a b l e IV. 
I n t r a p i n d i s t r i b u t i o n s , c o r r e s p o n d i n g to the four t y p e s shown in F i g . 5, a r e 
l i s t e d in the l o w e r p o r t i o n of T a b l e IV. T h e r e l a t i v e a x i a l p o w e r s h a p e , shown 
a t the r i g h t of F i g . 3, is t a b u l a t e d a t the top r i g h t in T a b l e IV. 

TABLE IV, Calibration Factors and Radial Power 
Distributions for Test E7^ 

Pin No, 

N-092 

N-081 

N-069 
N-115 

N-185 
N-153 

N-104 

Power Calibration, 
J/g.MW-s 

1.612 

1.650 

1.969 

2.166 

2.166 

Height 
from Bottom, 

in. 

0-1.917 

1.917-3.861 

3.861-5.778 

5.778-7.722 

7.722-9.639 

9.639-11.583 

11.583-13.500 

Relative Axial 
Power Shape 

0.810 

0.950 

0.990 

1.000 

0.990 

0.960 

0.820 
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TABLE IV (Contd.) 

Radius, in. Radial Power Distribution 

Inner Outer Type I Type II Type III Type IV 

0.023 0.0326 0.995 0.896 0.914 0.967 

0.0326 0.0422 0.990 0.894 0.951 0.998 

0.0422 0.0519 1.001 0.894 0.992 1.047 

0.0519 0.0615 1.019 0.896 1.044 1.100 

0.0615 0.0711 0.912 0.785 0.958 1.014 

0.0711 0.0808 0.948 0.800 1.019 1.082 

0.0808 0.0904 1.009 0.829 1.094 1.171 

0.0904 0.100 1.090 0.867 1.185 1.249 

^Conversion factor: 1 in. = 2.54 cm. 

III. TEST GEOMETRY 

The Mark- I I t es t loop,^^ the Trans ien t Reactor Tes t Faci l i ty (TREAT),^* 
and the hodoscope,^^'^^ a re descr ibed in the l i t e r a tu re . The basic design of the 
loop was to accommodate fuel pins and flow channels that were l e s s than 
0.787 m long. P r e s s u r e and flow inst rumentat ion a re at fixed locations on the 
loop. The 1,1-m-long tes t pins and flow channel in Tes t E7 extended beyond 
the upper ins t rument section. P r e s s u r e pulses in the flow channel were coupled 
to the t r ansducer through a hole cut in the flow tube at the elevation of the upper 
p r e s s u r e t r ansduce r . In addition, an Armco iron core was installed inside the 
loop at the upper flow detector to enhance the outlet-flow signal. Unfortunately, 
the iron flow "amplif ier" appears to have enhanced the t empe ra tu r e sensit ivi ty 
of the flow detector . Outlet flow spilled over the top of the flow channel and 
moved downward on the outside of the holder to the pump r e tu rn tee . All 
p a r t s of the loop within the 1.22-m active height of the TREAT core a r e coated 
with a the rmal -neu t ron- f i l t e r ma te r i a l . 

A. Fuel-pin Geometry 

The seven HEDL N - F tes t pins were ar ranged in a hexagonal a r r a y 
surrounding the cen t ra l pin, as shown in Fig. 6. A fluted flow tube provides 
the co r r ec t hydraulic simulation of seven pins within a much l a r g e r c lus te r , 
as -well as providing the n e c e s s a r y const ra int against radia l motion of the fuel 
c lus t e r . Although 0,5 m m of diam.etrical c lea rance is allowed for, the pins 
(with their spacer wi res having identical orientat ions) fit snuggly in the fluted 
tube at room t e m p e r a t u r e , because of pin bowing. 

An outer shell tube surrounding the fluted tube provides a space that is 
filled with argon gas at 0.1 MPa (l atm) and se rves as a the rmal insula tor . By 
limiting the heat los ses to the loop wall , the seven-pin c lus te r is the rmodynam-
ically s imi la r to pins within a much l a r g e r assembly . Unlike a l a r g e r c lus t e r , 



however, the fluted wall fails by melt ing during the fuel-motion phase of the 
tes t . The insulating argon gas can then mix with the flow s t r e a m , and p r e s ­
sure pulses that may have been generated a r e attenuated by an unknown amount; 
their propagat ion velocity can change d ras t i ca l ly , and the f low-detector r e ­
sponse to two-phase flow is unkno-wn. 

HODOSCOPE 
SLOT 

Fig. 6 

Cross Section of Fuel Cluster with Pin 
Identification for Test E7. All dimen­
sions in inches. Conversion factors: 
1 in. = 2.54 cm; 1 atm = 0.1 MPa. 

B . Ax ia l F l o w C h a n n e l 

Ax ia l m o t i o n of the fuel p i n s is c o n s t r a i n e d by the lock ing p in a t the 
b o t t o m ( in le t ) end of the flow c h a n n e l . D e t a i l s of the flo-w c h a n n e l a r e shown 
in F i g . 7. M a j o r p o i n t s of i n t e r e s t in t h i s f i gu re a r e : 

1. The substant ial m a s s of s teel exists in the inlet and outlet reg ions . 
These steel m a s s e s can act as heat sinks to rapidly cool the blockage m a t e r i a l . 
Rapid cooling would account for the observed direct ional dendri t ic grain s t r u c ­
tu re found in the r e m a i n s . 

2. The volume of argon gas that can be re leased when the fluted tube 
rup tures i s 181 cm^ (twice the volume of sodiunn in the same region) at a p r e s ­
sure of about 0.Z8 MPa (40 psi) at 380°C. This volume, plus that of the holder 
wall that mel t s and is c a r r i ed away, can be occupied by sodium and connplicates 
the calculation of voiding from the flow data. 

3. Because of d i rec t contact with the loop wall , radia l heat t r ans fe r 
from upward-moving hot or molten debr i s i n c r e a s e s d ramat ica l ly above the 
adiabatic section (730 m m ) . Any debr is enter ing this region is likely to freeze 
rapidly. 



4. The tops of the fuel pins extend about 25 m m above the top of the 
flow channel, and the lowest sodium-slug baffle is about 13 m m above the tops 
of the fuel p ins . Debr is c a r r i e d with an ejected sodium slug would impact 
the baffle. 
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Fig. 7. Detailed Axial Geometry of Flow Channel for Test E7, Showing One 
of Seven Identical Fuel Pins. Conversion factor: 1 in. = 2.54 cm. 

In le t t h e r m o c o u p l e s , not shown in F i g . 7, p a s s t h r o u g h the g a s in t h e 
ad i aba t i c r e g i o n of the fuel h o l d e r . When ho t o r m o l t e n fuel p e n e t r a t e s the 
h o l d e r w a l l , e i t h e r i n l e t t h e r m o c o u p l e c a n be d e s t r o y e d by m e l t t h r o u g h of the 
s h e a t h . E l e c t r i c a l s i g n a l s f r o m t h e r m o c o u p l e s t h a t fai l by s h e a t h m e l t t h r o u g h 
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a r e un ique ly d i f f e ren t f r o m t h o s e c a u s e d by hot d e b r i s m e l t i n g the j u n c t i o n . 
I n f o r m a t i o n on the t i m e of h o l d e r - w a l l f a i l u r e ( d e t e r m i n e d f r o m t h e t i m e of 
f a i l u r e of the in l e t t h e r r n o c o u p l e by s h e a t h m e l t i n g ) p r o v i d e s an i m p o r t a n t 
t i m i n g m e a s u r e m e n t in the a n a l y s i s of fuel m o t i o n . 

F i g u r e 8 i s a s k e t c h of the loop , t h e t e s t s e c t i o n , and t h e i n s t r u m e n t 
l o c a t i o n s . In the n o r m a l p r o c e d u r e s for s o d i u m f i l l ing , a s l i g h t e x c e s s i s 

a l lowed to s p i l l o v e r into the 
overflouf p i p e (a t the l o c a t i o n of 
T C 6 , F i g . 8), w h i c h i s s u b s e ­
quen t ly d r a i n e d . S p e c i a l f i l l ing 
p r o c e d u r e s 'were fol lowed in t h i s 
t e s t to e s t a b l i s h t h e u p p e r s o d i u m 
head (165 m m a b o v e the over f low 
p i p e ) . ( P r e t e s t v o l u m e t r i c d i s ­
p l a c e m e n t m e a s u r e m e n t s i n d i c a t e d 
a t o t a l d i s p l a c e m e n t of 2Z.6 cm^ 
for the l o w e r 1.18 m of the t e s t 
t r a i n . T h i s d i s p l a c e m e n t v o l u m e 
w a s u sed to d e t e r m i n e the r e q u i r e d 
s o d i u m - f i l l l e v e l tha t p r o v i d e s the 
8 9 - m m u p p e r p l e n u m head . ) 

C. T h e r m a l - n e u t r o n F i l t e r 

Al l t h e T O P e x p e r i m e n t s 
in M a r k - I I l oops t h a t u s e h i g h -
e n r i c h m e n t m i x e d - o x i d e fuel h a v e 
u s e d t h e r m a l - n e u t r o n f i l t e r i n g to 
a c h i e v e an a c c e p t a b l y f la t p o w e r 
d i s t r i b u t i o n a c r o s s the p in 
cluster.^'^'^^ F i l t e r m a t e r i a l w a s 
a m i x t u r e of B^Si and h i g h -
t e m p e r a t u r e T y p e HE P y r o m a r k 
P a i n t . * T h i s m i x t u r e i s p a i n t e d 
onto a l 6 - m e s h Type 316 s t a i n l e s s 
s t e e l s c r e e n t h a t i s t a c k - w e l d e d 
to the loop body . Af te r a i r d r y i n g 
and bak ing by o p e r a t i n g the loop 
a t 370°C, the m e s h f i l t e r h a s a 
t h i c k n e s s of 1.03 m m , c o n s i s t s of 

25% s t e e l and 75% B^Si, and h a s a t h e r m a l - n e u t r o n a b s o p t i o n e q u i v a l e n t to 
0.05 7 g / c m ^ of n a t u r a l b o r o n . (Ef fec t ive t h i c k n e s s w a s d e t e r m i n e d by t h e r m a l 
and e p i - c a d m i u m n e u t r o n - t r a n s m i s s i o n m e a s u r e m e n t s of a p l a n e f i l t e r . ) 
Shaping c o l l a r s at t he ends of the fuel c o l u m n s w e r e u s e d to r e p r o d u c e the 
ax i a l poM^er s h a p e d u r i n g t h e E B R - I I i r r a d i a t i o n . T h e c o l l a r s -were m a d e by 
o v e r l a y i n g l a y e r s of m e s h and B^Si m a t e r i a l . 
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Fig. 8. 
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Location of Test Instrumentation in Mark-II Loop 
for Test E7. Conversion factor: 1 in. = 2.54 cm. 

•Trademark, Tempil Corp., New York. 



As a safety m e a s u r e , all p a r t s of the loop in which fuel could accumu­
late (as a resu l t of sweepout or slumping after failure) a r e also coated with 
the filter ma te r i a l . Should a significant quantity of fuel freeze or attach to 
the loop wall before the t rans ien t is over, the fi l ter l imi t s the heat generat ion 
and prevents melt through. Skewing of the flux a c r o s s the tes t pin c lus te r 
result ing from the a symmet r i c dis tr ibut ion of fil ter m a t e r i a l is d iscussed in 
Sec. II.G. 

D. Monitor Wires 

Two monitor wi res were used in Tes t E7 as additional checks on the 
fuel-pin cal ibrat ion factors that were used to normal ize the r e su l t s of this 
tes t to o thers in the E and H s e r i e s . Both wi res were located at the axial 
midheight of the fuel column; one was between the fuel-holder wal l s , and the 
other was external to the loop bet-ween the overflow pipe and the pump. 

Due to pos t tes t delays in loop-handling opera t ions , the in ternal moni­
tor wi re could not be rec la imed before the activity had decreased to a level 
too low for counting, and a d i rec t verif icat ion of the cal ibrat ion factors has 
not been made . The external moni tor wire was removed and radiochemical ly 
analyzed for fissions within 11 days of the tes t . Resul ts of this ana lys i s , 
cor rec ted to the tes t t ime, gave 3.85 x 10^^ fissions per g r a m of w i r e . The 
wi re consisted of 3.6 wt % uranium, enriched in ^ssy ^^ 9 3 . I I 8 wt %, and 
96.4 wt % zirconium. 

The integrated energy in the t rans ien t was 1457 MW-s. A s imi la r ly 
shaped SlO-MW-s t rans ien t in the H3 cal ibrat ion m e a s u r e m e n t s gave 2.69 x 10 
fissions per g r a m of w i re , and the 1244-MW'S t rans ien t of Tes t E6 gave 
8.1 X 10^^ fissions pe r g r a m . The obvious lack of consis tency and cor re la t ion 
between the mon i to r -wi re activations and the TREAT energy has not been 
resolved. 

E. Thermocouples 

Thermocouples in p a i r s were located at the inlet and outlet, r e s p e c ­
tively, as shown in Fig. 8. One thermocouple , TC7, was located about85.4 m m 
above the f irs t baffle to monitor bulk heating of the sodium in the upper head. 
Another, TC8, was located 25.4 min above the free surface of the upper sodium 
head to monitor ejections of any coolant s lugs . For the sodium and loop-wall 
t empera tu re s at a nominal 390°C, the upper p lenum-gas t empe ra tu r e is 250°C. 
The difference is due to heat loss by convection to the bayonet assembly and 
by conduction to the upper c losure flange, top p la te , and dome a s s e m b l i e s , all 
of which were at room, t e m p e r a t u r e . Two thermocouples were located in the 
flow path: One was about 50 m m below the flow-channel outlet; the other 
was at the pump re tu rn . 



All thermocouples on the tes t t r a in were Chromel -Alumel grounded to 
their sheaths at the junction. Sheaths were 1.02-mm-OD (0.25-mm-wall ) 
Type 316 s ta in less s teel , and MgO was used as the insulating ma te r i a l . A 
"hot box" operating at 65.5^0 was used as the re fe rence junction for all 
thermocouples . 

F . TREAT Core Loadin g 

The loading d iag ram for the TREAT core during Test E7 was the same 
as that used for Tes t s H5 and E6, and is shown in Fig. 9- Dummy elements 
have no fuel, and slotted e lements have a 520-mm-high section removed from 
their midsect ion. Control rods have a 28 .6-mm hole lined with 3 .18-mm-thick 
Z i rca loy-2 to accommodate the boron-containing control rods . Additional 
TREAT operat ing information for the tes t is given in Fig . 10. 
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Fig. 9. TREAT Core Loading for Test E7 (Transient 1499) 



Trans ien t No.: 1499 Loading No.: 770 Date: 3-9-73 T ime: 1423 

Ser ies No.: Mark II Sodium Loop Capsule No.: E-7 

CALIBRATION FACTORS 

1. Safety #1: 0.162 x 10" ' 'A/MW Safety #2: 0.3.35 x 10" ' 'A/MW 

2. Integrated Power #1: 0.069 CV/MW-s Integrated Power #2: 0.098 CV/MW-s 

Scram Settings #1 : Scram Settings #2: 

1400 MW-s 4.83 Tr ip Volt 20 Cap. 1400 MW-s 6.86 Tr ip Volt 20 Cap., 

SUMMARY RESULTS 

1. Pe r iod : 0.204 s Reactivity: 1.111% 

2. Reactor Temp: TC #6 Initial 36 Final 323 Int. Power (AT) 921 MW-s 
(287) 

3. Integrated Power : 1396 (tape) MW-s 

4. Peak Power : 2468 (tape) " ' ^ ° MW 

5. Rod Posi t ion: Cr i t ica l 43.15 #1 40 #2 P r e t r a n s i e n t 59 #1 0.00 #2 
0 #3 15.26 #9 

6. P r i m a r y Sc ram Signal: P r o g r a m S c r a m 

Fig. 10. TREAT Summary Sheet for Test E7 

IV. T E S T SUMMARY 

A s e q u e n c e of e v e n t s t ha t d e s c r i b e s t h e r e s u l t s of T e s t E7 i s d iv ided 
in to t h r e e t i m e i n t e r v a l s : 

1. An approach- to- fa i lure in terval charac te r i zed by well-defined 
fuel-pin and coolant heating r a t e s , and by radial and axial t e m p e r a t u r e p r o ­
files that can be calculated with good accuracy . During this t ime , calculat ions 
of the prefa i lure threshold conditions of fuel t e m p e r a t u r e s and t empera tu re 
grad ien ts , the propagation of the fuel meltfront , and the cladding loading can 
be rel iably predicted by a compar ison between the calculated and the m e a s u r e d 
outlet t empe ra tu r e of the coolant. This in terval ends with init ial cladding 
rupture and f iss ion-gas r e l e a s e . 

2. An interval innnaedlately following the failure threshold and lasting 
for severa l hundred mi l l i seconds . During this in terval , the flow channel voids , 
the peak t e m p e r a t u r e s a re reached, and mos t of the cladding and fuel motions 
occur . Fa i l u r e s may occur incoherent ly among fuel p ins . The hodoscope is 



t h e only d i r e c t s o u r c e of f u e l - m o t i o n i n f o r m a t i o n . Coo lan t bo i l ing a t t h e in l e t 
and the a b s e n c e of flow r e c o v e r y o r c o r r e l a t e d a c t i v i t y in the ou t l e t d u r i n g 
t h i s i n t e r v a l a r e i n t e r p r e t e d a s the p e r i o d of b l o c k a g e f o r m a t i o n . 

3 . A p o s t f a i l u r e h e a t - r e m . o v a l and coo l ing i n t e r v a l t h a t m a y l a s t for 
t e n s of s e c o n d s . F l o w and p r e s s u r e d a t a d u r i n g t h i s i n t e r v a l a r e too u n c e r ­
t a in to p r o v i d e q u a n t a t i v e i n f o r m a t i o n . H o w e v e r , t h e r e a r e i n d i c a t i o n s in the 
t e s t d a t a t ha t s o m e coo l an t r e e n t r y d o e s o c c u r and l e a d s to m i n o r f u e l / d e b r i s 
r e l o c a t i o n , 

A. F a i l u r e T h r e s h o l d 

An a n a l y s i s of f a i l u r e t h r e s h o l d s in f r e s h - f u e l e x p e r i m e n t s ^ ^ ( T e s t s H2 
and E4) i n d i c a t e s t ha t c l add ing o v e r h e a t i n g l e a d s to bo i l ing n e a r the top of the 
fuel c o l u m n . C o o l a n t - f i l m d r y o u t o c c u r s wi th in 10-50 nns, and p in f a i l u r e i s 
by m e l t t h r o u g h n e a r the top of the fuel c o l u m n . T h e r e d o e s not a p p e a r to be 
a s t r o n g d e p e n d e n c e on h e a t i n g r a t e , c l add ing s t r e n g t h , o r fuel m e l t f r a c t i o n . 
F u e l - c o o l a n t i n t e r a c t i o n s ( F C I ' s ) , a l t hough s ign i f i can t , a r e a t l e a s t l o w e r by 
an o r d e r of m a g n i t u d e than i s p r e d i c t e d by t h e p a r a m e t r i c F C I m o d e l . R e s u l t s 
of the p r e s e n t t e s t i n d i c a t e t ha t the r e l e a s e of f i s s i o n g a s g o v e r n s the d y n a m i c s 
of bo th c o o l a n t e j e c t i o n and fuel m o t i o n . T h e r e w a s no e v i d e n c e of e x p l o s i v e 
g a s r e l e a s e in T e s t E7 . F u e l en tha lpy at f a i l u r e , t h e ex ten t of fuel m e l t i n g , 
and the m a g n i t u d e of the t h e r m a l i n t e r a c t i o n a r e a l l l e s s in t h i s t e s t w i th i r r a ­
d ia ted fuel than w i th f r e s h fuel . 

B. F u e l Mot ion a t F a i l u r e 

L i t t l e r e l i a b l e e x p e r i m e n t a l d a t a usefu l in m o d e l i n g the p o s t f a i l u r e 
T O P fuel m o v e m e n t e x i s t s . S o m e o u t - o f - p i l e e x p e r i m e n t s , ^ " a s w e l l a s the 
five T O P t e s t s p r i o r to E 7 , showed t h a t hot o r m o l t e n fuel and c l add ing p r e f ­
e r e n t i a l l y m o v e u p w a r d in the c o o l a n t c h a n n e l . F r e e z i n g o c c u r r e d o v e r a 
d i s t a n c e of no m o r e than s e v e r a l i n c h e s a b o v e t h e t o p s of the o r i g i n a l fuel 
c o l u m n s and f o r m e d an ou t l e t b l o c k a g e . 

T h e o b s e r v e d d i s t r i b u t i o n s of fuel and s t e e l in the E7 b l o c k a g e s , i n d i ­
c a t e t h a t m o l t e n c l a d d i n g w a s s w e p t u p w a r d b e f o r e any s ign i f i can t a x i a l fuel 
m o t i o n o c c u r r e d . Sod ium w a s e j ec t ed f r o m both ends of the flow c h a n n e l , but 
a t a l e s s e r r a t e than h a s b e e n o b s e r v e d in the t h r e e loop T O P f a i l u r e t e s t s 
w i th f r e s h fuel . P r e s s u r e - p r o d u c i n g t h e r m a l i n t e r a c t i o n s in t h e p r e s e n t t e s t 
a p p e a r to be r e s t r i c t e d to l iquid f i l m s on the h o l d e r w a l l s . F i s s i o n - g a s r e ­
l e a s e , s o d i u m v a p o r i z a t i o n , and p o s s i b l y fuel swe l l i ng a r e m e c h a n i s m s t h a t 
void t h e flow c h a n n e l in t h i s i n t e r v a l . 

C. P o s t f a i l u r e Ac t iv i t y 

T h e m o s t s i gn i f i can t flow a c t i v i t y o c c u r r e d d u r i n g t h e 2 0 0 - m s p e r i o d 
f r o m 7.45 to 7.65 s , and the m o s t r ap id fuel m o t i o n w a s o b s e r v e d d u r i n g the 
nex t 1 0 0 - m s p e r i o d . Af ter 7.75 s , r a d i a l r e d i s t r i b u t i o n of fuel w a s o b s e r v e d , 



but no significant axial motion. After 7.8 s, fuel began to appear in the adi ­
abatic region of the fuel holder. A smal l but abrupt flow surge at 7.834 s in­
dicated that an FCI did occur , but in a voided flow channel. 

Slightly cor re la ted flow osci l lat ion, associa ted with boiling, at the 
inlet and outlet between 8 and 9 s, indicated that both blockages were st i l l 
porous. A l e s s e r corre la t ion was observed for inlet flow oscil lat ion from 
10.5 to 12.5 s. The only p r e s s u r e pulses measu red during the t e s t were at 
the inlet from 10.95 to 10.98 s, and these were l ess than 0.52 MPa (75 psi). 
A final " las t blurp" occur red between 16.5 and 17 s when the outlet flow 
ceased and sodium in the outlet region was heated by some 93®C. 



V. SIGNAL CONDITIONING 

Except for the upper flow data, the signals as r ecorded on the magnet ic 
tape a r e co r r ec t ed only for the cal ibrat ion factor and for ins t rument no ise . 
The sequence of operat ions was as follows: 

1. The analog tape was digitized, one channel at a t ime, with approxi ­
mate ly 17 t ime channels between each mil l i second t ime m a r k e r 
r eco rded on the tape. 

2. Single-channel noise pulses were removed. 

3. Digitized data were averaged over 1-ms t ime in te rva l s . 

4. Each dat\im so averaged -was mult iplied by the cal ibrat ion factor 
to expres s t empe ra tu r e in °C, flow in cm^/s , and p r e s s u r e in ps i . 

5. 60-Hz noise was removed. 

A. Analog Data Tapes 

Analog tes t data were r ecorded on 14-track, 2 .54-cm-wide magnet ic 
tape. Two simultaneous record ings were made, one with five of the eight t h e r ­
mocouples , the two flow and p r e s s u r e s ignals , the TREAT power and integrated 
power, and the two t rans ien t rod posi t ions. The remaining th ree thermocouples 
were r eco rded on a second tape . All s ignals were r eco rded at a tape speed of 
152.4 cm/s (60 IPS) and a signal bandwidth of 20 kHz. 

B. Data Digitization 

Analog signals were digitized by a mult iplexed ADC and wr i t ten on a 
disk by a PDP-11 computer . The ent i re t iming and command sequence is based 
on the 1-ms t ime m a r k e r s recorded on tape channel 14. E r r o r s due to differ­
ences in record ing and playback speed and to tape flutter a r e effectively e l i m i ­
nated. The ADC digitized in t ime bins of about 50 |J.S of r ea l t ime, but with a 
var iab le and genera l ly unknown t ime between bins . F o r a playback speed that 
is the same as the r e c o r d speed, there a r e approximately 17 t ime bins between 
each pair of mi l l i second m a r k e r s . 

Data from the disk were wr i t ten on seven- t r ack 512 BPI tape, t r a n s ­
fe r red to the IBM 370/195, "conditioned," and s to red as archiv ia l files on n ine-
t r ack 6250 BPI t apes . "Conditioning" included averaging the t ime bins between 
mi l l i second t ime naarkers , and multiplying by a constant that conver ts digital 
numbers to vol tages and the voltages to prac t ica l un i t s . The f irst conversion 
constant is de te rmined by the dc cal ibrat ing voltages recorded on the tape just 
before the tes t t r ans ien t . The second convers ion constant is d i scussed in 
Sec, V.D. Removal of noise signals from the flow data is d i scussed in Sec, C 
below. The special case of the upper- f lowmeter cal ibrat ion is d i scussed in 
Sec. V.E. 
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C, Noise ^ 

Two types of noise signals exist on every data channel: a random or 
Gaussian noise and an ins t rument noise . Ins t rument noise consis ts of t rans ien t 
pulses in the record ings and periodic sine waves super imposed on the tes t s i g ­
nal . Trans ien t pulses in the 50-fJ,s digitized data a r e t rea ted as s ta t i s t ica l 
"ou t l i e r s" and a re simply removed with no further ana lys i s . They may be due 
to e lec t r i ca l t r ans ien t s in the power line or mic roscop ic imperfect ions in the 
recording tape. 

Ins t rument noise is p r imar i ly 60-Hz pickup and is especial ly p r e d o m i ­
nant on the flow-detector s ignals . An unbiased es t imate of the phase and a m ­
plitude of the 60-Hz signal was de te rmined from a l e a s t - s q u a r e s fit to a sine 
and cosine function of 60 Hz that was super imposed on a l inear r e g r e s s i o n . 
L e a s t - s q u a r e s coefficients were determined during the period of " s teady-s ta te " 
flow from 5 to 7 s, and the resul t ing 60-Hz phase and amplitude was then r e ­
moved from the data over the ent i re t ime span of 0-25 s. 

D. Ins t rument Calibration F a c t o r s 

Methods and /o r m e a s u r e m e n t s used to es tab l i sh the re la t ion between 
signal-voltage level and t e m p e r a t u r e , as well as between flow and p r e s s u r e , 
a re given in this sect ion. 

1. Tempera tu re 

All t empe ra tu r e s were m e a s u r e d re la t ive to a 65,5°C (150°F) ref­
erence junction. A cubic equation of the form 

T (°C) = 65.55964 + 25.23399X - 0.09096279X2 + 0.00l66278X^ 

was used to convert the detector signal X, in mi l l ivol ts , to t e m p e r a t u r e , in °C, 
Fa i lu re by sheath melt ing was expected at about 1400°C. Some out-of-pile 
m e a s u r e m e n t s showed that failure by sheath mel t through could be identified 
by an abrupt negative signal preceded by li t t le or no inc rease above ambient 
r e sponse . The response of TC2 and TC3 in Tes t E7 suggests both of them 
failed by sheath melt through. 

After a ssembly of the tes t t ra in , but before fuel was loaded, each 
thermocouple was tes ted by touching a hot soldering iron to the junction and 
monitoring the output voltage of the corresponding t e rmina l s of the plug at the 
c losure flange. This test ing procedure verif ied the identification of each t h e r ­
mocouple relat ive to its pin numbers in the connecting plug, as well as the 
e lec t r i ca l isolation of each of the junct ions. Never the less , the tes t data indicate 
a potential c ross -connec t ion between one of the inlet (TC2) and one of the outlet^ 
( T C 3 ) thermocouples . A s imi la r c ross -connec t ion between TC2 and TC3 has ^ 
been suspected in other TOP and loss-of-f low experimients. In all these t e s t s , 
the same pin numbers and loop-contro l -console t e rmina l s were used for these 
two thermocouples . 



2, Cal ibrat ion of Lower Flow Detector 

Flow de tec tors were ca l ibra ted by an orifice instal led in place of 
the fuel c lus te r in the tes t sect ion. Inlet and outlet flow signals were m e a s u r e d 
as a function of u p s t r e a m - d o w n s t r e a m p r e s s u r e drop a c r o s s the orifice for 
different set t ings of the ALIP. Volumetr ic flow was then calculated from the 
s tandard orifice equations. The orifice d i scharge coefficient had previously 
been de termined from absolute m e a s u r e m e n t for water flow. 

Cal ibrat ion by the orifice method gives the flow in t e r m s of the 
p r e s s u r e drop Ap as 

where 

Q (cm/s ) = K 
(1 - p2)v^~rp2 

P = ra t io of orifice to pipe d i a m e t e r s , 

p = 0.927 - 0.00238(°C - lOO) is the sodium density in g / c m ^ 

C = 0.585 is the orifice d i scharge coefficient for a 12 .1-mm orifice 
and sodium at 382°C, 

and 

K = 1058 is a constant to convert head loss to psi, density to g/cm^, 
and flow to c m ^ / s . 

The m e a s u r e d slope of the flow signal v e r s u s the square root of 
the p r e s s u r e drop for a 12 .1-mm orif ice in the E7 loop was 0.700 mV/V^sT 
(266 mV/-i /kPa) , and the cal ibrat ion of the lower flow detector was 

Q (cmVs) ^ 501 ^ ^™^^ 
yp(g/cm^) 

3, P r e s s u r e T r a n s d u c e r s 

Fue l - fa i lu re t e s t s of the type performed in the Mark- I I loop have 
the potential for creat ing p r e s s u r e s and t e m p e r a t u r e s corresponding to the 
c r i t i ca l point of sodium. Although these conditions have not been rea l ized in 
past t e s t s , the p r e s s u r e t r a n s d u c e r s a r e par t of the p r i m a r y containm.ent and 
mus t mee t the design-containment capabili ty of the loop [5000 psi (34 MPa) at 
530°C]. Statham Type PG732TC unbonded s t r a in -b r idge t r ansduce r s with a 
ful l -scale range of 2500 psi (17 MPa) mee t these r equ i r emen t s and were used 
on the E7 loop. Cal ibrat ion in a ir by the manufac turer gave conversion factors 
of 6.715 ^iV/psi (46.298 p-V/kPa) and 7.375 ^iV/psi (50.849 r^V/kPa) for the upper 
and lower t r a n s d u c e r s , respec t ive ly . Calibrat ion on the loop with sodium at 
382"C gave a sensi t ivi ty of 7.410 M-V/psi (51.090 (j-V/kPa). 



Although the p r e s s u r e t r ansduce r s showed a definite r e sponse to i 
TREAT power and integrated power, no at tempt was made to c o r r e c t for this 
r e sponse . As a consequence, the p r e s s u r e data a r e l imi ted to event t iming 
and to verifying the m.agnitude of an impulse calculated from sodium-eject ion 
veloci t ies and acce le ra t ions . 

In a previous analysis of Tes t E7, it was repor ted that no pulses 
were found in ei ther the upper or lower p r e s s u r e s ignals . Recent improve­
ments in the techniques developed for analyzing tes t data now indicate smal l 
p r e s s u r e pulses at 10.95 s. 

4. Calibrat ion of Upper Flow Detector 

Tes t E7 contained a "magnetic ampli f ier" installed on the tes t 
t ra in near the outlet-flow detector . The amplif ier consisted of a 25-mm-long 
(3.8 m.m thick) ARMCO iron shell fit between the flow tube and the loop wall . 
Slots were mil led axially through the outer surface of the shell to allow passage 
of the thermocouples to the tes t sect ion. Three nonmagnetic Type 304 s ta in less 
s teel baffles above and below the iron shell prevented bypass flow. Direc t con­
tact of the ARMCO iron with the flow tube allowed the iron to heat according 
to the outlet sodium tem.perature to produce an undes i red tem.pera ture-
dependent f low-detector cal ibrat ion factor. 

After the loaded tes t t r a in was inser ted in the loop at H F E F , the 
ra t io of lower - to upper-flow detector signals during s teady-s ta te flow was 
3.82. A ra t io of 2.94 was m e a s u r e d during the cal ibrat ions at A N L / E a s t with 
a 12.1-mm orifice in place of the fuel bimdle. However, the same rat io m e a ­
sured in TREAT jus t before the tes t t rans ien t was 2.29. F u r t h e r m o r e , during 
the s teady-s ta te flow conditions of the preheat period, the upper flow showed 
an alm.ost l inear r i s e in output while the lower flow remained constant. During 
the 2-s preheat period, a 21 °C l inear t empe ra tu r e r i s e was m e a s u r e d in the 
outlet flow. During this sam.e period, the outlet-flow signal inc reased by 30%. 
This t empera tu re dependence accounts for the differences between the inle t -
outlet signal ra t ios m e a s u r e d at H F E F (sodium, and magnet ic amplif ier at 
204°C) and at TREAT ( tempera ture of 382°C). Fur the r verif icat ion of a t e m ­
pera tu re dependence was demonst ra ted by the c r o s s - c o r r e l a t i o n between outlet 
flow and outlet t e m p e r a t u r e . The cor re la t ion function, shown in Fig . 11, shows 
a ve ry strong cor re la t ion at lag t imes g rea t e r than 35 m s , the cha rac t e r i s t i c 
response tim.e of the outlet thermocouple . 

Fig. 11 
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Based on these observat ions , the outlet m a s s flow was set equal 
to the inlet m a s s flow from zero t ime to the end of the preheat period at 7 s. 
(Mass flows were used to proper ly account for sodium expansion during 
heating.) The m e a s u r e d outlet-flow data beyond 7 s were adjusted downward 
to match the s teady-s ta te flow before 7 s. No further t empera tu re cor rec t ions 
were applied after 7 s. A tabular l is t ing of the m e a s u r e d and co r r ec t ed outlet 
flows is given in Table V. Included in the table a r e the inlet-flow data as well 
as the inlet and outlet t e m p e r a t u r e s . 

VI. TEST DATA 

Prev ious analys is of the tes t data was l imited to t imes e a r l i e r than 
8.2 s. For this repor t , tes t data were examined to 100 s. Lit t le of significance 
was observed after 25 s. General features of the data a re shown graphical ly 
in F i g s . 12-19 and a r e tabulated in Appendix A. Two events a re apparent from 
the inlet flow (see Fig . 13): the main failure at 7.5 s and a second event b e ­
tween 10 and 12 s. Both inlet thermocouples (see F ig . 16) and TC3 at the outlet 
(see F ig . 17) burned out during the initial failure sequence. A possible event, 
seen in F ig . 17 at 17 s, is in te rpre ted as resul t ing from ejection of hot m a t e r i a l 
toward the outlet of the flo-w channel. The initial slug ejection is observed in 
the response of TC8 (see Fig . 19), located above the sodium-free surface . The 
p r e s s u r e t r a n s d u c e r s (see Fig . 15) showed a sensi t ivi ty to both r e a c t o r power 
and energy. Both t r ansduce r s s ta r ted and ul t imately ended at 5 psig (0.034 MPa, 
gauge), the values expected at operating t e m p e r a t u r e . Reac tor s c r a m was at 
8.7 s and shutdown at 9.5 s, 

A. TREAT Trans ien t 

I r rad ia t ion of Tes t E7 in the TREAT reac to r consisted of a 2.4-s p r e ­
heat i r rad ia t ion at 142 MW followed by a computer -cont ro l led power r a m p with 
a period of a 180 m s to a peak power of 2468 MW reached at 7.58 s. The t r a n ­
sient was te rmina ted by the prompt negative t empera tu re coefficient of TREAT. 
Power into the fuel pins during the preheat per iod var ied from 6.2 k W / m in the 
hottest edge pin to 4.6 k W / m in the cent ra l pin. Detai ls of the power shape and 
energy a r e shown in F ig . 20. 

TREAT Rod 2 was p rogrammed to bring the r eac to r to the preheat level 
at 3.0 s. Rod 2 maintained constant power to 7 s. Rod 1 was then withdrawn 
to provide the specified 180-ms r a m p until it was fully withdrawn. After 7.67 s, 
both rods remained in thei r leas t reac t ive state and the power fell off according 
to the negative t empera tu re coefficient of reac t iv i ty . "Scram" was accom­
plished by driving the r eac to r control rods to thei r most (negative) reac t ive 
state at 8.59 s. Rod motions a r e shown in F igs . 21 and 22. 
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TABLE V. Corrected and Uncorrected Flow Data 

TfHI 

SIC 

0.22f 
0.27S 
8,325 
0.3T3 
0.425 
e.«TS 
0.52S 
0.575 
0.625 
0.67S 
0.T2S 
0.775 
0.825 
8.879 
0.925 
e.9T5 
1,085 
t.07S 
i.l2S 

i . i 73 
1.225 
i.275 
i.325 
I.37S 
i.429 
1.475 
1.525 
i.57S 
i.62S 
i.675 
i.725 
1,775 
1.82S 
1.875 
i.9Z5 
1.975 
2.023 
1.075 
?.129 
2.17S 
2.225 
2.27S 
2.32S 
2.875 
2.425 
2.«75 
8.525 
1.9T9 
2.62S 
2.67S 

2.725 
8,775 
Z.82S 
i.87S 
t.925 
2.975 
3.029 
S.073 
S.IZ5 
a.l7S 
3.Z2S 
3.27S 
»,325 
S.379 
8.42S 
S.4T5 
S.525 
a.579 
i.6'25 
a,575 
3.725 
S.T7S 
1,829 
9.875 
S.925 

TCI LP TC« 

OECC CC/SEC DE5C 

390 
391 
391 
390 
390 
991 
391 
390 
390 
391 
391 
390 
390 
391 
391 
390 
390 
391 
391 
390 
390 
391 
391 
390 
390 
391 
391 
390 
390 
392 
391 
390 
390 
391 
391 
390 
390 
391 
391 
390 
390 
391 
391 
390 
390, 
391. 
391. 
390, 
390, 

391, 
391 
390. 
390, 
391 
391 
390 
391 
392 
391 
390 
390 
391 
391 
390 
391 
392 
391 
391 
390 
391 
392 
390 
391 
391 
391 

5T7 
. 580 

580 
879 
578 
579 

, 580 
5T8 
5'8 
5R0 
SH2 
579 
57f 
5fll 
579 
579 
577 

, 580 
579 
579 
5«-? 
sn 
581 
579 
579 
5fll 

> S*"" 
577 
579 
582 
578, 
578 
579. 
5«2, 

s»o 
579; 
590. 
5^2. 
5»7, 
579. 
579 
S80. 
5^C, 
S78. 
57f. 
5PZ. 
5«Q. 
378". 
579. 
579, 
579, 
577, 
S79, 
591. 
581, 
579, 
578, 

58I. 
582 
SflQ, 
57s, 
5fl2. 
58O, 
578, 
S77. 
sei, 
579 
577 
578 
S«l 
57« 
578 
S77 
580 
S?l 

389; 
, 389; 

388; 
388; 
388; 
388; 
388; 
388; 
387; 
387; 
387; 
386; 
386; 
386; 
396; 
386, 
38S; 
3B6; 
385; 
385; 
384. 

38* ; 
384. 
384; 
384; 
383; 
384; 
384. 
384, 
304. 
384; 
384. 
384; 
384, 
3 M ; 
384; 
394; 
384; 
386; 
38s; 
385; 
385; 
385; 
386; 
386; 
386; 
387; 

387; 
387; 
387; 
387; 
388; 
389. 
388; 
388; 
389; 
389; 
389; 
389; 
3B8; 
388; 
389. 
389; 
389, 
388; 
388. 
388; 

388; 
388; 
388; 
388; 
338. 

, 388; 
388. 
388; 

U* OLD UP CDRR 

CC/SEC CC/SEC 

614 
612 
616 
620 
621 
618 
617 
616 
618 
617 
619 
620 
619 
616 
618 
619 
616 
618 
618 
619 
618 
619 
619 
618 
617 
618 
617 
615 
616 
621 
621 
619 
621 
620 
625 
619 
616 
616 
617 
613 
616 
619 
618' 
617 
616; 
620, 
618 
614' 
617 
620 
616' 
620 
619, 
620 
615 
615 
616 
620 
616 
609 
612 
619 
615 
613 
616 
616 
515 
616 
618 
620 
620 
61S 
616 
622 
609 

577, 
, >»0, 

>T9, 
ST8, 
578, 
679, 
>79, 
S77t 
>77, 
no. 
581. 
579, 
578, 
580, 
578, 
578, 
S76, 
5il0, 
&78, 
S'Bs 
579, 
S3l, 
5»0, 
S78, 
STB, 
S8D, 
578, 
&/6, 
378, 
S-il, 
517. 
S77, 
67d, 
581, 
&79, 
&T8, 
S79, 
>dl. 
5/9, 
sra, 
5 / 7 . 
ST9, 
579, 
>77, 
S78, 
S8l, 
S79, 
573, 

sra. 
579. 
978, 
>77, 
&7B, 
990, 
>iO, 
S79, 
S7B, 
5»l, 
S8l, 
580, 
577, 
S8l. 
579, 
579, 
377, 
590, 
S78, 
>76, 
S78, 
S80, 
579, 
&78, 
>77, 

sao. 
>80, 

TIME 

see 

3.975 
4.025 
4.075 
• .125 
4.17S 
4.22S 
A.275 
4.325 
4.375 
4.425 
4.475 
4.825 
4.575 
4.625 
4.675 
4.725 
4.775 
4.825 
4.87i 
• .•^ZS 
4.979 
S.025 
S.07S 
».123 
1,175 
1.225 
§,279 
9.325 
1.379 
1.425 
^.47.9 
«.52S 
»,575 
1.625 
^.675 
».72S 
1.775 
i.R25 
«.fi7.S 
?.92S 
9.975 
ft.025 
*.075 
6.12S 
6.17S 
6.225 
S.275 
6.325 
^.375 
A.423 
6.475 
§.525 
6.575 
§.625 
fe.ft75 
6.725 
6.77S 
ft.82S 
*.S75 
6.925 
6.975 
7.025 
7.07S 
7,125 
7.175 
7.225 
7.279 
T.3Z5 
7.37s 
7.425 
7.47S 
7.52S 
T.57S 
T.6Z5 
7,675 

TCI 

OEOe 

390, 
391. 
392, 
392. 
390, 
390. 
391. 
392. 
390. 
391, 
391. 
391. 
391. 
391. 
392, 
392. 
391. 
391, 
392. 
392, 
392, 
392. 
393. 
393. 

392, 
393, 
393. 
393. 
392. 
393. 
394. 
394. 
393, 
394, 
395, 
395, 
394, 
394, 
396. 
39S, 
395. 
39S. 
396, 
396, 
395. 
396. 
397, 
396, 
396, 
396, 
397. 
398, 
397, 
398, 
399, 
399. 
398, 
399, 
400, 
400. 
399. 
430, 
401, 
401, 
401, 
402, 
403. 
404, 
403. 
406, 
407. 
408, 
409. 
418. 
475, 

IF 

CC/S6C 

S76. 
S79. 
579. 
579. 
578. 
577. 
5=12. 
580. 
579. 
578. 
5SO. 
5^0. 
576. 
578. 
5RI. 
580. 
579; 
578. 
5BI. 
57f. 
578. 
5fl0. 
3«l. 
582. 
578. 
580. 
snZ. 
5«0, 
578. 
579. 
5«1. 
5Pl. 
S79. 
5PO. 
SRî , 
S79. 
577. 
580. 
s n . 
5«0. 
577. 
578. 
SPO. 
5«0. 
577. 
578. 
joy. 
S^C. 
579. 
57a. 
579. 
579. 
577. 
577. 
579. 
5PO. 
S76. 
S76. 
377. 
57S. 
576. 
577. 
578. 
574. 
572. 
573. 
573, 
573. 
57C. 
561. 
538. 
452. 
93. 

-472, 
^a^a. 

TC4 

DECe 

387; 
387; 
387; 
387; 
388; 
3 8 T ; 

387; 
387; 
387; 
386. 

386; 
386; 
386. 
386; 
386; 
387. 
387; 
386; 
387; 
389; 
388; 
398; 
388; 
389; 
390; 
390; 
3 9 1 ; 
392, 
394; 
396; 
397; 

4oo; 
403; 
404; 
406; 
407; 

410; 
412, 
414. 
417; 
419. 
422; 
4?4; 
426; 
4? 8; 
430; 
432. 
434. 
437. 
438; 
440; 
440; 
4 4 1 ; 
444; 
446, 
447; 
449. 
450; 
452. 
454. 
455; 
457. 
458; 
459. 
462. 
463; 
465; 
467; 
467. 
469; 
470; 
473; 
47S. 
4 8 1 ; 
496; 

UP OLD U^ CDRt 

CC/SEC CC/56e 

615 
616 
619 
6 U 
607 
620 
612 
607 
614 
614 
617 
609 
619 
623 
615 
597 
610 
612 
632 
638 
633 
621 
638 
643 
639 
658 
669 
667 
679 
689 
708 
717 
714 
731 
732 
749 
7S8' 
760 
766 
774 
780 
791 
790' 
791 
803' 
816" 
80S 
817 
617 
827 
836 
827 
831. 
837. 
849, 
852, 
842, 
850. 
832, 
856. 
857. 
848, 
847. 
861 
863, 
872. 
876, 
877. 
907. 
933. 
987, 
1078 
1481. 
851 
323; 

575, 
H79, 
S78, 

, 578, 
ST8, 
577, 
981. 
579, 
>75, 
S77, 
6?9. 
•S79, 
S75, 
577, 
580, 
519, 
S79, 
977, 

, SSO. 
579, 
577, 
579, 
S8l. 
S8U 
577. 
579, 
582, 
9'8Q, 
»79, 

, 580, 
SBl, 
S8Z, 
581, 
562, 
S8Z, 
SBl, 
S80, 
>82, 
>84, 
>a4. 
SBl, 
>53, 
605, 
93S, 
>82, 
&83, 
&«6, 
586, 
S«5, 
&83, 
»86, 
S»6, 
585, 
sas. 
&87, 
S97, 
684, 
SK5, 
S«6, 
SB6, 
6HS. 
636, 
S87, 
684, 
S82, 
583, 
>83, 
>»4, 
604, 
621, 
6>7s 
717. 
9868 
566, 
215, 
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Fig. 13. Lower-flow Data 
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Fig. 15. Pressure-transducer Response. Conversion factor: 1 psi = 6.895 kPa. 
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Fig. 17. Outlet Temperatures 



42 

8' 

^ . - ^ « : 2 
^ 

^ 

• -TCS 

,^>C! -c^ ̂  
•§• 

; § • -

8-

0.0 2.0 i.O 0.0 8.0 10.0 12.0 11.0 10.0 10.0 20.0 22.0 24.0 
TIME,S 

Fig. 18. Sodium Temperatures at Pump Return 
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Fig. 21. Motion of TREAT Rod 1. Conversion factor: 1 in. = 2.54 cm. 
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Fig. 22. Motion of TREAT Rod 2. Conversion factor: 1 in. -- 2.54 cm. 

B. Tempera tu re Data 

One of the two inlet thermocouples (TCl) showed a r i s e in inlet t e m ­
pe ra tu re s f rom its 390''C initial value to lOSO^C at failure during the 200 m s 
after 7.6 s. The response , shown in Fig. 23, is cha rac t e r i s t i c of fai lure by 

s.ra 

Fig. 23. Response of Inlet Thermocouple TCI during Failure Sequence. 
Conversion factor: t (°C) - [t (°F) - 32]/1.8. 



m e l t t h r o u g h at the j u n c t i o n . B a s e d on o u t - o f - p i l e m e a s u r e m e n t s , the r a t e of 
a p p a r e n t t e m p e r a t u r e r i s e f r o m 7.66 to 7.77 s s u g g e s t s the f a i l u r e w a s due to 
r e l a t i v e l y h o t m a t e r i a l (2000°C) d e p o s i t e d on the j u n c t i o n . T h e e s t i m a t e d t i m e 
of d e p o s i t is 7.66 s . 

T h e s e c o n d in le t t h e r m o c o u p l e (TC2; s e e F'ig. 24) showed a n e a r l y i d e n ­
t i c a l r e s p o n s e to the two ou t l e t t h e r m o c o u p l e s ( T C 3 , s e e F i g . 25; and T C 4 , s e e 
F i g . 26) . T h r o u g h o u t the t r a n s i e n t , T C 3 w a s a l w a y s 10"C h o t t e r t h a n TCZ; n e i ­
t h e r r e a c h e d the 1000-1100'"C r a n g e e x p e c t e d for f a i l u r e by m e l t t h r o u g h . C o m ­
p a r i s o n s to o u t - o f - p i l e m e a s u r e m e n t s s u g g e s t t ha t the r e s p o n s e of T C 2 is 
c h a r a c t e r i s t i c of m e l t t h r o u g h of the s h e a t h . (Ou t -o f -p i l e m e a s u r e m e n t s do not 
show any m e a s u r a b l e change in a p p a r e n t t e m p e r a t u r e un t i l t he t i m e of s h e a t h 
m e l t t h r o u g h , w h e r e a s m e l t t h r o u g h a t t he j u n c t i o n is c h a r a c t e r i z e d by an i n ­
c r e a s e in s igna l up to t h e t i m e of f a i l u r e . ) 

T h e t e s t d a t a s u g g e s t s t h a t T C 3 and T C 4 c o r r e c t l y m o n i t o r e d the ou t l e t 
t e m p e r a t u r e s , but , due to s o m e unknown c a u s e s , T C 2 w a s c r o s s - c o u p l e d to 
T C 3 . T h u s , T C 2 and T C 3 wou ld g ive e s s e n t i a l l y i d e n t i c a l r e s p o n s e s to T C 4 
up to f a i l u r e by s h e a t h m e l t t h r o u g h . T h e e s t i m a t e d t i m e of s h e a t h f a i l u r e is 
7.77 s . F a i l u r e of the s h e a t h is a c c o m p a n i e d o r p r e c e d e d by r u p t u r e of the 
f luted t u b e . (This is 65 m s e a r l i e r t han e s t i m a t e d f r o m the flow and h o d o s c o p e 
da t a . ) Both in le t t h e r m o c o u p l e s p a s s e d t h r o u g h the h o l d e r w a l l s p a c e , but on 
o p p o s i t e s i d e s . 

Fig. 24. Response of Inlet Thermocouple T("2 during Failure Sequence. 
Conversion factor: t ("C) -- [t (°F) - 32]/1.8. 
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Fig. 25. Response of Outlet Thermocouple T(;3 during Failure Sequence. 
Conversion factor: t (°C) = [t (°F) - 32]/1.8. 
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R e g i o n s of i n t e r e s t for the r e m a i n i n g t h e r m o c o u p l e s a r e shown in 
F i g s . 2 7 - 3 2 . T h e fol lowing is no t ed f r o m t h e s e t e r a p e r a t u r e da t a : 

1. T h e r m o c o u p l e T C 5 , a t the p u m p r e t u r n , showed the p a s s a g e of a 
co ld s lug b e t w e e n 7.6 and 7.8 s . T h i s c o r r e s p o n d s to the t i m e of r e v e r s e in le t 
f low. T h e cold s lug r e p r e s e n t s l iqu id in the p u m p and in le t r e g i o n a t t he b e ­
g inn ing of r e v e r s e flow. 

2. A l a r g e r r e s p o n s e to the even t a t 10.95 s w a s o b s e r v e d on T C 7 
(above the f i r s t baff le) t han f r o m the o u t l e t (TC4) o r t h e p u m p r e t u r n (TC5 
and T C 6 ) . 

3 . T h e r a p i d coo l ing of T C 7 a f t e r 7.7 s r e s u l t e d fronn the e f fec t ive 
m i x i n g of the i n i t i a l l y e j e c t e d s lug ( 7 . 5 - 7 . 6 s, f r o m F i g . 32) wi th u p p e r - p l e n u m 
s o d i u m . 

4 . T h e e j e c t e d s lug d y n a m i c s ( see F i g . 32) m a y c o n s i s t of a s e r i e s of 
s i m p l e s lug e j e c t i o n s at 7 .5 , 8.0, 9 .2 , and 9.7 s, and r e t u r n s a t 7 .8 , 8 . 1 , 8 .5 , 
9 .3 , 9 .5 , and 9.8 s . (E j ec t i on c o r r e s p o n d s to i n c r e a s e in t e m p e r a t u r e wi th r e ­
s p e c t to t i m e ; r e t u r n s c o r r e s p o n d to a d r o p in t e m p e r a t u r e . ) S i m i l a r r e s p o n s e 
w a s not o b s e r v e d on any o t h e r t h e r m o c o u p l e . 

5. A h e a t s o u r c e a p p e a r e d to a p p r o a c h the o u t l e t a t 1 7 s ( see F i g . 17). 
T h e s o u r c e i s s m a l l and did no t p a s s c o m p l e t e l y t h r o u g h the ou t l e t r e g i o n , s i n c e 
t h e r e w a s no a p p a r e n t h e a t i n g of e i t h e r the u p p e r sodiurn h e a d (TC7) o r the 
p u m p r e t u r n (TC5) at t h i s t i m e . 
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Fig. 27. Temperature at Pump Return (TC5). Conversion 
factor: t ("C) = [t (°F) - 32]/1.8. 
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Fig. 30. Temperature of Upper Sodium Plenum (TC7) to 15 s. 
Conversion factor: t (°C) = [t (°F) - 32J/1.8. 
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Fig. 31. Temperature of Upper Sodium Plenum (TC7) to 10 s. 
Conversion factor: t (°C) = [t (°F) - 32]/1.8. 
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Fig. 32. Temperature of Plenum Cover Gas (TC8). Conversion 
factor: t (°C) = [t (°F) - 32]/1.8. 

C. Flow and Void Data 

Most compar isons between the calculated r e a c t o r accidents and tes t 
data from loop exper iments a r e based on the flow data and void-growth r a t e s . 
Flow velocity, par t icu lar ly at the inlet, is the mos t accura te m e a s u r e of dy­
namic behavior in the tes t . 

All flow and void r a t e s were calculated in units of g r a m s of sodium 
per second and then converted to cm- ' /s . In this way, the rmal expansion during 
heating within the channel is p roper ly accounted for. 

Details of the inlet- and outlet-flow data from 7 to 8 s a r e shown in 
F igs . 33 and 34, respect ive ly . F e a t u r e s of note at the inlet a r e : 

1. The gradual flow reduction and r e v e r s a l from 7.45 to 7.58 s. 

2. Slowly decaying r e v e r s e flow for 260 m s (7.58 to 7.84 s). 

3. An event at 7.834 s that is followed by a significant flow surge at 
the inlet. This event is shown in m o r e detai l in F ig . 35. 

4. Small surge- type ejections at 7.46, 7.49, and 7.51 s, super imposed 
on the general flow reduction and r e v e r s a l . These a r e d i scussed 
in m o r e detail in Sec. IX.A. 
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F e a t u r e s of no te in the ou t le t flow ( see F i g . 34) a r e : 

1. Successive ejections at 7.47, 7.53, and 7.56 s, super imposed on a 
genera l acce le ra ted outlet flow. The f i rs t and thi rd events appear 
to have mult iple o r ig ins . 

2. An abrupt drop in outlet flow at 7.58 s. 

3. A smal l , but percept ible , i nc rease in outlet flow from 7.32 to 7.45 

The apparent event at 7.834 s is shown on an expanded scale in F ig . 36. 
It is sma l l e r in magnitude and na r rower in t ime than the corresponding inlet 
event shown in F ig . 35. This could be the response of both de tec tors to a mi ld 
FCI-genera ted impulse, except that no p r e s s u r e pulses were observed at this 
t ime . Absence of any significant r e e n t r y following the 7.834-s event c o r r e ­
sponding to the substantial r e en t ry at the inlet suggests isolat ion between the 
inlet and a par t ia l blockage. 

A number of in teres t ing features a r e observed in the flow signals after 
8 s. Inlet and outlet flow from. 8 to 13 s a r e shown in F i g s . 37 and 38. 

1. At the inlet: 

a. Osci l lat ions from 8.5 to 9 s and from 11.2 to 12.5 s a r e c h a r ­
ac t e r i s t i c of boiling. Auto power - spec t r a calculat ions for these t imes display 
unique cha rac t e r i s t i c s that confirm boiling. These cha rac t e r i s t i c s a r e absent 
in the same calculations f rom 9 to 10 s and from 13 to 14 s. 



b . A minor event occu r r ed at 10.5 s and a significant ejection 
at 10.95 s. (Classification of events by magnitude is based on flow a c c e l e r a ­
tions r a the r than on flow velocity.) The la t te r event is shown in m o r e detai l 
in F ig . 39. 

2. At the outlet (see F ig . 38): 

a. A minor ejection at 8.1 s did not have a s trongly co r re l a t ed 
response at the inlet. 

b . Boiling from 8.3 to 8.8 s was v e r y mild, if p resen t at a l l . 

c. The weak inlet ejection at 10.5 s was accompanied by a smal l 
outlet r e e n t r y . Normal ly , a p r e s su re -p roduc ing event would cause ejection 
from both ends of the flow channel. Thus, this event appears as col lapse of a 
vapor bubble. The re la t ive in le t - to-out le t magnitudes indicate that some po­
ros i ty sti l l exis ts in the outlet plug. 

d. The outlet-flow event at 10.95 s is co r re l a t ed with the inle t -
flow data. This would suggest that the blockages that did exist were spongy 
or porous, and the event was possibly of vapor or igin. Flow during this event 
is shown on an expanded t ime scale in F ig . 40. 
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Flow data a r e expected to be reasonably accura te during s ingle-
phase flow. Gas r e l ea se from the fuel pins after cladding failure and from the 
adiabatic holder after fluted-tube rupture introduce noncondensable gases into 
the flow s t r e a m . Detector response as the two-phase flow is approached is 
uncer ta in . Additional uncer ta in t ies a r i s e during production of vapor by sodium 
boiling. For these r e a s o n s , the void and l iquid- interface calculat ions a r e of 
questionable re l iabi l i ty after about 7.8 s. 

Ear ly development of void interfaces is shown in F ig . 4 1 . Data 
shown in F ig . 41 a r e the integrated inlet and outlet flows since 7.00 s. The 
difference between the two curves r e p r e s e n t s the total void volume between 
the two flow de tec to r s . Before 7.45 s, the two curves should be the s a m e . The 
finite difference (and consequent apparent void at 7.45 s) is a consequence of 
the t empera tu re dependence of the ARMCO iron in the outlet-flow ci rcui t . The 
void corresponding to these interfaces is shown in Fig . 42. The void to 8 s is 
shown in F ig . 43. The void calculations a r e tabulated in Appendix A. 

After the tes t , no flow was detected through the tes t section, 
upper l imit of 5% flow is ass igned to this determinat ion. 

An 

Collapse of the outlet-flow slug at 7.58 s (see F ig . 34) and the r e l a ­
tively static inlet flow from 7.58 to 7.8 s is due to the combined effects of a 
vapor-bubble collapse and the passage of fission gas past the upper flow d e ­
tec to r . The events at 7.834, 10.5 and 10.95 s a r e fuel-coolant in te rac t ions . 
At the t imes these FCI ' s occur , the flow channel is voided and a major response 
is not observed by the p r e s s u r e t r a n s d u c e r s . The FCI at 10.95 s possibly o c ­
curs close to the inlet. A back calculation of the p r e s s u r e from the m a s s of 
sod i tm in the slug (385 g) and the slug acce le ra t ion (2.7 x 10* cm/s^) yields 
an expected p r e s s u r e pulse of 0.69 MPa (100 psi), close to the m e a s u r e d pulse 
of 0.52 MPa (75 psi) . 
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D. P r e s s u r e Data 

P r e s s u r e data at the inlet during the t ime of fai lure a r e of questionable 
s ta t i s t ica l significance but, for r e fe rence , a r e shown in F ig . 44, Severa l smal l 
pulses [<25 psi (0.17 MPa)] o c c u r r e d between 7.55 and 7.58 s at the inlet, A 
25-psi (0.1-MPa) pulse on a 2500-psi (172-MPa) gauge ( l% of full scale) has 



only marg ina l significance with r e spec t to both the accuracy of the r ecorded 
data and the seven-bi t ADC used to digitize the data. Both the significance of 
the data and the effect of seven-bi t roundoff can be seen in F ig . 44, A m o r e 
pronounced t ra in of inlet p r e s s u r e pulses is observed at 10.955-11.0 s (see 
F ig . 45). The l a rges t of these is about 75 psi (0.52 MPa) and occurs at 10.96 
No p r e s s u r e pulses were found that cor respond to the flow event at 7.834 s. 
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P r e s s u r e - p r o d u c i n g events at the outlet we re equally marg ina l . A 
s e r i e s of what may be p r e s s u r e pulses at the inlet is shown in F ig . 46. The 
f i rs t and l a rges t of these (25 psi) occu r red at 7.565 s, about 10 m s after the 
p r e s s u r e event at the inlet. No p r e s s u r e pulses were observed at the outlet 
during the flow event at 10.95 s. 
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Fig. 46. Outlet Pressure Data during Initial Failure. 
Conversion factor: 1 psi = 6.895 kPa. 

No p r e s s u r e pulses were found between 16 and 18 s for e i ther p r e s s u r e 
t r a n s d u c e r . 

Data shown in F i g s . 44 and 45 have not had the noise pulses removed. 
Those shown in Fig. 46 have had "bad, " or noise , points removed. All t h ree 
plots a re of "50-!J,s" data . Resu l t s of averaging the data of F ig . 46 over 1-ms 
intervals is shown in F ig . 47. It would be difficult from this figure to identify 
p r e s s u r e pulses from random var ia t ions in the s ignal . However, the same 
data in F ig . 46 a r e somewhat m o r e suggest ive. These data make it c lear that 
no significant p r e s su re -p roduc ing events (FCI 's) occu r r ed at the t ime of initial 
cladding rup ture or fuel r e l e a s e . 

E. Ho do scope Data 

Fuel motion in E7 was analyzed on the bas i s of R / P plots of the hodo-
scope data, co r rec t ed for supra l inear i ty effects (see Sec. 1 belo-w). For the 
re fe rence power P , the a r r a y - a v e r a g e counting r a t e ( i .e. , the average of the 

kcounting r a t e s R of all the neutron-detect ing channels) was used, because the 
s ta t i s t ics in those channels assigned as power moni to r s were insufficient to 



produce a smooth curve . Using the a r r a y average for this purpose would 
c lear ly be wrong when fuel is lost from the field of view of the hodoscope (by 
t ravel ing above Row 2 of the a r r a y of hodoscope de tec to r s , or below Row 2 3), 
and for E7 the post test radiograph shows that some fuel was expelled from the 
460 -mm field of view sooner or l a t e r . However, a careful compar ison of the 
a r r a y average with the power-moni tor average did not r evea l any observable 
loss of fuel from the field of view pr ior to s c r a m . A net loss of 8% or m o r e 
would have been evident. A m o r e detailed discuss ion of analysis detai ls af­
fecting this degree of sensi t ivi ty is given in Sec. 1 below. After s c r a m the 
s ta t i s t ics were considerably worse , but probably a 25% loss would have shown 
up, and the re was no consistent indication of such a loss pr ior to the t ime, about 
2 s l a te r (10.7 s), when the film record ing the hodoscope data r an out. 
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Fig. 47. Outlet Pressure Data during Initial Failure, Averaged 
over 1 ms. Conversion factor: 1 psi = 6.895 kPa. 

It is pert inent to consider the effect on the analysis if a substantial 
amotmt of fuel were expelled from, the field of view of the hodoscope. If this 
occur red , and if the analysis were based on the a r r a y - a v e r a g e counting r a t e 
ra ther than on t rue power moni to rs , the r e su l t would be an underes t imate of 
the amount and extent of fuel voiding that occur red in connection with the ex­
pulsion. This should not lead to ser ious e r r o r , however, except in the unlikely 
event of loss of a fraction of the fuel r a the r evenly from a l a rge volume. In the 
ex t reme case , a completely uniform, loss of fuel would not show up at all if the 
power were assumed to be proport ional to the a r r a y average , whereas it would 
appear as a uniformly dis t r ibuted deficit with r e spec t to a t rue power moni tor , 

1. Supra l inear i ty 

As with some of the in -core loop ins t ruments in TREAT, the 
Hornyak buttons used as neutron de tec tors in the hodoscope show a nonlinear 
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response to TREAT power, both instantaneous and integrated. In the case of 
the Hornyak buttons, the response is supra l inea r . A computer code was used 
to c o r r e c t the E7 hodoscope data for supra l inear r e sponse to instantaneous 
power. The code u se s a l e a s t - s q u a r e s technique to genera te a cor rec t ion pa­
r a m e t e r for each detector , by comparing the detector response with the r eac to r 
power as given by the TREAT inst rumentat ion. The compar i son must , of 
course , be t e rmina ted before significant fuel motion takes place. 

In E7, the cutoff t ime used for mos t of the s ca l e r s was 7.56 s, which 
is 20 m s before peak power. (In severa l cases it was neces sa ry , for optimunn 
fit, to use a l a rge r dead t ime than the 0.5 |j,s that suits m.ost of the s c a l e r s ; the 
l a rge s t dead t ime used was 10 |j,s.) Since the re were possible indications of 
minor fxiel motion during the las t ~150 ms of this period, a second calculation 
was made , with the cutoff at 7.40 s. T ime plots of R / P were made for both 
sets of supra l inear i ty p a r a m e t e r s and for all re levant s c a l e r s , and the pair of 
plots for each sca le r was examined for evidence that the 7.56-s fit was ob­
scuring indications of fuel motion. No such evidence could be seen, and in 
a lmost every case where the re was a significant difference between the two 
plots, the supra l inear i ty was handled be t t e r by the 7.56-s fit. 

To dist inguish between supra l inear i ty effects and fuel motion, the 
pr incipal c r i t e r ion was symmet ry about 7.58 s: If the R / P plot showed a dip 
or r i s e that was symmet r i ca l about 7.58 s, supra l inear i ty was assumed to be 
respons ib le , especia l ly if adjacent channels did not show the saine behavior . 
Although in principle this policy could suppress the indications of localized 
fuel osci l la t ions that r e v e r s e at the t ime of peak power, such coincidences a r e 
unlikely. Never the less , this ambiguity will be inherent in the hodoscope data 
as long as the supra l inear i ty problem ex i s t s . 

At present , no cor rec t ion is available for supra l inear response to 
integrated r eac to r power (except insofar as the effect on the a r r a y average of 
power-moni tor average approximates the effect on the individual s c a l e r s ) . 
For tunately , the effect is smal l for mos t of the s c a l e r s and has not posed a 
major problem. The power shape as indicated by the a r r a y average is com­
pared with that given by TREAT instrumentat ion in Fig. 48 where the s u p r a ­
l inear i ty cor rec t ions a r e seen to have resu l ted in close agreement pr ior to 
7.56 s. In the neighborhood of 7.0 s, the high hodoscope points a re affected by 
f i lm-scanning e r r o r s , so that the deviation is probably spur ious . In the 300-ms 
in terval following peak power, the hodoscope points a r e low by some 10%. One 
possible explanation is that about 10% of the tes t fuel d isappeared from the field 
of view of the hodoscope at 7.6 s; to account for the subsequent agreement b e ­
yond 8 s, one would then have to invoke ei ther t ime-dependent ( in tegrated-
power-dependent) supra l inear i ty or the r e tu rn of the expelled fuel. 

As indicated la te r , however, other indications a r e lacking that a 
^ ^ • s i g n i f i c a n t amoxint of fuel was lost to the field of view at 7.6 s, and it s eems 
^ ^ ^ m o r e likely that the d i sc repancy has some other explanation, such as res idua l 



g a m m a - r a y sensit ivi ty in the compensated ion chamber that is used to m e a ­
sure the reac to r power. Many sca l e r s show evidence of a h ighe r -o rde r non-
l inear i ty than can cur ren t ly be handled by SUPRA, even with sca le r dead t ime 
as a floating p a r a m e t e r . In severa l c a se s , for example, the channel appears 
to sa tura te before peak power is reached; in o thers , the supra l inear i ty appears 
to inc rease as maximxim power is approached. This is one potential cause of 
poor-qual i ty differential hodographs. Another is the genera l sca t te r in the data, 
due to counting s ta t i s t i cs , f i lm-scanning e r r o r s , or other sources or no ise . 
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Fig. 48. Power Profile, as Indicated by Hodoscope Array-
Average and by TREAT Power Monitor 

D a t a Smooth ing 

To o p t i m i z e the da t a p r e s e n t a t i o n , two s t e p s w e r e t a k e n to s m o o t h 
the d a t a . F i r s t , the count ing r a t e s in the ind iv idua l c h a n n e l s w e r e a v e r a g e d 
o v e r a s m a n y c y c l e s a s s e e m e d f e a s i b l e - - r a n g i n g f r o m 15 c y c l e s (45 m s ) n e a r 
the power peak to 150 c y c l e s o r m o r e in t h e w i n g s . T h e r e s u l t i n g t i m e r e s o l u ­
t ion is shown in F i g . 4 9 . Second , ind iv idua l da t a p o i n t s w e r e s m o o t h e d on the 
fol lowing b a s i s : T h e t i ine i n t e r v a l s to be u s e d in a n a l y z i n g the fuel m o t i o n w e r e 
s e l e c t e d , and two R / P t i m e p lo ts for e a c h s c a l e r w e r e m a d e - - o n e wi th 1 5 - c y c l e 
a v e r a g i n g o v e r the peak , and one wi th 5 - c y c l e (15 m.s) a v e r a g i n g ( s ee F i g . 50) . 
On the f o r m e r , t he po in t s to b e u s e d for the d i f f e r e n t i a l h o d o g r a p h s a r e i d e n ­
t i f ied; when such a point a p p e a r e d dev ian t , t he l a t t e r plot w a s c o n s u l t e d in 
m a k i n g the d e c i s i o n a s to w h e t h e r t he point r e a l l y d e v i a t e d a p p r e c i a b l y f r o m 
the p r o b a b l e c o u n t i n g - r a t e c u r v e . If it did, t h e n the f a c t o r b y wh ich it d e v i a t e d 
w a s d e t e r m i n e d and w a s u s e d a s a " m a n u a l - r a t e - a d j u s t m e n t " input for f u r t h e r 
d a t a p r o c e s s i n g . T h i s a d j u s t m e n t w a s u s e d to c o m p e n s a t e bo th for r a n d o m 
d e v i a t i o n s and for obv ious r e s i d u a l n o n l i n e a r i t y at the power peak , and w a s 
e q u i v a l e n t to d r a w i n g a s m o o t h c u r v e t h r o u g h t h e d a t a p o i n t s . 
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3. Differential Hodographs 

The point at 5.73 s, which is in the plateau preceding the power 
spike and before which the re would have been no fuel motion, was chosen as 
the re fe rence point for the undisturbed fuel configuration. Differential hodo­
graphs were constructed for mos t of the subsequent points with r e spec t to this 
re fe rence t ime and also for pa i r s of consecutive points. They a r e d i scussed 
in the sections that follow. In the differential hodographs, the solid c i r c l e s 
r e p r e s e n t a gain in (power-normal ized) coiinting r a t e for the t ime period, and 
the hollow t r i ang les a l o s s . The l a rge r the symbol, the g rea t e r the gain or loss . 

As a rough absolute cal ibrat ion, the smal les t symbol r e p r e s e n t s 
a change in fuel quantity amounting to -0 .4 g (-5% of the fuel initially viewed 
by one of the cent ra l channels), and the l a rges t to about 4 g. The minimxjm 
sensi t ivi ty value of 0.4 g is based on the analys is of the uncer ta in t ies d i scussed 
above. A blank square in the grid does not indicate lack of fuel, but m e r e l y 
that no net change in fuel quantity was observed at that location during the t ime 
period covered. 

TREAT Tuae, s 

Fig. 49. Hodoscope Power Trace, with 15-cycle Averaging over the Peak, The times 
used in constructing the differential hodographs are indicated. 
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Fig. 50. Hodoscope Summary and Array-averaged Power Trace 

Not all the hodoscope channels were used to monitor neu t rons . 
Some were used to monitor gamma radiat ion, some were not equipped with de ­
t ec to r s , and others were malfunctioning. Active channels and their viewing 
a r e a re la t ive to the E7 fuel c lus ter a r e shown in F ig . 51 . 

a. Fuel Motion at 5.73-7.39 s. The differential hodograph for the 
f i rs t t ime period, ending at 7.39 s, is shown in F ig . 52. Finding a pa t tern in 
this d iagram is difficult, and the conclusion is that not much fuel motion took 
place before 7.39 s. The sprinkling of dots on the grid indicates the magnitude 
of the noise background in these differential hodographs. The s t r ing of four 
gains in Row 22 mus t be regarded as spur ious , since it is too ea r ly for fuel to 
have t rave l led that far down and since the region immediate ly above shows no 
consistent sign of invasion by fuel. 

b . Fuel Motion at 7.39-7.59 s. The 200-ms period immediate ly 
preceding peak power is covered in F ig . 53. Indications of fuel motion can be 
seen. In par t icu la r , small amounts of fuel have been displaced to the upper 
left, and possibly a smal le r quantity to the lower right of the original fuel bun­
dle. One can s u r m i s e that the fuel columns were expanding ver t ica l ly and 
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Fig. 51. Hodoscope Field of View. Channels marked X 
were inoperative as neutron detectors in Test E7. 
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Fig. 53. Differential Hodograph for 7.39-7.59 s 

buckling at this t ime, but they were not yet p ress ing against the fluted tube at 
the upper left by the end of the interval , since l a t e ra l motions of -0 .4 m m can 
account for the changes observed. This is consistent with the motion allowed 
by the spacer w i r e s . (See Sec. II.A above.) (Note that an inc rease in signal 
from the Column-13 detectors does not neces sa r i l y mean the fuel was actually 
in the line of sight of those de tec tors : since the col l imator walls a r e not c o m ­
pletely opaque to fast neut rons , each detector is somewhat sensi t ive to fuel in 
adjacent column. Thus motion of pin 1 toward the left will produce a smal l i n ­
c r e a s e in signal in Column 13 even before the fluted tube is reached. ) 

The re la t ive ly la rge i nc rea se s shown in Row 12, Column 7, and 
Row 9, Column 11, a r e a ssumed to be spur ious , since they a r e not confirmed by 
changes in adjacent channels . This emphas izes the point that isolated changes, 
even la rge ones, in single channels may be "noise, " and a re not to be t rus ted . 
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Figure 54 shows the configuration near peak power (at 7.58 s) 
with r e spec t to the initial configuration. This picture is sinnilar to F ig . 53, 
which is as it should be, since not much change had occu r r ed by 7.39 s. The 
sca t te red points in Columns 2-5 a r e spur ious . 

PUMP 

0 • 10 
OiSlANCE.mm 

Fig . 5 4 . Dif ferent ia l Hodograph for 5 . 7 3 - 7 . 5 9 s 

Besides the motion towards the upper left, both figures indicate 
a slight net loss of fuel in the lower half of the fuel region, a slight upward m o ­
tion of the upper boundary of the fuel, a possible slight motion of the upper por ­
tions of the r ight-hand pins toward the punnp, and general ly more action in the 

(upper, hot ter part of the fuel. F o r this t ime period, void growth was occurr ing; 
the re a re peaks in the flow ra te of sodium at the outlet, and the inlet flow ra te 
becomes negative at about 7.56 s. 



c. Fuel Motion at 7.59-7.72 s. F igure 55 shows the changes d u r ­
ing the 130-ms interval immediate ly following peak power. Most notable is the 
accumulation of gains at the cen t ra l par t of Column 7, with a corresponding 
deficit in Column 9. This is consis tent with the in terpre ta t ion that, with the 
continued squirming and buckling of the pins, the cen t ra l port ions of pins 5-7 
have moved toward the pujnp by perhaps 0.5 m m . There is also indication that 
upward motion of the top of the fuel is continuing, and that slight leftward m o ­
tion of pins 1 -3 took place. 
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Fig. 55 Differential Hodograph for 7.59-7 72 s 

The net change b e t w e e n the s t a r t of the t r a n s i e n t and 7.72 s 
is shown in F i g . 56 . In add i t ion to t h e f e a t u r e s a l r e a d y m e n t i o n e d , t h e r e is the 
g r o u p of c h a n n e l s be low the fuel c o l u m n tha t show c o u n t i n g - r a t e i n c r e a s e s . 
Such a c o n s i s t e n t c l u s t e r is u n l i k e l y to be s p u r i o u s . A c c u m u l a t i o n h e r e of 
3 -5 g of fuel is i n d i c a t e d . 
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Fig. 56. Differential Hodograph for 5.73-7.72 s 

As mentioned ea r l i e r , one possible deduction from Fig . 48 is 
that about 10% of the tes t fuel was expelled upward out of the field of view of 
the hodoscope before the end of this in terval . Although Fig . 56 does not provide 
strong evidence ei ther for or against this hypothesis , the coxmting-rate gains 
in Row 2 a r e not in genera l as la rge as one would expect if much fuel had moved 
upward, nor a r e the count ing-ra te gains below Row 18 compatible with mass ive 
downward motion of fuel. At the same t ime, the extrusion of, say, 5% of the tes t 
fuel above Row 2 and another 5% below Row 22 cannot be ruled out on the bas i s 
of F i g s . 54 and 56. 

d. Fuel Motion at 7.72 s,. The mos t rapid fuel motion seen by the 
hodoscope during the t r ans ien t occur red at about 7.72 s, with the r e a c t o r power 



70 

about halfway down the t ra i l ing edge of the peak. The change that occur red in 
the 140-ms interval bracket ing this motion a r e shown in F ig . 57. (The t ime 
interval for F ig . 57 over laps those for F igs . 55 and 59.) Prominent fea tures 
in this picture a r e the accumulation of fuel on the pump side at Rows 7-12, 
quite possibly breaching the fluted tube; the loss of fuel from, the upper left 
and lower portions of the or iginal fuel zone; and the smal l i nc reases in fuel 
content extending 100 m m or m.ore below the bottom of the or iginal tes t fuel 
region. 
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Fig . 5 7 . Dif ferent ia l Hodograph for 7 .63 -7 .77 s 

Figure 58 shows the R / P curves for the 0.5-s interval from 
7.5 to 8.0 s for selected channels with pronounced motion at or near 7.7 s. The 
two t ime bands indicated by the broken l ines a re the averaging in tervals used 



71 

•
in c o n s t r u c t i n g the d i f f e r e n t i a l h o d o g r a p h of F i g . 57 . T h e u p p e r g r o u p of c u r v e s 
i s f r o m t h e u p p e r left p o r t i o n of t h e fuel z o n e , w h e r e a l o s s of fuel o c c u r r e d , 
and t h e l o w e r o n e s a r e f r o m t h e r i g h t - h a n d p a r t s of R o w s 8 - 1 0 , w h e r e fuel 
a c c u m u l a t e d . 

Fig. 58. R/P Curves for Certain Channels That Show Fuel Motion at 7.7 s. 
The broken lines indicate the time bands used in constructing the 
differential hodograph of Fig. 50. The horizontal lines, in conjunc­
tion with the scale at the left, show the absolute levels of the curves. 

e . F u e l M o t i o n a t 7 . 7 2 - 7 . 8 1 s . F i g u r e 59 s h o w s the 9 0 - m s i n t e r ­
v a l f r o m 7.72 to 7.81 s. N o t e w o r t h y h e r e i s t h e l a c k of fuel m o t i o n a t t he top 
and b o t t o m edges- of the fuel r e g i o n . I n s t e a d , t h e r e i s a c c u m u l a t i o n of fuel about 

•
a t h i r d of the w a y f r o m the top , s u p p l i e d bo th f r o m above and be low . C a l c u l a ­
t i o n s i n d i c a t e t ha t m o s t of the fuel i s m o l t e n by t h i s t i m e . T h e l ack of change 
a t the u p p e r and l o w e r e x t r e m e s of the fuel zone shows t h a t the u p p e r and l o w e r 
b o u n d a r i e s of the fuel a r e no t m o v i n g a p p r e c i a b l y . 
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Fig. 59. Differential Hodograph for 7.72-7.81 s 

The accumulated changes up to 7.81 s a r e shown in F ig . 60. 
Considering that fore-and-af t motion of fuel cannot be detected by the hodo­
scope, one can su rmise from. F ig . 60 that at 7.8 s the re was an smnulus of d i s ­
placed fuel at the level of Rows 7-10, with a r a the r complete void at the or iginal 
position of the cen t ra l pin. Small amounts of fuel have moved above and below 
the original fuel boundar ies . The fluted tube has probably been breached on 
the left (away-from.-ptimp) side at Rows 7-9. On the pump side, the fuel from 
the upper portions of pins 5-7 is probably res t ing against the fluted tube, but 
does not appear to have penetrated it to any major extent. The fuel re locat ion 
depicted he re did not occur rapidly; r a the r it took some 200 m s - - f r o m about 
7.6 to 7.8 s- - for the major par t of the motion to occur . 
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f. Fuel Motion at 7.81-8.05 s. F igure 6l shows the changes d u r ­
ing the 240-ms period f rom 7.81 to 8,05 s. Compar ison with F ig . 59 revea l s 
that the changes shown in that d iagram a re par t ia l ly r e v e r s e d in the cu r r en t 
period, with d e c r e a s e s appearing where the re had previously been inc rease s , 
and vice v e r s a . The fuel quantit ies involved a r e re la t ive ly smal l ; c l ea r ly some 
churning is going on, but nothing d r a m a t i c . 

g. Fuel Motion at 8.05-8.41 s. During the period from. 8.05 to 
8.41 s the power is v e r y close to the preheat level (see F ig . 48). Some major 
leftward fuel motion occu r s , as shown in F ig . 62, undoubtedly causing a major 
b r each of the fluted tube on the side away from the pump. In addition, smal l 
quantit ies of fuel went up, down, and to the r i g h t - - a l l at the expense of fur ther 
voiding in the cent ra l r eg ions . 
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Fig . 6 2 . Dif ferent ia l Hodograph for 8 .05 -8 .41 s 



The acctumulated changes for the t rans ien t through 8.41 s a re 
shown in F ig . 63, On the assumpt ion that the fuel red is t r ibu t ion is radia l , 
r a the r than jus t toward or away from the pump, we deduce that the lower two-
th i rds of the original fuel region is la rge ly voided, that re la t ive ly smal l amounts 
of fuel have moved upward and downward, and that the fluted tube has been 
r a the r thoroughly breached on the side away from the pump. Some fuel has 
probably moved both upward and downward out of the field of v iew--but not 
much. 
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Fig. 63. Differential Hodograph for 5.73-8.41 s 

Although the situation depicted in Fig . 63 does not cor respond 
completely to the final fuel dis tr ibut ion as revealed by the post tes t radiograph, 
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many of the same features a re present in both. The radiograph (Fig. 64) shows 
a large , almost completely voided region near the midplane, whereas Fig. 63 

shows some fuel still present at that level, at the 
"~" ' per iphery . Both the radiograph and the hodoscope 

show the general depletion of fuel concentration 
throughout most of the original fuel region, with 
fuel collected around much of the per iphery . 

The radiograph does not c lear ly 
reveal how much ftiel was left above the original 
upper boundary of the fiiel zone. The extra fuel 
that can be seen in Rows 2 and 3 of Fig . 63 amounts 
to about 20 g (-5% of the original test fuel), and 
there is no reason to think the re was not at least 
a small amount of fuel above the field of view. 
There is evidence, however, that not more than 
about 35 g could have been lost from the field 
before shutdown. 

4. Post shutdown 

Shutdown occur red at about 8.6 s, which 
was after the power had come down from the s imu­
lated excurs ion. Although the hodoscope film 
continued for about 2 s beyond shutdown, the 
combination of low s ta t i s t ics and f i lm-scanning 
inaccuracies prevented detailed fuel-motion analy­
sis in that region. Major fuel motion was occur ­
ring just before shutdown and presumably continued 
into the postshutdown period. 
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rig. G4. Posttest Neutron Radio­
graph of Stripped Loop. 
Mag. ~0.22X. The loop i n s t r u m e n t s gave i nd i ca t i ons 

of d i s t u r b a n c e s at 10.96 and 17 s about wh ich 
the h o d o s c o p e can shed no d i r e c t l ight , s ince the f i lm r a n out at 10.93 s - -
by which t i m e the count ing s t a t i s t i c s w e r e a l r e a d y too p o o r . 

F . P o s t t e s t R a d i o g r a p h y 

The p o s t t e s t n e u t r o n r a d i o g r a p h of the s t r i p p e d loop, shown in F i g . 64, 
i n d i c a t e s tha t a l l the fuel e l eanen t s h a d fa i led . N e a r the m i d l e n g t h of the o r i g i ­
na l fuel c o l u m n s a length of about 50 m m w a s p r a c t i c a l l y e m p t y of fuel . In t h i s 
r e g i o n , the f luted tube a p p e a r e d to have m e l t e d e n t i r e l y , and the b e l l o w s of the 
o u t e r t e s t s e c t i o n tube w a s p a r t l y m e l t e d . F o r about 121 m m be low the e m p t y 
r e g i o n , the v a r i a t i o n s of d e n s i t y a r e i nd i ca t ive of a spongy or d i s c o n t i n u o u s 
m a s s of fuel . Within th i s r eg ion , r a d i a l m o t i o n of the fuel h a s b e e n s o m e w h a t 
r e s t r a i n e d by the f luted tube , which a p p e a r s r e l a t i v e l y in t ac t t o w a r d the lower 
end . No c o m p l e t e p e l l e t s w e r e in e v i d e n c e at the b o t t o m of the fuel c o l u m n s , 
but the r e g i o n of the l a s t two p e l l e t s w a s m a s k e d by the p r e s e n c e of a s t a i n l e s s 
s t e e l c o l l a r ( see F i g , 7). A s m a l l a m o u n t of fuel a n d / o r s t a i n l e s s s t e e l w a s 
p r e s e n t among the b o t t o m end p l u g s . 



On the neutron radiograph, the presence of neut ron-absorbing m a t e r i a l 
in the bottom bend of the loop below the tes t section was masked by the r ema ins 
of fil ter m a t e r i a l on the outside of the tube. However, a subsequent de t e rmi na ­
tion using a gamma-rad ia t ion detector indicated a substant ial local source of 
radiat ion in this region. Above the essent ia l ly fuel-free region nea r the m i d -
length of the fuel column, the re is a region about 100 m m long of apparent ly 
spongy fuel. Since the fuel in this region appeared to be m o r e dense on the 
per iphery , it was probable that the re was a hollow shell of spongy fuel. 

Above this spongy fuel for about 63.5 m m (to the top of the original fuel 
columns) the neut ron-absorb ing ma te r i a l , p resumably fuel, was quite dense . 
For the next 76.5 m m , above the top of the or iginal fuel columns, much l e s s 
dense regions of fuel and /o r s ta in less s teel were p resen t . This las t region 
included the upper par t of the UO2 s tacks and the ref lec tor rods of the e l emen t s . 

In the plenum region of the e l ements , the neutron radiographs showed 
that the ref lec tor rods and spacer tubes of some e lements had dropped an 
appreciable dis tance as follows: 

No drop 

No drop 

~63.5-mm drop 

One of these , 17.2 mm; the other, none. 

One of these , 57 mm; the other , 12 m m . 

The UO2 pellet s tacks mus t have dropped as much as the spacer tubes 
and ref lec tor rods , although the plenum components of s eve ra l of the e lements 
moved downward. The top end plugs of two of the e lements appear to have 
moved upward: N-104, 6.4 m m , and ei ther N-165 or N-153, 8 m m . The top 
of N-O92, the center e lement , was covered by a s t ruc tu ra l m e m b e r , and its 
position could not be de termined. The sodium level appeared to be at the bot­
tom of the tes t section opening to the upper s i dea rm to the pump. 

N-081 

N-092 

N-104 

N-O69I 
N-115J 

N-1851 
N-153J 
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VII. P O S T T E S T EXAMINATION 

«^S^^S)^^^^ 

The E 7 loop w a s s t r i p p e d of i t s o u t e r h a r d w a r e in the H F E F - S o u t h a t 
A r g o n n e / W e s t . Af t e r n e u t r o n r a d i o g r a p h y a t T R E A T , t h e loop w a s cu t in to 
s e c t i o n s a t H F E F - S o u t h wi thout rem.oving the s o d i u m . The fol lowing s e c t i o n s 
f r o m the cu t t i ng o p e r a t i o n w e r e r e c e i v e d a t A r g o n n e / E a s t fo r f u r t h e r d i s a s ­

s e m b l y and e x a m i n a t i o n in the 
MSD A l p h a - G a m m a Hot Ce l l 
F a c i l i t y (AGHCF) : ( l ) a 9 1 0 -
m m l eng th tha t c o n t a i n e d the 
t e s t s e c t i o n and fuel p i n s , 
(2) the u p p e r and l o w e r b e n d s 
to the p u m p , (3) a s m a l l T -
s a c t i o n w i th the b o t t o m 
p r e s s u r e - t r a n s d u c e r p o r t , and 
(4) t h e d r a i n l ine f r o m the 
b o t t o m of the l o w e r bend. 
S u b s e q u e n t cu t s and iden t i f i ­
c a t i o n of the p i e c e s a r e shown 
in F i g . 65 . 

TO PUMP• 

A I 7 F -

AI8F-

301" 

18 

A9F 

l"\t 
I 

10" 

t__l 

A3 

A2F 

ASF 

< AID WEN) 
— AI3 
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AI5FAI9B 

PRESSURE 
TRANSDUCER 

FUEL 
ELEMENT 
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—A16 

--AI4B 
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I 3 l " 
-A6B 

-A I2B 

-A8fCEN) 

PLANE OF 
AXIAL COTS 

P O M P - * - f F B j 

A-A 

A. T e s t - s e c t i o n D i s a s s e m b l y 

B e f o r e d i s a s s e m b l y 
of the loop t e s t s e c t i o n in the 
A G H C F , an o r i e n t a t i o n g r o o v e 
w a s cut on the s ide of the 
loop t o w a r d the p u m p , f r o m 
the ou t l e t to the p u m p to the 
b o t t o m of the t e s t s ec t i on . 
A t r a n s v e r s e cu t j u s t be low 
the u p p e r p r e s s u r e t r a n s d u c e r 
s e p a r a t e d the loop t e s t s e c t i o n 
in to two p r i n c i p a l p a r t s . The 
u p p e r s e c t i o n , iden t i f i ed a s 
A4 , i s shown in F i g . 65 . 

Fig. 65. Loop-cutting Plan for Posttest Examination. 
Conversion factor: 1 in. = 2.54 cm. 

With s o m e e x p e c t a t i o n 
t h a t the loop w a l l could be 
r e m o v e d f r o m the p a r t of the 
t e s t s e c t i o n be low A 4 , two 

l e n g t h w i s e c u t s w e r e m a d e t h r o u g h the loop wa l l for the full l eng th of the 
s e c t i o n on o p p o s i t e s i d e s (180° a p a r t ) in a p l a n e p e r p e n d i c u l a r to the p l a n e of 
the p u m p and the t e s t s ec t i on . H o w e v e r , h e a t i n g to m e l t t he bonding s o d i u m 
and m o d e r a t e p r y i n g fa i l ed to s e p a r a t e t h e loop w a l l f r o m the t e s t s e c t i o n . 

T r a n s v e r s e c u t s w e r e m a d e on t h e loop to s e p a r a t e the s e c t i o n s in 
wh ich the loop wa l l a p p e a r e d to be fused to the u n d e r l y i n g s t r u c t u r e f r o m 
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•
sections where such fusion was not obvious. By this approach the loop wall 
was removed from the tes t section from the bottom of section A13 to the top 
of A3, and from the bottom of section Al to the top of A8, as well as from 
section ASF. The loop wall was sti l l attached to sections A2F, A7B, and A6B. 

After removal of the loop wall , the t r a n s v e r s e sections AlO and A8, 
each 12 m m thick, were removed for subsequent analyses by the Chemical 
Engineering Division for postmeltdown mixing. Additional 12-mm.-thick s l ices 
for analysis were subsequently cut as follows: A9F from the bottom of A2F, 
and A12B from the middle of section A6B. 

Where poss ible , the outer t e s t - s ec t ion wall was removed from sections 
in a s imi la r manner as the loop wall. The outer t e s t - sec t ion wall was sepa­
rated from sections A3, A14B, A17F, A18F, A15F, and A19B. The fluted tube 
was l ikewise removed from the sections of the e lements in A3. The fuel-
element end plugs in section Al were unpinned and removed without difficulty. 

Sodium, samples for analys is w e r e col lected as follows: from the top 
of Al , from the top of A2F, from the bottom of A3, from the inside of the loop 
wall at sect ions Al and A3, and from combined sections A5F and A6B. 

Removal of sodium from the var ious sections was f i rs t a t tempted by 
melt ing and allowing the liquid sodium to run off. The sodium in section A7B 
would not run off. The sodium remaining on the p ieces was reac ted with ethyl 
alcohol, and the sections were then t rea ted with a water -50% ethyl alcohol 
mix tu re and dried in a vacuum chamber . 

The tops of the fuel e lements were removed from section A4 by melt ing 
out the smal l amount of sodium. The loop pa r t and the element sect ions were 
cleaned with ethyl alcohol to remove the remaining sodium. In the p r o c e s s of 
melt ing the sodium, the e lements shifted position; thei r orientat ion, and hence 
identification, was lost. 

The misce l laneous loop p a r t s were also heated to me l t out the sodium 
and then t leaned with alcohol. 

The alcoholic l iquors obtained from the reac t ion of ethyl alcohol with 
the sodium remaining on the sections after heating were separa ted from the 
insoluble res idues by decantation. The r e s idues were washed with water-50% 
ethyl alcohol and saved. The sodium mel ted out of the sect ions was also 
reac ted with alcohol, and insoluble powder res idues were saved. The r e ­
covered powders were separa te ly saved for each pr incipal section for la ter 
examination. 

•

Photographs were taken during d i sassembly , as were photographs of 

sections after reinoving sodium. Sections containing fuel or insulator pel le ts 
were filled with epoxy to p r e s e r v e the re la t ionship between pa r t s during 



s u b s e q u e n t c u t t i n g o p e r a t i o n s . S p e c i m e n s w e r e c u t f r o m t h e e p o x i e d s e c t i o n s | 
f o r m a c r o s c o p i c e x a m i n a t i o n a n d , i n s o m e c a s e s , d e t a i l e d e x a m i n a t i o n of t h e 
m i c r o s t r u c t u r e , 

B . E x a m i n a t i o n R e s u l t s , G e n e r a l F e a t u r e s 

I n t h e p a r t s r e c e i v e d a t t h e A G H C F , s o d i u m w a s o b s e r v e d a t t h e t o p 
f l a n g e t o t h e p u m p , a t t h e b o t t o m of t h e t e s t s e c t i o n , a t b o t h e n d s of t h e b o t t o m 
b e n d , i n t h e l i n e t o t h e p r e s s u r e r u p t u r e d i s k , i n t h e d r a i n l i n e b e f o r e t h e 
f r e e z e p l u g , a n d a t t h e t o p a n d b o t t o m of t h e T - s e c t i o n f r o m b e l o w t h e t e s t 
s e c t i o n . S o d i u m w a s n o t o b s e r v e d a t t h e t o p of t h e t e s t s e c t i o n , a t t h e o v e r f l o w 
l i n e , a t t h e u p p e r p r e s s u r e - t r a n s d u c e r p o r t , o r a t t h e o u t l e t f r o m t h e t e s t s e c ­
t i o n . S o d i u i n w a s n o t o b s e r v e d in t h e d r a i n l i n e b e l o w t h e f r e e z e - v a l v e c o i l , 
o n t h e p r e s s u r e - t r a n s d u c e r p o r t of t h e T - s e c t i o n , o r o n t h e t o p e n d of t h e a r m 
t o t h e p u m p . T h e s o d i u m t h a t o r i g i n a l l y o c c u p i e d t h e s e r e g i o n s h a s d r a i n e d 
i n t o t h e a d i a b a t i c h o l d e r . T h e u p p e r a n d l o w e r p r e s s u r e t r a n s d u c e r s w e r e 
r e m o v e d a t H F E F , a n d h o l e s w e r e l e f t i n t h e s o d i u m a t t h e i r r e s p e c t i v e 
o p e n i n g s , t h u s a c c o u n t i n g fo r t h e l a c k of s o d i u m a t t h e p o r t s . 

S i n c e t h e s o d i u m w i t h i n t h e t e s t s e c t i o n w a s d i s t u r b e d by m e l t i n g 
d u r i n g t h e h e a t i n g o p e r a t i o n r e q u i r e d t o s e p a r a t e t e s t - s e c t i o n p a r t s , i n f o r m a ­
t i o n o n s o d i u m r e e n t r y w a s n o t o b t a i n e d . 

A f t e r d i s a s s e m b l y a n d s o d i u m r e m o v a l , t h e t e s t - s e c t i o n p a r t s w e r e 
e x a m i n e d i n s o m e d e t a i l . A g e n e r a l d e s c r i p t i o n of t h e r e m a i n s of t h e f ue l 
e l e m e n t s f r o m t h e b o t t o m , t o t h e t o p f o l l o w s . 

T h e b o t t o m e n d p l u g s w e r e e x a m i n e d a n d p h o t o g r a p h e d a s s h o w n i n 
F i g , 6 6 . E x c e p t fo r a s m a l l a m o u n t of s t e e l s p a t t e r , t h e e n d p l u g s w e r e q u i t e 
c l e a n . I n t h e f i g u r e , t h e m i d d l e e n d p l u g ( N - 1 5 3 ) h a s m o r e s p a t t e r a l o n g i t s 

Fig. 66 

Bottom Lnd Plugs of Seven Elements with Some 
Stainless Sleel Spatter. Mag. ~0.95X. Neg. 
No. MSD-169873. 



l e n g t h t h a n t h e o t h e r s . T h e m a t e r i a l c o l l e c t e d f r o m a m o n g t h e e n d p l u g s i s 
s h o w n i n F i g . 6 7 . G l o b s of m e l t e d s t a i n l e s s s t e e l a n d m e l t e d fue l , a n d a p i e c e 
of a n u n m e l t e d UOg p e l l e t , w e r e p r e s e n t . I t w a s n o t o b v i o u s t h a t a n y of t h e s e 
p i e c e s w e r e b o u n d t o t h e e n d p l u g s e i t h e r b y f u s i o n o r m e c h a n i c a l l y . T h e s e 
p i e c e s a p p e a r e d t o h a v e b e e n r e s t r a i n e d f r o m f u r t h e r d o w n w a r d m o v e m e n t b y 
t h e r o l l p i n s l o c k i n g t h e e n d p l u g s i n p l a c e . T h e q u a n t i t y of m a t e r i a l r e c o v e r e d 
f r o m a m o n g t h e e n d p l u g s w a s n o t s u f f i c i e n t t o c a u s e a p p r e c i a b l e b l o c k a g e t o 
t h e f l o w of s o d i u m t h r o u g h t h i s r e g i o n . 

Fig. 67 

Melted Stainless Steel, Melted Fuel, and a Piece 
of UO2 Pellet Found among Bottom End Plugs. 
Mag. ~6.80X. Neg. No. MSD-169874. 

T h e 8 7 - m m - l o n g a s - c u t s e c t i o n s ( A 1 5 F a n d A 1 9 B ) i m m e d i a t e l y a b o v e 
t h e b o t t o m e n d p l u g s m F i g . 65 o r i g i n a l l y c o n t a i n e d a s m a l l p a r t of t h e e n d 
p l u g s , 12 m m of UO2 i n s u l a t o r p e l ­
l e t s , a n d a b o u t n i n e f u e l p e l l e t s p e r ^ I "~ 
e l e m e n t . A c u t o n t h e l o n g a x i s of » 
t h i s p i e c e , in a p l a n e a l m o s t p e r ­
p e n d i c u l a r t o t h e p l a n e of t h e l o o p 
a n d t h e p u m p , s e p a r a t e d t h e p i e c e 
i n t o t w o p a r t s . T h e c u t s u r f a c e s 

w e r e p h o t o g r a p h e d i n a " l i g h t b o x , " : 
w h i c h r e s u l t e d i n m i r r o r - i i x i a g e ; 
p i c t u r e s a s s h o w n i n F i g . 6 8 . T h e 
F d e s i g n a t i o n i n s e c t i o n A 1 5 F i d e n ­
t i f i e s t h e p i e c e n e a r e s t t h e p u m p , 
a n d t h e B i n s e c t i o n A 1 9 B i d e n t i f i e s 
t h e p a r t a w a y f r o m t h e p u m p . 

T h e UO2 i n s u l a t o r p e l l e t s i n 
t h i s s e c t i o n a t t h e b o t t o m w e r e 
c r a c k e d b u t o t h e r w i s e i n t a c t . O n 
t h e r i g h t s i d e of s e c t i o n A 1 9 B ( in 
t h e p h o t o g r a p h ) , p i e c e s of t h e i n s u ­
l a t o r p e l l e t s f e l l o u t d u r i n g t h e 
s o d i u m - r e m o v a l o p e r a t i o n . S t a i n ­
l e s s s t e e l a p p e a r s t o b l o c k t h e f l o w 
c h a n n e l s i n t h e r e g i o n of t h e UO2 
p e l l e t s o n t h e s i d e t o w a r d t h e h o d o -
s c o p e ; f ue l o c c u p i e s c h a n n e l s o n t h e 

(a) Section A15F (b) Section A19B 

Fig 68 

Mirror-image Views of Split Section at 
Bottom ol Fuel Columns. Mag. ~0.98X. 
Neg. No. MSD-180i30. 



s i d e a w a y f r o m t h e h o d o s c o p e . W h e r e t h e m e l t e d f ue l m o v e d d o w n i n t h e 
c h a n n e l s a r o u n d t h e UO2 p e l l e t s , t h e c l a d d i n g w a s m e l t e d a w a y . J u s t a b o v e 
t h e i n s u l a t o r p e l l e t s , t h e f u e l p e l l e t s h a v e r e t a i n e d t h e i r s h a p e , b u t t h e 
c h a r a c t e r of t h e fue l a r o u n d t h e c e n t r a l v o i d h a s c h a n g e d f r o m a d e n s e 
c o l u m n a r - g r a i n s t r x i c t u r e t o a s p o n g y m a t e r i a l . P a r t s of fxiel p e l l e t s a r e 
i d e n t i f i a b l e t o a h e i g h t of a b o u t f o u r p e l l e t s . M e l t e d f u e l a p p e a r s t o h a v e 
f l o w e d d o w n a m o n g t h e p a r t i a l l y i n t a c t f ue l p e l l e t s . T h e c l a d d i n g h a d m e l t e d 
a l m o s t c o m p l e t e l y off of t h e fue l p e l l e t s a n d r e l o c a t e d , p a r t i a l l y d o w n w a r d . 
A b o v e t h e r e g i o n w i t h t h e fue l p e l l e t s , f u e l h a s c o m p l e t e l y m e l t e d a n d r e l o ­
c a t e d . S o m e m e l t e d f u e l m o v e d d o w n w a r d , s o m e m a y h a v e m o v e d u p w a r d , 
a n d s o m e m o v e d r a d i a l l y a n d r e s o l i d i f i e d a s a s p o n g y l a y e r a g a i n s t t h e 
r e m n a n t s of a b a d l y m e l t e d f l u t e d t u b e . A t t h e u p p e r e n d of t h i s s e c t i o n , t h e 
fue l i s l o c a t e d p r i n c i p a l l y o n t h e s i d e ( A 1 9 B ) a w a y f r o i n t h e p u m p . 

A s e c t i o n 63 m m l o n g ( s e c t i o n s A S F a n d A 6 B in F i g . 6 5 ) , s t a r t i n g 
12 m m a b o v e t h e s e c t i o n s h o w n i n F i g . 6 8 , i s s h o w n m F i g . 6 9 . T h e l o w e r 
p a r t of t h e b e l l o w s i s s h o w n in w h i c h fue l a n d c l a d d i n g h a v e c o m p l e t e l y m e l t e d 
a n d r e l o c a t e d . F i g u r e 6 9 a s h o w s c o m b i n e d s e c t i o n s A S F a n d A 6 B b e f o r e 
s o d i u m r e m o v a l , w i t h h a l f t h e l o o p w a l l r e m o v e d o n s i d e A S F . T h e m a t i n g 
ha l f , s e c t i o n A 6 B , w a s f u s e d t o t h e l o o p w a l l . T h e i n t e r i o r of t h e b e l l o w s i n 
s e c t i o n s A S F a n d A 6 B a f t e r s o d i u m r e m o v a l i s s h o w n i n F i g s , 6 9 b a n d 6 9 c . 
S o m e m e l t e d fue l l i e s a g a i n s t t h e p a r t i a l l y m e l t e d b e l l o w s , c h i e f l y o n t h e s i d e 
a w a y f r o m t h e p u m p . T h e f l u t e d t u b e h a s c o m p l e t e l y m e l t e d i n t h i s r e g i o n . 

(a) Combined Sec­
tions A5F and 6B 

(b) Section ASF 
after SpHttmg 

(c) Section A6B 
after Splitting 

Fig. 69 Mirror-image Views of Section at Bottom of Bellows 
Mag '-0.70X Neg No. MSD-180854. 

T h e b o t t o m of c o m b i n e d s e c t i o n s A 2 F a n d A 7 B ( s e e F i g , 70) i s p r a c ­
t i c a l l y e m p t y of f u e l , c o n f i r m i n g t h e e v i d e n c e of t h e n e u t r o n r a d i o g r a p h . 
S o m e m e l t e d s t e e l i s p r e s e n t , h o w e v e r . A b o v e t h i s e m p t y r e g i o n , f u e l f o r m s 
a s p o n g y l a y e r ~76 m m l o n g a g a i n s t t h e o u t e r t e s t - s e c t i o n t u b e , w i t h t h e 
g r e a t e r q u a n t i t y of f u e l o n t h e s i d e a w a y f r o m t h e p u m p . A t t h e u p p e r e n d of 
t h i s 2 0 9 - m m - l o n g s e c t i o n , s p o n g y fue l f i l l e d t h e c r o s s s e c t i o n f o r - 9 0 m m . 
P o r t i o n s of U O j i n s u l a t o r p e l l e t s w e r e o b s e r v e d a t t h e t o p of t h e s e s e c t i o n s 



i n s o m e p o s i t i o n s . S u b s e q u e n t l y a UO2 p e l l e t w a s o b s e r v e d in a t r a n s v e r s e 
s e c t i o n ( s e e F i g . 71) t h r o u g h t h e f u e l r e g i o n a b o u t 38 m m b e l o w t h e t o p of t h e 
o r i g i n a l f ue l c o l u m n . T h e l o c a t i o n of t h e UO2 p e l l e t i n t h e c r o s s s e c t i o n 
a p p e a r e d t o c o r r e s p o n d t o e i t h e r e l e m e n t N - 1 0 4 o r t h e a d j a c e n t e l e m e n t 
N - 1 8 5 . S o m e d o w n w a r d d i s p l a c e m e n t of t h e s t a c k s of UO2 p e l l e t s h a d b e e n 
i n f e r r e d b e c a u s e of t h e d o w n w a r d s h i f t of s o m e of t h e I n c o n e l r e f l e c t o r r o d s 
o b s e r v e d o n t h e n e u t r o n r a d i o g r a p h s . T h e o u t e r t e s t - s e c t i o n t u b e , e x c e p t 
f o r t h e b e l l o w s , a p p e a r e d t o b e i n t a c t , b u t f ue l a n d s t e e l i n s i d e h a d m e l t e d . 

(a) Section \1F (b) Section A7B 

Fig. 71. Melted Fuel and VO-^ Pellet at a Location 
about l\ in. (3.8 cm) below Original Top 
of Fuel Column. Mag. ~7 14X. Neg. 
No. MSD-180614. 

Fig 70. Minor-image Views ot Split Section 
Showing Upper Two-thirds of Fuel-
column Region. Mag. ~0.58X 
Neg No. MSD-lii9830. 

F r o n t a n d b a c k v i e w s of s e c t i o n A 1 4 B a f t e r s o d i u m r e m o v a l a r e s h o w n 
i n F i g . 72 . T h i s 6 3 - m m - l o n g s e c t i o n w a s l o c a t e d 2 5 m m a b o v e t h e t o p of 
s e c t i o n s A 2 F a n d A 7 B ( s e e F i g . 70) . S t a c k s of UO2 p e l l e t s o c c u p i e d t h i s r e ­
g i o n . B o t h m e l t e d f u e l a n d m e l t e d s t e e l w e r e f o u n d a m o n g t h e s t a c k s of p e l l e t s . 
T h e f u e l w a s i n g r e a t e r q u a n t i t y a r o u n d t h e l o w e r p a r t of t h e UO2 c o l u m n s , 



(a) Inside (b) Outside 

Fig 72 Mirror-image Views of U02-insulator-
pellet Region above the Fuel The 
fluted tube and two peripheral stacks 
of pellets were removed in view (a). 
Mag. ~1.04X Neg No. MSD-169831. 

b u t m e l t e d s t e e l w a s p r e d o m i n a n t 
t o w a r d t h e t o p of t h e s e c t i o n . M o s t 
of t h e c l a d d i n g a r o u n d t h e b o t t o m of 
t h e UO2 c o l u m n s h a d m e l t e d off. 
L o c a l m e l t i n g of t h e c l a d d i n g o c ­
c u r r e d m o s t l y a t t h e t o p . T h e r e ­
m o v a l of s o d i u m a l s o r e s u l t e d i n 
t h e r e m o v a l of s o m e m e l t e d f u e l a n d 
t h e l o s s of s o m e UO2 p e l l e t s f r o m 
t h i s s e c t i o n . T h e g e n e r a l i m p r e s ­
s i o n w a s t h a t f a s t - m o v i n g m e l t e d 
f u e l w e n t u p a m o n g t h e e l e m e n t s , 
m e l t e d t h e c l a d d i n g a r o u n d t h e UO2 
p e l l e t s , a n d t e n d e d t o p u s h t h e 
m e l t e d s t e e l u p w a r d , ( P r o b a b l y 
s m a l l q u a n t i t i e s of m o l t e n f u e l w e r e 
c a r r i e d w i t h t h e f a s t - m o v i n g v a p o r 
s t r e a m i n t h e e a r l y s t a g e s of p o s t -
f a i l u r e f u e l m o v e m e n t p r i o r t o 
b l o c k a g e . ) 

T h r e e v i e w s of s e c t i o n A 3 
( s e e F i g . 65) a t d i f f e r e n t r o t a t i o n s 
a r e s h o w n i n F i g . 7 3 . T h e c l u s t e r 

Fig. 73 

Three Views at Different Angular Orientations of Fuel-
element C luster Including Top of UO2 Stack and 
Reflector-rod Region (Section A3). Mag. ~0.53X. 
Neg. No. MSD-180853. 
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of s e v e n e l e m e n t s w a s h e l d t o g e t h e r b y m e l t e d s t a i n l e s s s t e e l o v e r a d i s t a n c e 
of 57 m m a t t h e b o t t o m , w h e r e e x t e n s i v e c l a d d i n g m e l t i n g h a d o c c u r r e d . T h e 
e l e m e n t c o n t a i n e d 7 5 - 9 0 m m of t h e 1 7 0 - m m - l o n g UO2 p e l l e t s t a c k s , e x c e p t 
f o r t h o s e w i t h g r o s s a x i a l m o v e m e n t . A b o v e t h e UO2 p e l l e t s t h e r e w a s a 
1 2 7 - m m - l o n g r o d of I n c o n e l 6 0 0 . A h o l e m e l t e d t h r o u g h t h e c l a d d i n g of a 
p e r i p h e r a l e l e m e n t a t a p l a c e w h e r e t h e r e w a s a g a p n e a r t h e t o p of t h e p e l l e t 
s t a c k . M e l t i n g a p p e a r e d t o h a v e o c c u r r e d f r o m t h e o u t s i d e a n d t h e m e l t e d 
s t e e l t e n d e d t o m o v e i n w a r d . T h e c a u s e of t h e m e l t t h r o u g h w a s p r o b a b l y 

m e l t e d f u e l , w h i c h w a s s u b s e q u e n t l y m o v e d o r d i s l o d g e d . 
T h e l a c k of a h e a t s i n k i n s i d e t h e c l a d d i n g a t t h i s l o c a -

,} } t i o n m a y h a v e c o n t r i b u t e d to t h e m e l t t h r o u g h . S i n c e 

j ^ m e l t e d s t e e l t e n d e d t o m o v e i n t o t h e g a p , t h e d o w n w a r d 
d i s p l a c e m e n t of m o s t of t h e s t a c k of UO2 p e l l e t s o c c u r r e d 
b e f o r e t h e m e l t t h r o u g h . T h e r e a s o n f o r t h e h a n g - u p of 
t h e t o p UO2 p e l l e t s i n t h i s e l e m e n t w a s n o t d e t e c t e d . 

I 

.' 1 

'V, 

Fig. 74 

View of Top of Elements 
Showing Relative Dis­
placements. Mag. ~0.42X. 
Neg. No. MSD-181391. 

F i g u r e 74 s h o w s t h e r e l a t i v e d i s p l a c e m e n t of t h e 
t o p s of t h e e l e m e n t s f r o m s e c t i o n A 4 . T h e t w o t h a t w e r e 
r a i s e d b y 6 . 3 m m w e r e e l e m e n t N - 1 0 4 a n d e i t h e r N - 1 8 5 
o r N - 1 5 3 , a s n o t e d f r o m t h e n e u t r o n r a d i o g r a p h . T h e 
o t h e r e l e m e n t s , w h i c h i n c l u d e t h e c e n t e r e l e m e n t N - 0 9 2 , 
w e r e n o t s i g n i f i c a n t l y d i f f e r e n t i n e l e v a t i o n a n d , h e n c e , 
d i s p l a c e m e n t . F u e l a n d s t a i n l e s s s t e e l d e b r i s w e r e n o t 
o b s e r v e d o n t h e s e s e c t i o n s of e l e m e n t s . 

C, T o p a n d B o t t o m B l o c k a g e s 

T h e b l o c k a g e a t t h e b o t t o m a p p e a r e d t o e x t e n d 
o n l y o v e r t h e 1 2 - m m l e n g t h of t h e UO2 i n s u l a t o r p e l l e t s . 
B e l o w t h i s r e g i o n , a s m a l l a m o u n t of m e l t e d f ue l a n d 
m e l t e d s t e e l w a s f o u n d a m o n g t h e e n d p l u g s a s p r e v i o u s l y 
d e s c r i b e d . A b o v e t h e i n s u l a t o r p e l l e t s , a j u m b l e of fue l 
p e l l e t s a n d p e l l e t p a r t s , w i t h p r a c t i c a l l y n o i n t e r m i x e d 
s t e e l , w a s p r e s e n t . C h a n n e l s f o r t h e f l o w of s o d i u m a p ­
p e a r e d t o e x i s t i n t h i s r e g i o n . T h e b l o c k a g e a r o u n d t h e i n ­
s u l a t o r p e l l e t s ( s e e F i g . 68) c o n s i s t e d of m e l t e d s t e e l i n s o m e 
f low c h a n n e l s a n d m e l t e d fue l in o t h e r s . C h a n n e l s s e e m e d t o 
b e a s s o c i a t e d w i t h t h e s p o n g y m e l t e d f u e l , a n d a c o m p l e t e 
b l o c k a g e t o s o d i u m f l o w s e e m s d o u b t f u l a t t h i s l o c a t i o n . 

T h e t o p b l o c k a g e w a s e x t e n s i v e i n t h e a x i a l d i r e c t i o n . A t i t s l o w e r 
e n d , i t c o n s i s t e d of a s p o n g y m a s s of fue l n e a r t h e t o p of t h e o r i g i n a l fue l 
c o l u m n . T h i s s p o n g y fue l f i l l e d t h e c r o s s s e c t i o n of t h e o u t e r t e s t - s e c t i o n 
t u b e a n d w a s ~90 m m l o n g . A b o v e t h e fue l c o l u m n s , t h e b l o c k a g e c o n s i s t e d 
p a r t l y of m e l t e d fue l a n d p a r t l y of m e l t e d s t e e l a m o n g t h e s t a c k s of UO2 p e l l e t s 
f r o i n w h i c h t h e c l a d d i n g w a s m e l t e d . F i g u r e 75 s h o w s a t r a n s v e r s e s e c t i o n 
( S e c t i o n A l O ; s e e F i g . 65) n e a r t h e b o t t o m of t h e UO2 s t a c k s w h e r e t h e f low 
c h a n n e l s a r e o c c u p i e d l a r g e l y b y m e l t e d fue l o n t h e s i d e a w a y f r o m t h e p u m p . 
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Fig. 75 

Mirror-image View of Transverse 
Section of Fuel-element Cluster 
through UO2 Pellets Showing 
Stainless Steel and Fuel Blockage 
(Section AlO). Mag. ~0 88X. 
Neg No. MSD-1G9698. 

a n d b y m e l t e d s t e e l o n t h e s i d e t o w a r d t h e p u m p . 
B e g i n n i n g a b o u t 57 m m a b o v e s e c t i o n A l O ( s e e 
E^'ig. 75) f o r ~12 m m u p w a r d , t h e f low c h a n n e l s 
w e r e m o s t l y o c c u p i e d b y m e l t e d s t e e l . F i g u r e 76 
s h o w s t h e d e g r e e of b l o c k a g e f o r m e d b y m e l t e d 
s t e e l a t t h i s l o c a t i o n ( b o t t o m of s e c t i o n A 3 i n 
F i g . 6 5 ) . S o m e f ue l i s a l s o e v i d e n t a t t h i s l o c a t i o n , 
w h i c h w a s 9 5 m m a b o v e t h e t o p of t h e o r i g i n a l f u e l 
c o l u m n . S c a t t e r e d r e g i o n s of m e l t e d s t e e l w e r e 
a l s o e v i d e n t f o r a n a d d i t i o n a l f e w c e n t i m e t e r s u p ­
w a r d ( s e e F i g . 73) . E v e n w h e r e m e l t e d f u e l o r 
s t a i n l e s s s t e e l o c c u p i e d m o s t of t h e a v a i l a b l e c r o s s 
s e c t i o n , h o l e s w e r e e v i d e n t t h a t m a y h a v e b e e n 
i n t e r c o n n e c t e d a n d , h e n c e , m a y h a v e c o n s t i t u t e d 
c h a n n e l s f o r v a p o r s t r e a m i n g t h r o u g h p o r o u s p l u g s 
a t i n l e t a n d o u t l e t , 

D , E x t e n t of M e l t i n g 

O n t h e s i d e a w a y f r o m t h e p u m p , f u s i o n of 
t h e t e s t s e c t i o n t o t h e i n s i d e of t h e l o o p w a l l w a s 
g e n e r a l o v e r t h e l e n g t h of t h e b e l l o w s . O n t h e s i d e 

t o w a r d t h e p u m p , f u s i o n t o t h e l o o p w a l l o c c u r r e d o n l y a t t h e t o p of t h e b e l l o w s . 
B e l o w t h e b e l l o w s , m e l t i n g of t h e o u t e r t e s t - s e c t i o n t u b e d i d n o t o c c u r , a n d 
a b o v e t h e b e l l o w s , t h e t u b e w a s i n t a c t e x c e p t f o r o n e l o c a t i o n n e a r t h e j o i n t 
t o t h e b e l l o w s . T h e e x t e n t of m e l t i n g of t h e b e l l o w s i s s h o w n i n F i g s . 69 a n d 70 . 
M e l t i n g of t h e b e l l o w s s e e m s t o h a v e o c c u r r e d to a s o m e w h a t g r e a t e r e x t e n t 
o n t h e s i d e o p p o s i t e t h e h o d o s c o p e i n t h e s e m i r r o r - i m a g e p h o t o g r a p h s . I n 
F i g s , 6 9 a a n d 6 9 b , p e r f o r a t i o n s t h r o u g h t h e i n w a r d - p r o j e c t i n g p a r t s of t h e 
b e l l o w s a r e n o t e d t o o c c u r o n a s o m e w h a t v e r t i c a l a l i g n m e n t . T h e s e m e l t -
t h r o u g h s a p p e a r t o h a v e f o r m e d f r o m t h e i n s i d e o u t a s a r e s u l t of c o n t a c t w i t h 
m e l t e d f u e l . M e l t e d s t e e l h a s s o l i d i f i e d i n t h e f l u t e s of t h e b e l l o w s a t s o m e 
l o c a t i o n s . 

Fig. 76 

Cross Section of Fuel-element Cluster near 
Midlength of UO2 Stacks Showing Melted 
Steel around UO2 Pellets. Mag. ~3.45X. 
Neg. No MSD-181231. 



Mel t ing of the f lu ted tube o c c u r r e d f rom the b o t t o m of the fuel c o l u m n 
LO a l m o s t the top of s e c t i o n A14 (~90 m m above the top of the o r i g i n a l fuel 
c o l u m n ) . At the e n d s , m e l t i n g w a s only p a r t i a l , a s can be s e e n in F i g s . 68 
and 72, and in a t r a n s v e r s e s e c t i o n f r o m j u s t a b o v e the b o t t o m h e a d e r , n e a r 
the foot of the fuel c o l u m n , a s shown in F i g . 77. O v e r m o s t of the l eng th of 
the fuel c o l u m n , the f luted tube h a s c o m p l e t e l y m e l t e d . 

C ladd ing and s p a c e r w i r e s h a v e m e l t e d f r o m the b o t t o m of the fuel 
c o l u m n to we l l above the top of the fuel c o l u m n in to the s t a c k s of UO2 p e l l e t s . 
The ho le in t h e one e l e m e n t of F i g . 73 r e p r e s e n t s the h i g h e s t l oca t i on of 
c l add ing m e l t i n g . 

E x c e p t for ~20 m m at the b o t t o m , t h e fuel c o l u m n m e l t e d c o n i p l e t e l y . 
The UO2 p e l l e t s at t he b o t t o m w e r e not m e l t e d , but s o m e UO2 p e l l e t s at the 
top had d r o p p e d into m e l t e d fuel and had fused s u p e r f i c i a l l y on the s u r f a c e , 

E . M i c r o s t r u c t u r e s 

At the end of the p r e i r r a d i a t i o n , a few p e l l e t s at the b o t t o m of the fuel 
s t a c k s did not m e l t o r m e l t e d only p a r t i a l l y . M i c r o s c o p i c e x a m i n a t i o n of 
t h e s e p e l l e t s a t h igh m a g n i f i c a t i o n w a s p l a n n e d , but the p e l l e t s fell out b e f o r e 
they could be epoxied . C o n s e q u e n t l y , an e n l a r g e m e n t of p a r t of F i g . 68 w a s 
m a d e , a s shown in F i g . 78, to show an i n t e r m e d i a t e s t a g e b e t w e e n the i r r a d i ­
a t ed p e l l e t and m e l t e d fuel . Two of the b o t t o m fuel p e l l e t s in the s t ack on 
the left have a d e n s e o u t e r s h e l l of fuel wi th i n c r e a s i n g p o r o s i t y or s p o n g i n e s s 
t o w a r d the c e n t r a l void . F i s s i o n g a s e s a p p e a r to h a v e m o v e d to the c e n t r a l 
void a s the pa th of l e a s t r e s i s t a n c e in fuel tha t w a s not m e l t e d but w a s p r o b a b l y 
c l o s e to the so l i dus t e m p e r a t u r e . 

At a l l l o c a t i o n s above the b o t t o m four p e l l e t s , m e l t i n g of fuel a p p e a r e d 
c o m p l e t e . The s t r u c t u r e s of the m e l t e d fuel w e r e g e n e r a l l y e q u i a x e d g r a i n s , 
but c o l u m n a r g r a i n s i nd i ca t i ng d i r e c t i o n a l so l id i f i ca t ion w e r e s o m e t i m e s o b ­
s e r v e d . G e n e r a l l y the m e l t e d fuel w a s c l o s e l y a s s o c i a t e d wi th s t a i n l e s s s t e e l 
and p r e s u m a b l y the so l id f i s s ion p r o d u c t s . P o r o s i t y r a n g e d u p w a r d f rom 
a p p r o x i m a t e l y 1 - u m b u b b l e s o b s e r v e d wi th in g r a i n s , a s shown in F i g . 79, 
F i g u r e 79a i s fuel f r o m the top of the fuel c o l u m n , and F i g . 79b i s fuel f r o m 
a m o n g the b o t t o m end p l u g s ( s e e F i g . 67). The g r a i n b o u n d a r i e s of the fuel 
in F i g . 79b a r e m u c h b r o a d e r t h a n o b s e r v e d in any o t h e r m e l t e d fuel s a m p l e s 
and m a y c o n t a i n a s e c o n d p h a s e . I n t e r g r a n u l a r vo id s a r e shown in F i g , 80 . 
The l a r g e vo ids in F i g . 80b a r e ~200 lam long. The fuel in F i g . 80a i s f r om 
the s a m e t r a n s v e r s e s e c t i o n a s the fuel in F i g . 79a, The fuel in F i g . 80b i s 
f r o m the s e c t i o n shown in F i g . 7 1 , ~38 m m be low the top of the fuel c o l u m n . 
St i l l l a r g e r vo id s c a n be s e e n in the spongy m a t e r i a l in F i g s . 71 and 77. The 
wide d i s t r i b u t i o n of p o r e s i z e a p p e a r s to be a g e n e r a l f e a t u r e of the m e l t e d 
fuel. 

A g e n e r a l f e a t u r e o b s e r v e d f r o m the top to the b o t t o m of the d i s t r i b u t e d 
fuel i s t he p r e s e n c e of s m a l l g lobu l e s of m e t a l l i c m a t e r i a l , w h i c h f r o m i t s 
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Fig. 77. Transveue Section near Bottom of Fuel Column sliowmg 
Meltmg of Fluted Tube and Diotubuiion of Mtlttd Fuel. 
Mag. ~9.14X. Neg. No. MsD-i8170G 
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Fig. 78. Enlargement of Section A15F (see Fig. 68a) Showing 

Porosity around Central Void in Fuel Pellets. 
Mag. ~3.5X. Neg. No. MSD-169876. 
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(a) From Top of Fuel Column 

Mag. ~250X. Neg. No. 
MSD-180777. 

(b) From Debris among Bottom 
End Plugs Mag. ~250X 
Neg. No MSD-180765. 

Fig. 79. Fine Porosity m Melted Fuel 

(a) Mag. ~125X Neg. 
No. MSD-180775. 

(b) Mag. -lOOX. Neg. 
No MSD-180800 

Fig. 80. Intergranular Porosity m Melted Fuel 

a b u n d a n c e i s c o n c l u d e d t o b e s t a i n l e s s s t e e l , p e r h a p s in a s s o c i a t i o n w i t h s o m e 
f i s s i o n p r o d u c t s . F i g u r e 79b ( b o t t o m ) s h o w s s m a l l , 1 - 2 - i i m p a r t i c l e s of m e t a l 
f e w i n n u m b e r a n d r a n d o m l y d i s p e r s e d , m o s t l y o n g r a i n b o u n d a r i e s . A v e r y 
u n i f o r m d i s p e r s i o n of a l a r g e n u m b e r of l - 2 - | J . m m e t a l l i c p a r t i c l e s i s s h o w n 



i n F i g . 8 1 , T h i s t y p e of d i s p e r s i o n w a s u n i q u e a n d o c c u r r e d i n r a t h e r d e n s e 
fue l i n t h e i n s u l a t o r - p e l l e t r e g i o n s h o w n i n F i g . 76 . O t h e r m e t a l l i c d i s p e r ­
s i o n s a r e s h o w n i n F i g s . 7 1 , 7 7 , 7 9 , a n d 8 0 a . T h e l a r g e g l o b s of s t e e l i n 
m e l t e d f u e l p r o b a b l y w e r e i n t r u s i o n s a f t e r t h e f ue l h a d s o l i d i f i e d . I n t r u s i v e 
m e l t e d s t e e l i s s h o w n in F i g . 82 a s a d e n d r i t i c s t r u c t u r e i n i n t i m a t e a s s o c i a ­
t i o n w i t h fue l . I t i s f r o m t h e s a m e t r a n s v e r s e s e c t i o n a s i n F i g . 7 1 , S t a i n ­
l e s s s t e e l d i s p e r s e d in f ue l g e n e r a l l y h a s a w i d e r a n g e of p a r t i c l e s i z e s 
d e p e n d i n g o n i t s h i s t o r y . 

Fig. 81 

Fine Uniform Dispersion of Metallic 
Panicles m Melted Fuel. Mag. -lOOX 
Neg. No MSD-180833. 

Fig. 82 

IniruM\ e Melted Steel with 
Melted I uel Etched, Oxalic 
acid. Mag.~25X Neg No. 
MSD-180863. 

O n m e l t i n g , s t a i n l e s s s t e e l m a y b e c o m e i n t i m a t e l y a s s o c i a t e d w i t h f u e l 
t o a d e g r e e p a r t l y d e p e n d e n t o n t e m p e r a t u r e . F i g u r e 71 s h o w s l a r g e g l o b u l e s 
of m e l t e d s t a i n l e s s s t e e l in a m a t r i x of s p o n g y fue l . A l t h o u g h m o s t of t h e 
s t e e l s e e m s t o h a v e m o v e d r a d i a l l y o r u p w a r d a h e a d of t h e f u e l , s o m e d i d 
b e c o m e t r a p p e d i n t h e m e l t e d fue l . T h e p r e v i o u s d i s c u s s i o n o n fue l s h o w e d 
t h e i n t i m a c y of m i x t u r e s of f ue l a n d s t e e l . O n t h e p e r i p h e r y of t h e c l u s t e r of 
e l e m e n t s , w h e r e m e l t e d s t e e l h a s s o l i d i f i e d a n d h a s l o c a t e d a m o n g t h e b o t t o m 



p l u g s , the so l id i f ied s t e e l a p p e a r s in m a n y i n s t a n c e s to h a v e f rozen v e r y 
r a p i d l y . T y p i c a l c o n t o r t e d s t r u c t u r e s of s t a i n l e s s s t e e l a r e shown in F i g . 8 3 . 
S t r u c t u r e s of th i s type w e r e not o b s e r v e d in l o s s - o f - f l o w T e s t s L 2 - L 4 , The 
g e n e r a l l y f iner d e n d r i t i c s t r u c t u r e of the s t e e l in F i g . 83b (froiTi a m o n g the 
end p lugs) i m p l i e s a f a s t e r r a t e of cool ing c o m p a r e d to the s t e e l in F i g . 83a 
( f rom the top of the fuel c o l u m n n e a r the o u t e r wa l l ) . 

J . 

? 

; . / . 

(a) Etched, oxalic acid. Mag. ~50X. 
Neg. No. MSD-180772. 

(b) Etched, CuCl2. Mag. ~25X. 
Neg. No. MSD-180766. 

Fig. 83. Solidified Stainless Steel Showing Effects of Rapid Cooling 

E x c e p t f o r c r a c k i n g , t h e UO2 p e l l e t s w e r e g e n e r a l l y u n a f f e c t e d b y t h e 
t r a n s i e n t , u n l e s s t h e y w e r e i n i n t i m a t e c o n t a c t w i t h m e l t e d fue l . F i g u r e 84 
s h o w s a UO2 p e l l e t t h a t d r o p p e d i n t o t h e m e l t e d fue l a t t h e t o p of t h e f ue l 
c o l u m n . S e g m e n t s of a r c s of UO2 h a v e s p a l l e d off of t h e p e l l e t . T h e U O j h a s 
f u s e d t o t h e f u e l a r o u n d i t , a s s h o w n i n F i g . 8 4 b a t h i g h e r m a g n i f i c a t i o n . 
M e t a l l i c p a r t i c l e s a r e p r e s e n t i n t h e f u e l , b u t n o t i n t h e UO2, A s m a l l i s o l a t e d 
p a r t i c l e of UO2 w a s f o u n d i n a r e g i o n of m e l t e d fue l i n t h e s a m e r e g i o n a s 
s h o w n i n F i g , 7 1 , T h i s p a r t i c l e i s s h o w n i n F i g . 8 5 , C r a c k s a r e e v i d e n t , a n d 
g r a i n - b o u n d a r y s e p a r a t i o n w i t h t h e d e v e l o p m e n t of a t t e n d a n t p o r o s i t y h a s 
o c c u r r e d . G a s e s i n t h e a s - f a b r i c a t e d p e l l e t s c o n t r i b u t e t o t h e d e v e l o p m e n t 
of p o r o s i t y . 

F . F u e l - e l e m e n t P l e n u m S e c t i o n s 

T h e t o p s of t h e f u e l e l e m e n t s w e r e r e m o v e d f r o m s e c t i o n A 4 . I d e n t i f i ­
c a t i o n n u m b e r s o n t h e t o p e n d p l u g s w e r e t u b e n u m b e r s , b u t t h e s e n u m b e r s 
c o u l d n o t b e c o r r e l a t e d w i t h t h e e l e m e n t n u m b e r o n t h e b o t t o m p l u g s w i t h t h e 
i n f o r m a t i o n a t h a n d . T h e t o p s e c t i o n of e l e m e n t N - 0 9 2 , t h e c e n t r a l e l e i n e n t , 
w a s i d e n t i f i e d b y t h e s p r i n g w i t h 2 5 c o i l s , c o m p a r e d t o 1 9 - 2 0 c o i l s f o r a l l t h e 
o t h e r s p r i n g s . T h e p l e n u m s e c t i o n s of t h e e l e m e n t s a r e s h o w n i n F i g . 74 . 



(a) Mag ~25X. Neg. 
No MSD-180617 

(b) Mag. ~100X. Neg 
No. MSD-180615 

Fig. 84 Fusion between Melted Fuel and a UO2 Insulator Pellet 

Fig 85 

Isolated Paiticle of UO2 Showing Grain-
boundary Separation Found m Melted-
fuel Region Mag. ~45X. Neg. No. 
MSD~180616. 

D i a r a e t e r s of e a c h e l e m e n t s e c t i o n w e r e m e a s u r e d a t 2 5 - m m i n t e r v a l s 
a n d a t 0 a n d 90° o n t h e c i r c u m f e r e n c e f o r a t o t a l of 14 m e a s u r e m e n t s p e r 
e l e m e n t . T h e a v e r a g e d i a m e t e r a n d t h e r a n g e of d i a m e t e r s w e r e 
5 , 8 1 3 _ o ' 0 2 5 r n m . T h e d i a m e t e r s p e c i f i e d o n t h e f u e l - e l e m e n t d r a w i n g w a s 
5 , 7 7 - 5 , 8 2 m m . T h e p o s t t e s t d i a m e t e r s a r e s l i g h t l y o n t h e l o w s i d e . D i a m e t e r 
c h a n g e s o r t h e g e n e r a t i o n of o v a l i t y i n t h e p l e n u m r e g i o n of t h e f ue l e l e m e n t 
do n o t a p p e a r t o h a v e o c c u r r e d f r o m T e s t E 7 . 

T h e s p a c e r t u b e s a n d s p r i n g s w e r e r e m o v e d f r o m t h e p l e n u m s e c t i o n s 
a f t e r h e a t i n g t o m e l t s o d i u m . S o d i u m w a s f o u n d b e t w e e n t h e s p a c e r t u b e s a n d 
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cladding, and up around some of the spr ings . A compar i son of the lengths of 
the springs and the spacer tubes with the length of cladding indicated that, in 
some c a s e s , considerable free space existed above the spacer tube. This 
was in accord with the evidence of the neutron radiographs . Data a r e shown 
in Table VI. 

TABLE VI. Measurements of Upper-plenum P ieces 

Top-plug 
Identification 

N-022 
N-029 
N-015 
N-057 
N-078 
N-014 
N-061 

Spring 
Length, 

m m 

27.4 
27.4 
26.7 

_ 
26.7 
26.9 
26.9 

Overal l Length 
of Section, 

m m 

339.5 
338,0 
334.0 
333.6 
333.2 
333.2 
332.4 

Coils 
p e r 

Spring 

20 
19 
19 
25 
19 
20 
19 

Gap in 
Plenuni 

Region, inm 

63.3 
67.4 
11.9 
4.8 
8.9 

-0 .3 
-3 .5 

The re la t ive gaps in the plenum cor responded in a general way with 
the amount of downward movement of the ref lector rods and spacer tubes as 
de termined from the neutron radiographs . However, differences as m e a s u r e d 
were g rea te r than expected from the nature of the p rocedures used. Handling 
during the ear ly a t tempts to remove the split loop from the tes t section by 
melting the sodium probably resul ted in some movement of the p a r t s . 

Five of the section lengths were 339,5 ± 3,2 m m , and the other two 
elements were about 6,2 m m longer. On the bas i s of the neutron radiographs 
and these m e a s u r e m e n t s , the N-022 top plug can be pa i red with element N-104, 
and top plug N-029 with ei ther e lement N-185 or -153. By compar ison with 
the resu l t s of Test L4, which was of s imi la r geometry , the tops of the two 
longer-plenum sections appear to have moved upward as a resu l t of the 
t rans ient . 

The spring constants were m e a s u r e d for two spr ings with the following 
r e s u l t s : N-014, 1.05 kN/m (6.0 lb/in.) , and N-078, 1.03 kN/m (5.9 lb/in.) as 
compared with the as - fabr ica ted specification of 0.70-0.84 kN/m (4,0-4.8 lb/in.). 
I r radia t ion hardening probably occur red during i r rad ia t ion in EBR-II and may 
have resul ted in a stiffer spring. These p r e t e s t r e su l t s for spring constants 
compare with values of 0.93-1.17 kN/m (5.3-6.7 lb/in.) for s imi la r e lements 
in Test L4. 

VIII. CALCULATIONS t 

Test ins t rumentat ion on the loop moni tored flow, p r e s s u r e , and tem­
p e r a t u r e conditions at the inlet and outlet of the fuel-pin bundle. Detailed 



c o n d i t i o n s wi th in the c l u s t e r m u s t be e s t i m a t e d t h r o u g h c a l c u l a t i o n s . The 
C O B R A - 3 H code w a s u s e d to c a l c u l a t e fuel , c l a d d i n g , and h o l d e r - w a l l t e m ­
p e r a t u r e s a s func t ions of r a d i u s , a z i m u t h a l s e c t o r , and a x i a l e l eva t i on . D e t a i l s 
of t h e s e c a l c u l a t i o n s a r e g iven in A p p e n d i x B. 

Output f r om the t h e r m a l - h y d r a u l i c COBRA c a l c u l a t i o n s inc lude d e ­
t a i l e d fuel e n t h a l p i e s and c l ad t e m p e r a t u r e s . T h e s e a r e t hen u s e d in the 
D a m a g e P a r a m e t e r Mode l of B a a r s , Sco t t , and CuUey^ to p r e d i c t the t i m e 
and l o c a t i o n of i n i t i a l c l add ing f a i l u r e . 

A, G e n e r a l R e s u l t s of COBRA C a l c u l a t i o n s 

To a good a p p r o x i m a t i o n , the r e s u l t s of the COBRA c a l c u l a t i o n s y ie ld 
the s a m e t e m p e r a t u r e d i s t r i b u t i o n s for a l l p i n s in the c l u s t e r at a g iven r a d i a l l y 
a v e r a g e d fuel en tha lpy . T h i s i s shown in F i g . 86 . T h e s e r e s u l t s app ly to a l l 
ax i a l z o n e s and a z i m u t h a l s e c t o r s . Me l t i ng of the c o l u m n a r g r a i n s b e g i n s a t 
0 .837 M J / k g (200 ca l /g ) and r e a c h e s the e q u i a x e d - g r a i n r e g i o n a s the fuel 
en tha lpy r e a c h e s 0 .987 M J / k g (236 c a l / g ) . 

350 

1000 2000 3000 4000 5000 
TEMP,°F 

6000 7000 

Fig. 86 

Generalized Radially Averaged Fuel-enthalpy/ 
Temperature Results by Grain-structure Region. 
Conversion factors: 1 cal/g = 4.184 x 
10-3 MJ/kg; t (°C) =- [t (°F) - 32]/1.8. 

The r e s u l t s for the four fuel r o d s i nc luded in the c a l c u l a t i o n s a r e 
l i s t e d in T a b l e VII. E x a m i n a t i o n of the d a t a in the t a b l e shows tha t the a x i a l 
"hot spo t" m o v e s f r o m the top t h i r d of the p in t o w a r d t h e c e n t e r a s the t r a n ­
s i en t p r o g r e s s e s . 

B . T e m p e r a t u r e D i s t r i b u t i o n a t E n d of P r e h e a t 

F o u r p in c a s e s w e r e c a l c u l a t e d : the c e n t r a l p in , t he p in c l o s e s t to the 
A L I P , a p in r e p r e s e n t i n g e a c h of the t h r e e p i n s o p p o s i t e t h e A L I P , and a p in 



TABIt VII, Calculated Fuel Enthalpy dnd Ctaddinij remperaturei 

ROD 1 FNIHALPV 

TIME 

3.300 

4.600 

5.400 
6.200 

7.0)0 

7.100 

7.200 

7.300 

7.350 

7.400 

7.440 
7.480 

7.500 

7.520 

7.540 
7.5ffl 

7.580 
7.«10 

1 
0.0 

35.40 
51.85 

76.92 
84.16 

85.83 
90.68 

101.40 

110.50 

123.10 

136.20 
152.60 

162.20 

172.60 

184.10 
196.30 

209.00 

221.50 

L. 

0.0 
37.50 
68.09 
84.52 
91.84 

93.85 

loo.m 
113.20 

124.30 

139.30 

154.90 

174.40 

165.80 

198.20 
211.80 
226.30 
241.30 

256.10 

A X I A l /ONE 

3 
0.0 

38.10 
70.14 

87.79 
96.0? 

98.29 

104.90 

118.70 

130.30 

146.10 
162.40 

182.90 

194.70 

207.80 

222.00 
237.20 

252.90 

268.40 

4 
0.0 

38.30 

70,96 
89.88 

99.02 

101.30 
108.00 

122.00 

133.80 

149.70 

166.30 

187.10 

199.10 

212.30 
226.70 
242.10 

258.00 
273.80 

5 
G.O 

38.20 
70.92 

91.01 

101.30 

103.50 

110.00 

123.90 

135.50 

151.40 

167.90 

188,40 

200.30 

213.40 

227.70 
243.00 
258.90 

274.50 

6 
0.0 

37.78 
69.97 

91.00 
102.60 

104.80 

111.00 

124.40 

135.60 

151.00 

166.90 
186.90 

198.40 

211.20 

225.00 
239.90 

255.30 

270.50 

7 
0.0 

35.76 
64.07 

84.69 

98.10 

100.40 
106.00 

116.90 

126.30 

139.10 

152.60 
m.fo 
179.40 

190.20 
202.00 
214.70 

227.80 

240.70 

ROD 1 CLAD lEMPCRATURt 

TIME 

3.800 

4.600 

5 . « 0 
6.200 

7.(M0 

7.100 

7.200 

7.300 

7.350 

7.400 

7.440 

7.480 

7.500 

7.520 

13m 
7.560 

7.580 

7.600 

1 
720. 

735. 

770. 

mi. 
830. 

839. 

859. 
879. 

893. 

911. 

930. 
952. 

964. 

977. 

991. 

1006. 
1022. 

1038. 

2 
721. 

740. 
797. 

851. 

884. 

891. 

909. 

939. 

961. 

990. 

1019. 

1053. 

1073. 

1094. 

1117. 

1141. 

1167. 

1193. 

3 
721. 

744. 
822. 

896. 

934. 

941. 

960. 

998. 

1025. 

1063. 

IIM. 
1145. 

1170. 

1198. 

1228. 

1261. 

1295. 

1331. 

AXIAL ZOM 

4 
721. 

748. 

845. 
941. 

987. 

994. 

1014. 

1057. 

1089. 

1133. 

1177. 

1230. 

1261. 

1295. 

1331. 
1371. 

1412. 

1456. 

ROD 2 tNTHAlPY 

5 
722. 

751. 
868. 

983. 

1041. 

1048. 

1068. 

1114. 

1150. 

1198. 

1248. 

1308. 

1342. 

1380. 
1421. 

1466. 

1515. 

1566. 

6 
722. 

754. 

887. 

1020. 

1090. 

1100. 
1123. 

1168. 

1206. 

1258. 

1310. 

1375. 

1412. 

1454. 

1499. 
1548. 

I f f l l . 
165/. 

7 
722. 
755. 
898. 

1042. 

1124. 

1134. 

1161. 

1218. 

1254. 

1304. 

1356. 

1420. 

1458. 

1501. 
1547. 

1597. 

1651. 

1708. 

TIME 

3.800 
4.830 

5.400 

6.200 

7.000 

7.100 

7.200 

7.300 

7.350 

7.400 

7.440 

7.480 

7.500 

7.520 

7.540 

7.5M 

7.580 

7.«)0 

1 
0.0 

33.92 
57.33 

71.75 

79.50 

81.12 

85.61 

94.61 

102.40 

113.20 

124.50 

138.80 

147.00 

156.10 

166.10 
176.70 

137.70 

198.60 

2 
0.0 

35.73 

62.95 

79.04 

67.10 

88.87 

93.91 

105.10 

114.50 

127.50 

141.10 

158.00 

167.80 

178.70 

190.50 

203.10 

216.20 

229.10 

AXIAL ZOW 

3 
0.0 

36.27 
64.77 

81.95 

90.7? 

92.62 

97.95 

109.70 

119.70 

133.30 

147.50 

165.30 

175.60 

186.90 
199.30 

212.50 

226.20 

239.80 

4 
0.0 

36.42 
55.44 

83.61 

93.34 

95.29 

100.70 

112.a) 

122.70 

135.60 

150.90 

168.90 

179.40 

190.90 

203.40 
216.80 

230.70 

244.40 

5 
0.0 

36.32 
65.34 

84.33 

95.11 

97.15 

102.60 

114.30 

124.30 

138.00 

152.30 

170.10 

180.50 

191.80 
204.30 

217.60 

231.40 

245.00 

6 
0.0 

35.96 
54.44 

84.00 

95.87 

98.02 

103.40 

114.70 

124.30 
137.50 

151.40 

168.70 

178.m 

189.80 

201.80 
214.80 

228.20 

241.40 

7 
0.0 

34.19 

59.11 
77.78 

90.68 

92.89 

98.06 

108.00 

115.90 

127.00 

138.60 

153.30 

161.80 

171.20 

181.40 
192.50 

203.80 

215.10 

ROD 2 LLAD TEMPERAIURT 

TIMi. 

3.800 

4 . « 0 

5.400 

6.200 

7.000 

7.100 

7.200 

7.300 
7.350 

7.400 

7.440 

7.480 

7.500 
7.520 

7.540 

7.560 

7.580 

7.M0 

1 
720. 

734. 

764. 

794. 

820. 

828. 

846. 

873. 
885. 

901. 

917. 

936. 

947. 

956. 

970. 

983. 

997. 

1011. 

2 

721. 

m. 
m. 
835. 

8?0. 

879. 

901. 

926. 
949. 

974. 

999. 

1030. 
1047. 

1066. 

1086. 

1108. 

1131. 

1154, 

3 
?21. 

74?. 

809. 

874. 

917, 

i>?6. 

948. 

i>82. 

1007. 

1040. 

1073. 
1113. 

1135. 

IIW. 
lis?. 
1216. 

1247. 

1278. 

AXIAl ZONE 

4 
721, 

745. 

829. 

912. 

963. 
971. 

W5 
1033. 
1052. 

1101. 

1140. 
1183. 

1215. 

1245. 

1277. 

1312. 

1349. 

1387. 

5 
722. 

748. 

848. 

948. 

100/. 

1016. 

1042. 

1083. 
1115. 

1158. 

1202. 
1255. 

1286. 

1320. 

1356. 

1396. 

1439, 

1483. 

6 
722. 

750. 

865. 

930. 

1049. 

1059. 

1035. 

1132. 
1165. 

1211. 

1258. 
1315. 

1348. 
1385 

1425. 

1468, 

1515. 

1565. 

7 
722. 
?52. 
8/5. 

1001. 

1079. 

1088. 

1112. 

115S. 

1209. 

1254. 

1300. 

1358. 

1392. 
1428. 

1469. 

1514. 

1563. 

1614. 

ROD 3 fNIHAlPY 

TIME 

3.300 

4.600 
5.400 

6.200 
7.000 

7.100 
7.200 

7.300 

7.350 

7.400 

7.440 

?.480 

7.500 

7.520 

7.540 
/.560 

7.580 

7.M0 

1 
0.0 

35.92 

63.30 
78.63 

85.73 

87,42 

92.56 

104.00 

113.W 

125.80 

140.50 
157,70 

167.70 

178.70 

190.70 
203.50 

216.70 

229.80 

2 
0.0 

38.07 
69.74 

86.29 
94.22 

96.47 

103.10 

116.90 

128.50 

143.20 

m.m 
181.00 

192.MI 

205.80 

220.00 
235.20 

250.90 
266.40 

i 

3 
0.0 

«.70 
71.85 

89.62 

98.75 

101.20 
106.20 

122.70 

134.80 

151.30 

168.50 
189.0) 

202.20 

215.80 

230.70 
246.0) 

263.00 

279.30 

W I A L /ONE 

4 
0.0 

38.88 
72.69 

91.78 
101.60 

104.20 

111.20 

I26.H} 

138.30 

155.00 
172.40 

194.00 

206 .a 

220.40 

235.40 

251.«) 
268.20 
284.70 

5 
0.0 

38.76 

72.66 
92.99 

103.40 

105.90 
112.90 

127.60 

139.80 

156.40 
173.60 

195.10 

207.50 

221.20 

236.20 
252.20 

268.70 

285.10 

6 
0.0 

38.33 

71.59 
93.01 

104.50 

106.80 

113.50 

127.70 

139.50 

m.(f) 
172.30 
193.10 

205.20 

218.50 
233.(M 

248.50 

264.60 

280.50 

7 
0.0 

36.23 
65.59 

86.70 

mio 
102.40 

108.10 

m.m 
129.40 

U3.m 
157.10 
174.80 

185.10 

196.40 

m.m 
222.00 

235.70 

249.30 

ROD 3 CIAD TEMPERAIURt 

TIME 

3.800 
4.ao 
5.400 

6.200 

7.000 

7.100 

/.200 

7.300 

7.350 

7.400 

/.440 

7.480 

7.500 

7.520 

7.540 
7.5«.) 

7.580 

7.100 

1 
720. 

736. 
771. 

805. 

832. 

841. 

857. 

877. 

892. 

911. 

929, 

951. 
963. 

976. 

990. 
1«)5. 

1020. 

1036. 

2 
721. 

740. 
798. 

853. 

883. 

891. 
909. 
939. 

961. 

990. 

1018. 

1052. 

1072. 

1093. 

1116. 
1 1 « . 

1165. 

1191. 

3 
721. 
744. 

8?3. 

899. 

934. 

941. 

961. 
998. 

1026. 

1063. 

1099. 

1144. 

1169. 

1197. 

1227. 
1259. 

1294. 

1329. 

AXIA l ZOME 

4 
721. 

748. 

847. 
943. 

988. 

994. 

1014, 

1057. 

1089. 

1133. 

1176, 

1230. 

12m. 
1294. 

1330. 

1369. 

1411. 
1454. 

ROD 4 LMHALPY 

5 
722. 

751. 

869. 

985. 

1041. 

1048. 

1068. 

1113. 

1149. 

1198. 

1247. 

1307. 

1341. 

1379. 

1420. 

1465. 

1513. 

1564. 

6 
722. 

754. 

888. 

1022. 

1093. 

1101. 

1121. 

llffl. 
1206. 

1257. 

1309. 
1374. 

1411. 

1452. 

1497. 
1545. 

1599. 
1655. 

7 
722. 

755. 
899. 

1044. 

1126. 

1137. 

1165. 

1216. 

1252. 

1303. 

1355. 

1419. 
1457. 

1499. 

1545. 

1595. 

1649. 

1706. 

riw 

3.800 
4.600 

5.400 

6.200 

7.000 

7.100 

7.200 

i.m 
7.350 

7.400 

/.440 

7.480 

7.500 

7.520 

7.540 
7.5«:) 

7.580 

?.«I0 

1 
0.0 

37.15 

66.84 
82.33 

88.97 

90.92 

96.95 

109.80 

120.50 

135.20 

150.40 

169.40 

180.50 

m.m 
205.80 

220.00 

234.M 

249,10 

2 
0.0 

39.51 
?3.68 

89.99 

100.00 

102.70 

110.10 

125.40 

138.20 

155.60 

173.70 

195.20 

209.20 

223.60 

239.20 
256.00 

273.00 

210.40 

AXIAL Z O t t 

3 
0.0 

40.20 
lb.92 

93.39 

105.(M 

107.80 

115.«) 

131.70 

145.10 

163.30 

182.20 

205.80 

219.50 

234.50 

250.90 
268.40 

286.50 

304.40 

4 
0.0 

4U.40 
76.84 
95.63 

107.80 

110.70 

118.60 

135.00 

148.60 

lt.7.10 

186.20 

210.10 

226.90 

230.20 

255.70 
273.50 

291.80 

310.00 

5 
0.0 

40.26 
76.83 

97.04 

109.20 

112.10 

120.00 

136.30 

149.70 

168.10 

187.10 

210.80 

224.50 

229.60 

256.00 
273.70 

291.90 

309.90 

ROD 4 LLAD TE.'.IPFRArURE 

6 
0.0 

39.78 

75.82 

97.ffl 

109.20 

112.10 

119.70 

135.50 

m.m 
166.40 

184,80 

207.80 

221.20 

235.80 

251.80 

268.90 

286.60 

304.20 

7 
0.0 

37.47 

69.35 

91.17 

104.10 

106.40 

112.50 

125.«) 

136.60 

151.70 

167.30 

186.90 

198.20 

210.70 
224.m 

238.90 

254.00 

269.00 

Tias 

3.800 
4.600 
5.«n 
6.200 
7.000 
7.100 
7.200 
7.3m 
7,350 

i.m 
7.440 
7,480 
/.560 
/.520 
J.540 
7.5«) 
7.580 
7 .«0 

1 
720. 
736. 

im. 
m. 
836. 
844. 
853. 
881. 
896. 
916, 
935. 
953. 
971, 
985, 

1000. 
1016. 
1032. 

ma. 

2 
721. 
741. 
803. 
860. 
887. 
894. 
913. 
945. 
967. 
997. 

1027. 
1062. 
1082. 
1104. 
1128, 
1153. 
1180. 
1206. 

3 
721. 
/45. 
828. 
905. 
938, 
945, 

%\ 
1004. 
1032. 
1070. 
1108. 
1154. 
1180. 
120O. 
1240, 
1273, 
1308. 
1344. 

AXIAl ZOM 

4 
?2I. 
/49. 
852. 
951. 
991. 
998. 

1010. 
1062. 
1096 
1140. 
1185. 
1240. 
1271. 
1305. 
1343. 
1383. 
1425. 
1470. 

5 
722. 
752. 
874. 
993. 

10*1. 
1051. 
10/2. 
1119. 
1156. 
1205. 
1255. 
1317. 
1352. 
1390. 
1432. 
1479. 
1528. 
1580. 

5 
722. 
755. 
893. 

1029. 
1095. 
1103. 
1124, 
1172. 
1211. 
1264. 
1317. 
1383. 
1421. 
1463. 
1509. 
1560. 
1613. 
1570. 

7 
722. 
755. 
902. 

1049. 
1132. 
1143. 
1170. 
1217. 
1255. 
1307. 
1361. 
1426. 
1465. 
1508. 
1555. 
Iffl6. 
1661. 
1719. 
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^^m r ep resen t ing each of the remaining two. The rad ia l and axial t empe ra tu r e 
^ ^ profi les for fuel and cladding for these c a s e s a r e shown in F igs . 87-90. Radial 

d is t r ibut ions a r e shown at the bottom and center of the fuel columns in each 
figure. Axial t empe ra tu r e profi les a r e shown at the centroid of the inner­
mos t radia l node (r = 0.71 m m ) , for the centroid of the outer region of the 
equiaxed gra ins (r = 1.92 inm), for the centroid of the edge node (r = 2.4 m m ) , 
and for the cladding midpoint (r = 2.62 mm) . The abrupt dec rea se in t em­
p e r a t u r e at the top of the pin ref lects the absence of axial heat t r anspo r t by-
conduction to the upper s t ruc tu re . Cladding t e m p e r a t u r e s in the upper pin-
s t ruc tu re region remain re la t ive ly constant , reflecting the effects of axial 
heat convection from the upward-moving sodium s t r eam. The th ree -d imens iona l 
t empe ra tu r e pa t te rn is summar ized in the f igures . 

It is of in te res t to compare the degree to which t he rma l "prototypicali ty" 
was achieved in Test E7. F igure 91 shows the calculated radia l t empe ra tu r e 
distr ibution for a high-power pin in the CRBR^^ and those of the E7 fuel pins 
at the end of the prehea t per iod (7 s). The dashed line r e fe r s to the CRBR. 
The agreement for Rod 4 (and 5) is excellent, although cladding t e m p e r a t u r e s 
in Test E7 a r e 2 5-50°C hot ter than in the CRBR. 

The corresponding compar i son of the axial t e m p e r a t u r e profi les is 
shown in Fig. 92. In this compar i son , Rod 4 (and 5) of Test E7 is near ly 
equivalent to a ha l f - sca le CRBR high-power pin. The flux-shaping co l l a r s on 
the loop were specified to produce an axial power profile cha rac t e r i s t i c of 
that in EBR-II (see Sec. III.C). 

The axial elevations in Fig . 92 were chosen so that the cladding t em­
p e r a t u r e s (figures to the right) in Test E7 matched reasonably well with those 
of CRBR. To do this r equ i r e s the bottom of the E7 cladding to match the CRBR 
cladding at 178 m m up from the bottom. 

It is concluded from these compar i sons that the rad ia l t e m p e r a t u r e 
profi les in the hottest pins of Test E7 (N-185, -104, and -153; see Fig. 6) at 
the end of the preheat per iod a r e indeed "prototypic" of high-power pins in 
CRBR near the end-of-life (EOL) cycle (see Fig. 91). Axial t empe ra tu r e 
dis t r ibut ions at the clad midpoint were equally prototypic. However, axial 
fuel t e m p e r a t u r e s in Test E7 look like 915-mm-long prototypic pins com­
p r e s s e d into a 342-mm region s tar t ing 100 m m above the bottom of the co re . 

C. Thermal His tory during Approach to F a i l u r e 

F igu re s 93 and 94 show the rma l energ ies and t e m p e r a t u r e s during 
the approach to failure for the hot tes t pins (N-158 and -104). The other pins 
follow this same h is tory , but at delayed t imes . This is a consequence of 

^_^ their lower cal ibrat ion factors within the c lus te r . During the short per iod of 
^ ^ • t h e t rans ien t (580 m s ) , the heating of individual pins is near ly adiabatic . 
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100 

4000 

Fig. 91 

Comparison of Radial Temperature Distributions 

of Test Fuel and High-power CRBR Rod. Con­

version factors: t (°C) -= [t (°F) - 32]/1.8; 

1 mil = 0.0254 mm. 
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Fig. 92. Compar i son of Axia l T e m p e r a t u r e Distributions of Tes t Fuel 

and High-power CRBR Rod. Conversion factors: t (°C) = 

[t ("F) - 3 2 ] / 1 . 8 ; 1 in . = 2.54 c m . 
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Fig. 93 

Temperature and Energy History of Hottest Test 
Fuel Rod during Approach to Failure. Conver­
sion factors: t (°C) = [t (°F) - 32]/1.8; 1 in. = 
2.54 cm; 1 Btu = 1.055 kj. 

Fig. 94 

Energy Partitioning during Approach 
to Failure. Conversion factor: 
1 Btu = 1.055 kJ. 
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E-7 TEST TIME.s 
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F u e l t e m p e r a t u r e s a r e shown by g r a i n r e g i o n s in the top c u r v e s of 
F i g , 93 for the h o t t e s t a x i a l node (node 5 f r o m 196 to 245 m m ) of Rod 4 . C l a d ­
ding s u r f a c e t e m p e r a t u r e s a r e shown in the m i d d l e two c u r v e s . The u p p e r of 
t h e s e i s the peak s u r f a c e t e m p e r a t u r e t h a t o c c u r s a t the top of t h e fuel c o l u m n 
(344 m m ) and i s t he s a m e , w i th in 10°C, a s t h e m a x i m u m coo l an t t e m p e r a t u r e . 
The l o w e r c u r v e i s t he c l a d d i n g s u r f a c e a t the h o t t e s t fuel node (node 5). 

The b o t t o m se t of t h e c u r v e s in F i g . 93 show the t o t a l f i s s i o n energy-
g e n e r a t e d by the s e v e n fuel p i n s and t h e t o t a l r e t a i n e d in the fuel , i n t e g r a t e d 
o v e r the e n t i r e fuel p in . F i g u r e 94 shows p a r t i t i o n i n g of the t o t a l e n e r g y in to 
c l a d d i n g , s o d i u m , and d u c t - w a l l e n t h a l p y a s w e l l a s the l a t e n t h e a t of fus ion . 



The l o w e r p o r t i o n of F i g . 95 shows the r a d i a l p r o p a g a t i o n of the s o l i d u ^ ^ p 
and l iqu idus f r o n t s . P o s i t i o n s of the v a r i o u s g r a i n - s t r u c t u r e i n t e r f a c e s a r e 
shown a s the l i n e s A - D . The c o r r e s p o n d i n g a x i a l t e m p e r a t u r e d i s t r i b u t i o n s 
a long t h e s e i n t e r f a c e s a r e shown for s e l e c t e d t i m e s a t t he top of the f i g u r e . 
With i n c r e a s i n g t i m e into the t r a n s i e n t , the ax i a l t e m p e r a t u r e s t end to b e ­
c o m e qu i t e f lat t h r o u g h the c e n t r a l r e g i o n of the p in , c o m p a r e d to the n e a r l y 
b e l l - s h a p e d d i s t r i b u t i o n a t t he end of the p r e h e a t ( s e e F i g s . 8 7 - 9 0 ) . 
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Fig. 95. A.xial Temperature Profiles and Radial Melt-front 
History during Approach to Failure. Conversion 
factors: t (°C) = [t (°F) - 32]/1.8; 1 mil =• 
0.0254 mm; 1 in. = 2.54 cm. 

D. T e m p e r a t u r e D i s t r i b u t i o n a t F a i l u r e 

The s e q u e n c e of e v e n t s r e l a t e d to i n i t i a l f u e l - p i n f a i l u r e b e g i n s wi th a 
s e r i e s of c l add ing r u p t u r e s a t 7.45 s and ends wi th e j e c t i o n of a s o d i u m s lug 
a t 7.55 s. F u e l m o t i o n o b s e r v e d by t h e h o d o s c o p e d u r i n g t h i s t i m e i n t e r v a l i s 
a t t r i b u t e d to p in bowing and s q u i r m i n g r a t h e r t han m o t i o n wi th in the flow 
c h a n n e l . F i g u r e 96 shows the c a l c u l a t e d t e m p e r a t u r e p r o f i l e s for t h e h o t t e s t 
p in ( N - 1 5 3 , s e e F i g . 6) a t t he m i d d l e of t h i s i n t e r v a l . The a v e r a g e p in en tha lpy 
i s 854 J / g (204 ca l / g ) . P i n s N - 0 6 9 , - 0 9 2 , and - 0 8 1 r e a c h th i s en tha lpy a t 7 .52, 
7 .53 , and 7.56 s, r e s p e c t i v e l y . F i g u r e 96 shows t h a t the m e l t f ron t h a s j u s t 
e n t e r e d the equ i axed g r a i n r e g i o n , the o u t s i d e s u r f a c e of the fuel p e l l e t s i s 
s o m e 1100°C be low the m e l t i n g t e n a p e r a t u r e , and the t e m p e r a t u r e g r a d i e n t i s 
in e x c e s s of 644°C/cm ( l 6 3 5 ° C / i n . ) . 
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Fig. 96. Temperature Distributions at Failure of Hottest Test 
Fuel Pin. Conversion factors: t (°C) = [t (°F) -
32]/1.8; 1 in. = 2.54 cm; 1 mil = 0.0254 mm. 

E. Damage P a r a m e t e r 

Scott and Baa r s or iginal ly proposed a single paramete r^ that would 
c h a r a c t e r i z e r e s t r u c t u r e d fuel at the t ime of fa i lures . Their so-ca l led 
"damage p a r a m e t e r " was an empi r i ca l approach to predict ing incipient fai lure 
due to cladding loading from the rma l expansion, f i s s ion-gas r e l e a s e , and fuel 
swelling. A revised damage p a r a m e t e r with an explicit " t ime- in to - the -
t rans ien t" t e r m is used h e r e . 

The Sco t t -Baars damage p a r a m e t e r is defined as 



where 

'AH\ 
1 = the effective mean fuel enthalpy per unit cladding yield 

' " eff s trength at t ime ti into the t rans ien t 

^ AHi^ 

1 = 1 ^ A 

and 

m 
Z ^ti 
i=i 

AHi = the change in enthalpy between two t ime steps (tj^i and t4) 
weighted by the t ime into the t rans ien t (ti - tj) 

= l ' (Hj+i - Hj)exp[» ( t i - t j ) /2] , 
j = i 

C = the f i ss ion-gas concentrat ion averaged over the fuel pin 
(cmVg), 

Vf = the volume fraction of un res t ruc tu red fuel. 

The .yT t e r m accounts for the exper imental ly observed ra t e of t he rma l -
energy addition and the final sever i ty of conditions at fai lure. An exponential 
weighting of ear ly enthalpy additions cor responds to a "memory" at fai lure 
t ime of the cladding loading effects at e a r l i e r t imes . 

The damage p a r a m e t e r has been calculated for each axial zone of 
each fuel rod. Yield s t rengths used in these calculat ions were for 20% cold-
worked Type 316 s ta inless s teel ; these were taken from Ref. 22 and a r e shown 
in Fig. 97. Fuel enthalpies were those calculated by COBRA and l is ted in 
Table VII. 

Resul ts of the calculat ions a r e shown in F igs . 98-101 for each rod. 
Scott and Baa r s repor ted a value of 3.8 x 10"^, with a 5-10% deviation, for 
the damage p a r a m e t e r at the threshold of fai lure. Corre la t ions were studied 
for fast and slow t rans ien t s in both Mark-I I loop and HEDL static capsule 
failure t e s t s . Use of these c r i t e r i a for Test E7 suggests fa i lures at 7.51, 
7.55, 7.51, and 7.50 s for Rods 1-4, respect ive ly . F u r t h e r , all fa i lures a r e 
predicted to occur at the top axial node of the fuel pins. This is the region 
of highest cladding t e m p e r a t u r e and lowest yield s t rength, but not n e c e s s a r i l y 
of maximum internal clad loading. 
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Fig. 97 

Cladding Yield Strength as a Function of Mid-
wall Temperature. Conversion factors: 1 psi = 
6.895 kPa; t (°C) = [t (°F) - 32]/1.8. 
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Fig. 98. Damage Parameters for Rod 1 
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Fig. 101. Damage Parameters for Rod 4 

The c u r v e s in F i g s . 9 8 - 1 0 1 a l s o show the r a t e a t w h i c h f a i l u r e c a n 
p r o p a g a t e d o w n w a r d . T h e s e r e s u l t s p r e s u m e tha t t he COBRA c a l c u l a t i o n s of 
fuel en tha lpy and c l add ing t e m p e r a t u r e a r e c o r r e c t . The COBRA c a l c u l a t i o n s 
p r e d i c t an ou t l e t t e m p e r a t u r e of about 570°C a t t he end of the p r e h e a t (7.0 s) . 
T e m p e r a t u r e m o n i t o r e d by the ou t l e t t h e r m o c o u p l e s w a s 450°C. P a r t of t h i s 
d i f f e r e n c e c a n be a c c o u n t e d for by the i n a b i l i t y of COBRA to c o r r e c t l y c a l c u ­
l a t e the h e a t l o s s to the s t r u c t u r e a b o v e the a d i a b a t i c r e g i o n of t h e fuel h o l d e r 
( s e e F i g . 7). 

At the end of the p r e h e a t p e r i o d , fuel e n t h a l p i e s v a r i e d f r o m 80 to 
110 c a l / g (335 to 460 J/g) ( s e e T a b l e VII). T h i s e n e r g y , e x p o n e n t i a l l y w e i g h t e d 
to the t i m e of p o t e n t i a l f a i l u r e , w a s i n c l u d e d in the d a m a g e - p a r a m e t e r c a l c u ­
l a t i o n s . If the p r e h e a t e n t h a l p y h a d not b e e n i nc luded , t h e d a m a g e p a r a m e t e r 
for Rod 1, for e x a m p l e , would be 1 x 10~* a t 7.51 s, and the f a i l u r e would be 
p r e d i c t e d b e t w e e n a x i a l z o n e s 5 and 6 r a t h e r t h a n in zone 7. 

If t he h o t t e s t p in (Rod 4) w e r e to fa i l a t 7.50 s a s p r e d i c t e d a b o v e , a 
d a m a g e p a r a m e t e r of 1 x 10"* wou ld p r e d i c t f a i l u r e a t t h e b o t t o m of a x i a l 
zone 7. R e s u l t s of d a m a g e p a r a m e t e r c a l c u l a t i o n s tha t do not i n c l u d e the 
p r e h e a t en tha lpy a r e l i s t e d in T a b l e VIII. 



TABU; VIII. Damage Parameters without Preheat tnthalpy 

Pftpfc*^ 
Tift 

7 UX* 
7 ^%.^ 
7 JtX) 
7 .ISO 
7 4©0 
7 440 
7 48C' 

7 see 
7 520 
7 ?;4e 
7 «̂ «f̂  
7 CSC 
7 S»^ 

imtmr^ 

Tirt 

7 loe 
7 20C 
7 3©© 
7 35e 
7 400 
7 440 
7 420 
7 500 
7 520 
7 540 
7 560 
7 SSO 
7 600 

I>^MMC£ 
TIPt 

7 H » 
7 500 
7 300 
7 J50 
7 400 
7 440 
7 4Si-

7 soe 
•«• '-•ci%^ 
7 ^.4W 

7 sec 
7 5fi« 
7 f.v»e 

D*4l1rtf.F 
Tirt 

7 U*%^ 
7 am> 
7 i(n:> 
7 .JS0 
7 400 
7 44© 
7 480 

7 soe 
7 5^0 
7 540 

7 see 
7 5£0 
7 €.00 

PARrtMETERS 

1 
4 
I 
1 
2 
5 

-i 
4 
4 
c; 
fi 
n 
*5 

1 
36E-05 
•/dE-^*5 
18E-04 
67E-04 
35E-04 
I55E-04 
Q4E-04 
43E-iM 
98E-04 
timF.-04 
7.S€- 04 
04E--04 
«7E-«d4 

1 
5 
1 
2 
a 
3 
4 
5 
6 
7 
3 
9 
1 

PrtPAPtTrPS 

i 
4 
1 
1 
2 
2 
3 
3 
4 
4 
S 
6 
6 

1 
32E-~05 
4aE-05 
»5E-04 
43E-04 
06E-04 
66E-04 
43E-04 
85fc:--04 
33E-04 
86E-04 
44f.-04 
09L-04 
79E-04 

1 
4 
1 
1 
a 
3 
4 
4 
5 
5 
€, 
7 
8 

PARrtflETER̂ -, 

I 
4 
1 
I 
a 
3 
4 
4 
b 
t; 

6 
a 

3 

1 
3SE-05 
39E-05 
^SE-04 
75C-04 
43E-04 
21E-04 
tAF-^t4 
G7E-04 
aSE-04 
H^f:->a4 
GlE-04 
40E--04 
27E-04 

1 
6 
1 
-, 
3 
4 
c; 
5 
6 

1 

B 
9 
1 

Prtk^mFTPP^-

1 
5 
1 
'd 
2 
J 
4 
S 
5 
fa 
7 
8 
9 

1 
c;9F _05 
7OE-05 
4 ifc-04 
tnE-04 
ZBE 04 
fo4fc-M4 
fi'5f-04 
a6E 04 
93F--04 
6 3E 04 
4 3E 04 
3eE-04 
a3E -04 

P. 
S 

1 

a 
3 
4 

s 
6 
7 
3 
9 
1 
1 

FOR ROC« 1 

2 
66E 05 
90C 05 
49E--04 
09E -04 
tj4fc-~04 
ClE-04 
94E-»M 
S7E-04 
a9E-04 
lHE-04 
O2E~04 
16E-04 
04E-03 

1 
c 
1 
2 
3 
4 
5 
6 
7 
8 
9 
1 
1 

I 
AXIAL 

3 
86E-05 
50E-05 
6aE-%14 
a7E-04 
a0E-04 
19E-04 
53E-04 
30E-e4 
2©E-04 
27E-®4 
54E-04 
l©E-03 
28E-03 

FOR POD 2 

2 
46E-05 
97E-05 
a5E-04 
76E-04 
48E-04 
EaE~04 
17E-04 
70C-04 
31E-04 
99E-04 
77E-04 
6toE-04 
to&E--04 

4 
1 
6 
I 
2 
3 
4 
6 
7 
8 
9 
1 
1 
1 

AXIAL 
3 

1 
5 
1 
1 
2 
3 
4 
5 
5 
6 
7 
S 
1 

r(>p ROD : 

r* 
>3GE~05 
46E-05 
GOE-04 
23E -04 
iaE-04 
04E-04 
aaE-04 
88E-04 
63E~04 
?0E- 04 
50E"04 
63E-04 
09t-03 

54E-05 
29E-©S 
34E-04 
88E-04 
SSE-04 
49E-04 
S8E-04 
aiE-04 
94E-©4 
78E-04 
77E-04 
93E--04 
03E-03 

i 

4 
1 
S 
1 
I 

a 
3 
4 
5 
S 
K 

a 
1 
1 

AXIrtL 
3 
a 
{ 

1 
2 
3 
4 
5 
6 
•rs 
8 
I 
1 
1 

0*;E-05 
OdE-05 
7aE-04 
40E-O4 
39E-04 
4aE-04 
83E-04 
63E-«4 
57E-04 
69E-04 
00E-©3 
16E-©3 
35E-03 

FOR ROD 4 

a 
a3E-i)S 
43E-0E; 
81E-04 
51E~04 
50E-04 
5aE-04 
e4E-04 
58E~04 
43E- 04 
41E 04 
c,4F -04 
08C 03 
e3C-03 

4 
a 
7 
1 
2 
3 
4 
6 
7 
8 
1 
I 
1 
1 

AXIAL 
3 

a 
7 
1 
a 
3 
4 
6 
7 
8 
9 
I 
1 
1 

35E-05 
89E-05 
33E-04 
ft9E-04 
79E-04 
95E-04 
53E-04 
43E-04 
50E-04 
77E-04 
1 «-e»3 
31E-03 
5aE-03 

4 
2 
8 
2 
2 
4 
5 
7 
8 
9 
1 
1 
1 
1 

zorcs 
5 

94E-©5 
7SE-®S 
S9E-04 
39E-04 
,44E-©4 
5SE-04 
17E-04 
12E-04 
aSE-®4 
6SE-©4 
14E-03 
36E-®3 
64E-03 

ZONES 

1 
S 
1 
2 
3 
4 
6 
8 
9 
1 
I 
1 
2 

S 
S5E-®5 
53E-©5 
39E-04 
97E-04 
82E-04 
73E-04 
99E-04 
73E-d4 
60E-04 
65E-04 
91E-04 
05E-03 
a3E-03 

ZOI«S 

1 
5 
1 
2 
2 
4 
5 
6 
7 
8 
1 
1 
1 

S 
aiE-0S 
3©E-05 
SlE-®4 
55E-@4 
64E-04 
84E-04 
51E-04 
50E-04 
69E-04 
02E-03 
2@E-®3 
43E-03 
71E-03 

ZONES 

2 
7 
1 
2 
3 
5 
7 
8 
I 
1 
1 
1 

a 

5 
47E-05 
22E-05 
03E-O4 
86E-04 
03E-04 
43E-©4 
32E-04 
44E-04 
80E-e4 
15E-03 
36E-o3 
eeE-03 
96t-03 

2 
8 
a 
3 
4 
5 
3 
3 
1 
1 
1 

a 
a 

6 
93E-05 
78E-05 
75E-©4 
51E-©4 
66E-04 
97E-04 
88E-04 
03E-O4 
49E-®4 
13E-©3 
37E-03 
69E-©3 
iaE-03 

S 
75E-05 
79E-05 
4SE-04 
06E-04 
98E-©4 
0OE-04 
44E-04 
29E-04 
34E-04 
63E-04 
O3E-03 
23E-03 
49E-03 

6 
19E-05 
46E-05 
83E-04 
69E-04 
91E-04 
28E-04 
28E-04 
49E-04 
00E-03 
a0E-03 
45E-03 
78E~03 
2eE-03 

6 
54E-05 
54E-05 
15e-04 
05E-04 
41E-04 
96E--04 
23E-04 
65E~P4 
14E-03 
36£- 03 
tett-ej 
04E-O3 
57E-U3 

2 
7 
1 
a 
3 
5 
7 
9 
1 
1 
1 
2 
2 

1 
6 
1 
2 
3 
4 
5 
6 
Q 

9 
1 
I 
1 

2 
7 
1 
2 
4 
5 
8 
9 
I 
1 
1 
2 
e 

a 
8 
2 
3 
4 
<o 
9 
1 
1 
1 
1 
d 
3 

7 
03E-©5 
03E-05 
83E-04 
64E-04 
3©E-04 
37E-04 
S3E-04 
03E-04 
08E-03 
33E-03 
65E-©3 
iaE-03 
61E-03 

7 
90E-05 
llE-05 
5aE-04 
17E-04 
14E-04 
a5E-©4 
SSE-04 
36E-04 
lOE-04 
6SE-04 
17E-03 
44E-©3 
79E-03 

7 
ieE-05 
48E-#5 
95E-04 
80E-04 
13E-04 
67E-04 
04E-04 
51E-04 
14E--03 
39E-03 
73E-03 
19E-03 
73E-03 

7 
69E-05 
90E-05 
25E-04 
aEE-04 
73E-04 
4SE-04 
lSE-04 
O9E-03 
31E-03 
eO£~03 
99E-03 
52E-03 
ISE-O"? 

a 
7 
1 
a 
3 
5 
7 
8 
1 
1 
1 
e 
a 

2 
6 
1 
a 
3 
4 
5 
6 
7 
9 
1 
I 
1 

2 
7 
I 
2 
3 
5 
7 
9 
1 
1 
1 
2 
£ 

a 
7 
1 

a 
4 
5 
S 
1 
1 
1 
1 
r: 
p. 

23E-©5 
lSE-05 
77E-e4 
5 ^ - 0 4 
71E-04 
12E-04 
34E-«4 
73E-04 
06E-O3 
3®E-©3 
65E--03 
05E-03 
50E-03 

01E-O5 
25E--05 
51E-04 
llE-04 
04E-04 
09E-04 
67E-04 
64E-04 
S6E-04 
43E -04 
IPE-03 
43E-©3 
79E-®3 

24E-05 
e6E-05 
81E-04 
6#E-04 
84E-04 
32E-04 
63E-04 
08E--04 
10E-03 
36E-03 
71E-03 
1.3E-03 
60E-03 

a6E-05 
61E-05 
97E-04 
S5E-04 
aSE-04 
9Z€ 04 
E;5E-04 

eaE-03 
£4E-0"J 
54F 03 
94E-»^3 
4 IE OJ 
Q3P_OT 



IX. SUMMARY, DISCUSSION, AND CONCLUSIONS 

Loop- ins t rument s ignals as originally recorded on analog tape were 
independently redigit ized and analyzed. The resul t ing TREAT power and 
inlet t e m p e r a t u r e s w e r e used as driving functions in the rmal -hydrau l i c 
calculat ions. Calculated fuel enthalpies as a function of space and t ime were 
used to evaluate a damage p a r a m e t e r . The use of the Sco t t -Baars r ecom­
mended value of 3.8 x 10" for the dannage p a r a m e t e r leads to a predict ion 
of fai lure in the hottest pin of Tes t E7 at 7.50 s and of the coldest at 7.55 s. 
This is in reasonably good agreement with the observed flow dynamics , which 
imply fa i lures about 50 ms ea r l i e r . 

In the following sec t ions , the tes t data, including the hodoscope 
observat ions and pos t tes t -examinat ion r e su l t s , a r e in terpre ted in t e r m s of 
physical phenomena taking place during the fai lure sequence. 

A. Flow Data 

Measured flow has been decomposed into a s e r i e s of burs t s super ­
imposed on a genera l t rend between 7.44 and 7.55 s with slug ejection at 
7.56 s. Details of these data a r e shown at the top of Fig. 102. 
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Fig. 102. Detailed Flow Data into Individual 
Cladding-rupture Events with Corre­
sponding Calculated Fuel Enthalpies. 
ANL Neg. No. 900-76-431. 

D u r i n g the 1 0 0 - m s p e r i o d b e f o r e 
7.44 s , t h e a v e r a g e s t e a d y - s t a t e flow r a t e 
w a s 571 c m ^ / s at t he in le t and 626 c m ^ / s 
at t h e ou t l e t . The d i f f e r e n c e l e a d s to an 
a p p a r e n t void of 8.0 cm^ a t 7 .45 s . 
O r i g i n a l l y , t h i s void w a s thought to be 
r e a l and due to a p i n - h o l e l e a k in one o r 
m o r e of t h e c l a d d i n g s . It i s now b e l i e v e d 
to be t h e r e s u l t of t h e a n o m a l o u s r e s p o n s e 
of t h e u p p e r flow d e t e c t o r due to the t e m ­
p e r a t u r e d e p e n d e n c e of t h e i n t e r n a l A r m c o 
i r o n m a g n e t i c a m p l i f i e r . T h e t r u e in l e t 
and ou t le t flow r a t e s to the t i m e of the 
f i r s t flow s u r g e a r e 571 c in / s . 

In F i g . 102, i nd iv idua l flow p u l s e s 
o r " b u r s t s " a r e l a b e l e d A - H . U n p r i m e d 
l e t t e r s r e f e r to ou t le t e v e n t s , and a p r i m e 
d e n o t e s t h e in l e t b u r s t s . We p o s t u l a t e 
t h a t e a c h of the e a r l y b u r s t s is a s s o c i a t e d 
wi th one o r m o r e c l add ing r u p t u r e s tha t 
r e l e a s e bubb le s of f i s s i o n gas into the 
flow s t r e a m . S u c c e s s i v e b u r s t s at t he 
ou t le t a r e s u c c e s s i v e l y m o r e de l ayed and 
of i n c r e a s i n g d u r a t i o n in c o m p a r i s o n to 
the c o r r e s p o n d i n g in le t b u r s t s . Th i s would 
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suggest that each gas r e l ease remains as an isolated bubble that is ca r r i ed | 
ups t r eam with the flow to produce a compress ib le upper slug, assuming a 
uniform 1.5-cm c ros s - sec t i ona l flow a r ea along the ent i re flow channel. 
The f i rs t gas bubble re leased reached the upper flow detector in about 100 m s . 
Therefore , in terpreta t ion of the flow signal after 7.55 s is subject to la rge 
uncer ta in t ies . The individual flow su rges , the i r duration, and the total volume 
of displaced sodium a r e l is ted in Table IX. 

TABLE IX. Flow Surges during Cladding Ruptures 

Displaced 
Identification Time, s Duration, ms Volume, cm 

A 

B 

C 

D 

E 

F 

G 

H 

I 

7.453 

7.460 

7.471 

7.481 

7.505 

7.516 

7.528 

7.545 

7.491 

7 

11 

10 

9 

11 

12 

17 

15 

9 

0.9 

3.3 

3.3 

2.2 

3.2 

3.1 

9.7 

13.0 

2.2 

The relat ively la rge surge I at the inlet is in terpre ted as a local 
react ion between molten cladding and the lower liquid slug. The effect is not 
strongly coupled to the outlet because of vapor and f iss ion-gas cushioning 
between the two liquid s lugs . As the vapor from the ear ly par t of event I 
condenses, the iner t ia of the lower slug c o m p r e s s e s the separa t ing vapor be ­
tween slugs and causes the observed response during the las t half of event I. 
This would account for the slight hole in the void curve (see Fig. 42) from 
7.49 to 7.50 s. 

Surges after 7.505 s were general ly l a r g e r and las ted longer. They 
may have been additional ruptures in colder pins or the colder axial regions 
of a l ready ruptured pins, or t h e r m a l in teract ions between molten cladding 
and the inlet slug. By 7.51 s, sufficient gas had been re leased (13 cm^) to 
effectively blanket most of the fuel pins above the rupture s i t es . The fuel-
liquidus front had just reached the equiaxed gains, and the calculated cladding 
t empe ra tu r e s at the top of the fuel zone were «900°C. Voiding of the flow 
channel would have given r i s e to higher cladding t e m p e r a t u r e s than were 
calculated, so that melting at 7.5 s was quite possible . 

Calculated radially averaged fuel enthalpies at the hottest axial zone 
during the period from 7.44 to 7.55 s a r e shown in the lower half of Fig . 102. 



The f i rs t cladding rupture at 7.45 s is associa ted with the hot test fuel pin 
(Rod 4, opposite the ALIP). The three pins opposite the ALIP have equivalent 
t he rma l h i s to r i e s ; the the rma l h is tory of only one (Rod 4) was calculated. 
Cladding rupture in any of these t h r ee pins cor responds to a fuel enthalpy of 
835 ± 20 J / g . As each of the remaining pins reaches this enthalpy (Rod 3 is 
one of two average edge pins between the hodoscope slot and the ALIP, Rod 1 
is the cent ra l pin, and Rod 2 is the coldest pin nea res t the ALIP), there is a 
corresponding flow su rge . At the bottom of the f igure, the t iming of the eight 
flow events is compared against the radially averaged fuel enthalpies calcu­
lated for the hottest axial zone of each of the four pin ca se s . These data can 
be in terpre ted as indicating a f a i lu re -c r i t e r ion band of about 834 i 20 J / g for 
the rupture of all the pins. 

The s e r i e s of r ipples on the inlet flow after 7.515 s a r e in terpre ted 
as local t he rma l react ions between molten cladding and the lower liquid slug. 
During the 55-ms period from 7. 505 s to r e v e r s e inlet flow, thevoid grew from 
a smal l region at or above the tops of the fuel columns to the ent i re length of 
the fuel columns. 

Calculations for the hottest pins showed that the mel t front had 
advanced 0.5 m m into the columnar grains at 7.453 s (the t ime of cladding 
rupture) and had just reached the unres t ruc tu red grain region at 7.56 s (the 
t ime of complete channel voiding). Cladding t e m p e r a t u r e s were calculated 
not to reach the sodium sa tura t ion t empe ra tu r e until after 7.6 s. 

Pos t t e s t examinations of the blockages revealed a preponderance of 
s teel at the far ends of the plugs and of fuel at the ends nea re s t the original 
fuel co lumns. We conclude that molten cladding both slumped toward the 
inlet and was swept out toward the flow-channel exit during the interval from 
7.51 to 7.56 s, and that fuel motion was relat ively slow and predominantly 
outward from 7.56 to 7.72 s. Following each cladding rupture , local film d ry -
out, followed by clad mel t ing, probably occur red . The ra te of average motion 
of the l iquid-vapor in terface after 7.51 s suggests an axial propagation of the 
cladding mel t front from 7.51 to 7.56 s, when the channel was completely 
voided. 

F u r t h e r , the lack of hodoscope evidence for c l ea r axial or radial 
motion of the approximately 50% melted fuel during this in terval would indi­
cate that gross fuel swelling had occur red , and that by 7.56 s the two-phase 
mix tu re of swollen and molten fuel had filled the ent i re flow channel. The 
gradual nature of all the observed fuel motions and the absence of significant 
p r e s s u r e pulses and flow slugs supports a fuel-swelling concept. The outer 
and colder surface of un res t ruc tu red fuel appeared to have formed a c rus t or 
shell within which the molten fuel was contained. At 7.72 s, vapor p r e s s u r e 
could have pushed the molten or slushy fuel upward and outward (through 
c racks in the c rus t ) . Examinat ion of this c rus t during the post tes t operat ions 
revealed that the c rus t was porous and spongy, and probably had not undergone 
significant melt ing except near the axial midpoint. 
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B. Fuel - fa i lure C r i t e r i a * 

According to the corre la t ion between exper iment and calculation 
reported by B a a r s , Scott, and Culley, i r rad ia ted fuel fails when the damage 
p a r a m e t e r reaches a value of 3.8 x 10" . On this bas i s , fai lure of pin 4 (the 
hottest) is predicted at 7.5 s (see Fig . 101), pin 3 at 7.51 s (see F ig . 100), 
the centra l pin at 7.51 s (see Fig. 98), and the coldest pin (toward the pump) 
at 7.55 s (see F ig . 99). The ea r l i e s t t ime that the hodoscope saw fuel motion 
(indicative of ex-pin fuel movement r a the r than pin bowing) was at 7.59 s 
(see F ig . 53). The re is some evidence of hot fue l / s lush contact with the 
coolant in the very l o w - p r e s s u r e events (see F igs . 44 and 46) at 7.552 and 
7.565 s. Never the less , the combined resul ts suggest that fuel fa i lure resu l t ­
ing in fuel motion and contact with the coolant began after 7.55 s. Use of 
the damage p a r a m e t e r predic ts conditions producing cladding rupture , but 
does not necessar i ly predic t the t iming for the onset of ex-cladding fuel 
movement. 

C. Flow-channel Voiding 

In comparing the various flow burs ts in F ig . 102 from 7.45 to 7.55 s, 
we note that acce lera t ions of success ive outlet su rges a r e inc reas ing s lower 
than the corresponding inlet acce le ra t ions . This supports the previous con­
clusion that gas remained in the upper liquid slug. Any noncondensable gas 
in the upper slug would cushion the mechanical acce le ra t ions caused by the 
g a s - r e l e a s e impulses . Peak cladding t e m p e r a t u r e s at this t ime (see F i g s . 93 
and 96) were calculated to be below the sodium sa tura t ion t e m p e r a t u r e . By 
7.55 s, the total void volume was 33.5 cm and probably consisted of the 13-
20 cm due to gas re leases (see Table IX). Values of the damage p a r a m e t e r 
indicate cladding rupture near the top of the pin, so that it can be assumed 
that the lower slug contains no gas bubbles and extends f rom the inlet to the 
lowest c ladding-rupture point. 

After 7.50 5 s, we postulate that the cladding melt ing propagates down­
ward from the rupture point. The wiggles observed on the inlet-flow data 
(at 7.53, 7.54, 7.56 s, e tc . ; see Fig . 102) r ep resen t success ive contact of 
molten clad with the lower liquid slug. By the t ime fuel moves into the flow 
channel (after 7.55 s) , the void volume effectively absorbs any p r e s s u r e 
pulses that may be generated. 

D. Ear ly Fuel and Cladding Motion after Cladding Rupture 

Detailed plots of the tes t data from 7.5 to 7.8 s a r e shown in F igs . 103-
109. F r o m these f igures , we make the following observat ions and conclusions: 

1. F igure 103. Hot ma te r i a l approaches the inlet at 7.61 s and 
causes a slight heating effect for the next 50 m s . At 7.66 s, the m a t e r i a l is ^ 
deposited on the in le t - thermocouple junction and causes it to fail by mel t ing. 
Response of TCI after 7.66 s is cha rac t e r i s t i c of out-of-pile exper iments in 
which a junction was melted by an oxyacetylene torch . 



In the post test examination, the lower blockage was only 12 m m 
thick. Mate r i a l found below the blockage had not reac ted with the s t r uc tu r e and 
was l imited in its downward motion by the roll pins used to hold the fuel pins in 
place. This can only mean that the hot m a t e r i a l that naoved downward, solidified 
in the lower insulator region. Cooling s t r e s s e s may have broken off chunks of 
the blockage deb r i s , mos t of which ended up in the lower bend. 

2. F igure 104. Outlet thermocouple TC3 and one of the inlet t h e r m o ­
couples TC2 fail within 5 ms of each other by mel t through of the sheath at a 
point far from the junction. It is concluded that the mechan i sm for producing 
this effect is a deposit of hot or molten fuel on the sheath at or before 7.767 s. 
Although molten fuel penetrated the space between the holder walls at this 
t ime (see discuss ion in connection with Fig. 108) and is the likely source of 
fai lure in TC2, no reasonable explanation of the near ly s imultaneous failure 
of the outlet thermocouple TC3 is convenient, 

3. F igure 105. A near ly l inear r i s e in outlet t e m p e r a t u r e during the 
300-ms period after 7.5 s reflects the response to continued heating of the 
upper slug, e i ther by the outlet blockage or by finite through-flow. A tendency 
to cool after 7.7 s is evidence that no hot m a t e r i a l (such as an outlet blockage 
or m a s s i v e fuel sweepout) exists in the vicinity of the outlet thermocouple 
(see Fig . 8). 

4. F igure 106. T e m p e r a t u r e s of sodium returning to the pump 
(measured by TC6 and TC7) remain re la t ively constant, confirming the ab­
sence of hot m a t e r i a l this high up in the flow channel. Cooling of TC5 after 
7.6 s is due to moni tor ing the colder sodium in the pump during r e v e r s e flow. 

5- F igure 107. Thermocouples on the top (TC8) and bottom (TC7) of 
the upper sodium-free surface show the l iquid-s lug ejection began at 7.5 s 
(see F ig . 32). The 110°C difference in t e m p e r a t u r e at the elevation of TC8 
and in the upper head before slug ejection reflects the magnitude of the heat 
sink formed by the upper layout s t r u c t u r e . 

6. F igure 108. The sudden drop in outlet flow and the decelera t ion 
of the inlet flow from 7.58 to 7.60 s suggests e i ther that the holder wall has 
ruptured to re l ieve the p r e s s u r e s that acce l e ra t e the upper and lower s lugs , 
or that a significant quantity of vapor condensed. Hodoscope data indicate that 
the holder wall probably ruptured during the t ime in terval from 7.63 to 7.77 s 
(see F ig . 57), but not likely during the overlap period from 7.59 to 7.72 s (see 
F ig . 55). The evidence was that the holder wall ruptured at 7.72 s, about 30 ms 
e a r l i e r than suggested by the fai lure of TC2 (see Fig . 104). F r o m these obse r ­
vat ions, the conclusion is that the holder wall probably ruptured at 7.75 s. 
During the re la t ively "quiet" period from 7.5 to 7.75 s, the ent i re flow channel 
was voided (see Fig, 43) and smal l amounts of fuel were moving toward the 
lower pin region (see Fig . 57), 

The threshold sensit ivi ty of the hodoscope was repor ted as 5% of 
the fuel in any channel (see Sec. VI.E.3) . A typical edge channel (Column 11, 
F ig . 51) views about 7 g of fuelg so that the threshold sensi t ivi ty is about 0.5 g. 
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As pointed out , h o w e v e r , i s o l a t e d changes l a r g e r t h a n 0.5 g in s i n g l e i s o l a t e d ^ ^ B 
c h a n n e l s m a y be " n o i s e . " Thus t h e quan t i ty of fuel t h a t could h a v e b e e n r e l e a s e ^ ^ 
to m e l t t h e h o l d e r w a l l i n i t i a l l y m a y h a v e b e e n a s l a r g e a s the o r d e r of s e v e r a l 
g r a m s . F r o m the R / P p lo ts in F i g . 58 for C h a n n e l 13 ( S c a l e r s 58 and 88), 
t h e r e is a g r a d u a l but m e a s u r a b l e t r e n d t o w a r d i n c r e a s e d coun t ing r a t e s f r o m 
7.58 t o 7.65 s in t h e r e g i o n of the u p p e r h o l d e r w a l l away f r o m t h e p u m p . 

7. F i g u r e 109. P r e s s u r e p u l s e s ( f rom 7.55 to 7.60 s) a r e t oo s m a l l 
t o be c a u s e d b y a n F C I a n d t h e r e f o r e m u s t be due t o c o o l a n t - c l a d d i n g r e a c t i o n s . 
T h i s is c o n s i s t e n t wi th the flow ( see F i g . 108) and t e m p e r a t u r e ( s ee F i g . 103) 
d a t a . 
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Fig. 103. Response of Inlet Thermocouple TCI at Failure. 
Conversion Factor: t (°C) = [t (°F) - 32]/1.8. 

Fig. 104. Responses of Inlet Thermocouple TC2 and Outlet Thermocouple TC3 
at Failure. Conversion Factor: t ("C) = [t (°F) - 32]/1.8. 
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Fig. 105. Response of Outlet Thermocouple TC4 during Failure 
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Fig. 106. Temperature History of Return Flow during Failure. 
Conversion Factor: t (°C) = [t ("F) - 32J/1.8. 



Fig. 107. Temperature History above and betaf Sodium-free Surface 
during Failure. Conversion Factor: t ("C) = [t fF) - 32]/1.8. 
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Fig. 108. Inlet and Outlet Flow during Fuel-rod Failure 
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Fig. 109. Inlet and Outlet Pressure during Fuel-rod Failure. 
Conversion Factor: 1 psi = 6.895 kPa. 

E. Fuel Motion after Holder Rupture 

Absence of any significant flow and p r e s s u r e activity from 7.6 to 7.8 s 
and the general outward fuel motion observed by the hodoscope (see Fig . 58) 
support the concept of fuel-s lush swelling and expansion. All the fuel e lements 
failed, and the expansion appeared to occur over the ent i re c lus te r . Mate r ia l 
near or in contact with the colder holder wall remained as a c rus t that formed 
a containment shell . Slush froze to the shell on the inside surface and was 
pushed general ly in an upward direct ion, where it froze to the bottom region 
of the outlet blockage. 

During the interval from 7.8 to 8.4 s, some heat energy was sti l l being 
added to the c rus t (see Fig . 48). If a cosine axial power distr ibution in TREAT 
is assumed, the center of the c rus t (Rows 7 and 8, Fig. 63) is the hottest and 
m o r e mobile than regions above and below Rows 7 and 8. This would cause 
the axial center of the c rus t to move, creat ing the void observed in the r ad i ­
ography (see Fig . 64) and the post tes t examination (see Fig , 69). 

F . Late Fuel Motion 

Clear ly , an in teract ion of significant magnitude and ex t remely shor t 
durat ion occurred in the inlet region at 7,834 s (see F i g s . 35 and 36). Absence 
of any corresponding p r e s s u r e pulses can be explained by vapor cushioning of 
the p r e s s u r e t r a n s d u c e r s . Boiling at the inlet was c lear ly evident (see Fig . 37) 

rom 8.5 to 9 s and from 10.5 to 12.5 s, A second event at 10,95 s (see Fig, 39) 
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showed many of the flow features of the 7.834-s event, but this one was | 
accompanied by m e a s u r a b l e p r e s s u r e pulses (see F ig . 45). Final ly , a smal l 
heat source approached the inlet at 17 s (see Fig, 17), but did not pass through 
the outlet, because the re was no corresponding response on any other ins t ru ­
ment and because the outlet blockage was formed and frozen by this t ime . .At 
the t imes of these late events , the flow channel was completely voided (see 
Fig . 43), and ins t rument response was subject to l a r g e r uncer ta in t ies . The 
f i rs t two events (at 7.834 and 10.95 s) were probably fuel-coolant in teract ions 
( F C I ' S ) , the l a te r occurr ing c lose r to the inlet than the fo rmer . Nei ther FCI 
relocated sufficient m a s s e s of fuel to be seen by the hodoscope. 

In a quantative way, mos t , but not all , of the fuel motion observed in 
the post tes t radiograph and examinations is accounted for by the hodoscope 
during the t ime interval from 7.6 to 7.8 s. The remaining fuel relocation 
could be due to an interact ion between the hot slush forming the inlet blockage 
and the lower liquid slug at 10.95 s. This interact ion would blow out the loose 
debr is at the inlet to produce the observed (posttest) fuel debr is in the lower 
bend. The FCI at 7.834 s does not appear to have much effect on fuel 
relocat ion. 

G. Chronology of Events 

Table X l is ts the chronology of events associa ted with Test E7 . 

H. Conclusions 

A failure sequence and details of ear ly fuel movement as inferred 
from the E7 tes t data a r e : 

Initial pin fai lure (at 7.453 s) was by a s e r i e s of incoherent cladding 
ruptures and the r e l ease of "-10 cm^ of fission gas . Threshold fuel enthalpy 
for rupture is 837 ± 21 J / g (200 ± 5 ca l /g) . The fuel-solidus front propagated 
radial ly outward at an exponential ra te with a t ime constant of 39 ms until 
7.450 s and was into the co lumnar -g ra in region during rupture p r o c e s s . 

Cladding melting began near the rupture point (top of fuel column) and 
propagated axially. Some molten cladding was ca r r i ed upward by the l iquid/ 
vapor / f i s s ion-gas flow s t r e a m to s t a r t the outlet blockages (at 7.46-7.49 s). 
The rmal react ions of smal l magnitude occur red (at 7.50-7.55 s) between hot 
cladding and the l iquid-sodium flow s t r e a m containing both condensable and 
noncondensable gas. A smal l amount of cladding dripped or flowed to the 
lower insulator region and froze. 

Channel voiding extended over mos t of the fuel column by 100 m s (at 
7.55 s) . Small spur ts of fuel were ejected from the fuel columns (at 7.58-
7.76 s) to burn through the holder wall . Mass ive wall rupture occur red at i 
7.75 s. The melt front propagated with a t ime constant of 195 ms (at 7.45-
7.58 s) , about the s ame as the ra te of i nc rease of r eac to r power. 
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TABLE X. Chronology of Events in Tes t E7 

T i m e , s Event 

7.4 S ta r t of de tec table pin bowing (see F ig . 53). 

7.42 Melt ing begins in hot tes t pins (see F ig . 95). 

7.453 F i r s t cladding rup tu re and f i s s ion-gas r e l e a s e (see F ig . 102). 

7.46-7.49 Incoheren t cladding rup tu re s and gas r e l e a s e (see F i g . 102). Same 
cladding c a r r i e d upward (see Sec. IX.A). 

7.49 F i r s t coo lan t -vapor bubble col lapse (see F ig . 102). 

7.50 Solidus front r e a c h e s equiaxed g ra ins (see F i g . 95). 

7.505-7.555 Cladding mel t ing propaga tes downward (see Sec, IX,A), 

7,52 Liquidus front begins in co lumnar gra ins (see F ig . 95). 

7.54 P in swell ing begins (see Sec. IX.A). 

7.55 P r o b a b l e s t a r t of outlet blockage format ion by frozen s tee l , 

7,558 R e v e r s e inlet flow begins (see Fig , 108), 

7.56 S o l i d u s f ron t r e a c h e s u n r e s t r u c t u r e d g r a i n s ( s e e F i g . 95) . 

7 . 5 6 - 7 . 5 8 I n d i v i d u a l p in s w e l l i n g ( s e e F i g . 53) . 

7 .58 M a j o r v a p o r - b u b b l e c o l l a p s e ( s e e F i g . 108); p e a k r e a c t o r p o w e r ( s e e 
F i g . ZO). 

7 . 5 9 - 7 . 7 2 F u e l m o t i o n t o w a r d p u m p and d o w n w a r d ( s e e F i g . 58). 

7.61 Hot d e b r i s a p p r o a c h e s i n l e t ( s e e F i g . 103) . 

7 . 6 2 - 7 . 7 5 C l u s t e r s w e l l i n g t o f o r m c r u s t on h o l d e r w a l l ( s e e S e c . I X . E ) . 

7.66 Hot d e b r i s b u r n s out T C I a t i n l e t ( s e e F i g . 103) . 

7.72 S m a l l a m o u n t of fuel m o v e s t o w a r d b l o c k a g e s ( s e e F i g s . 54 and 56) . 

7 . 7 5 - 7 . 7 7 C o n t o r t i o n s t a r t s in t h e u p p e r ha l f of fuel c o l u m n ( s e e S e c . V I . E . 3 ) . 
H o l d e r - w a l l r u p t u r e ( s e e S e c . I X . D ) . 

7 .767 T C 2 and T C 3 f a i l u r e by s h e a t h b u r n t h r o u g h ( s e e F i g . 104) , 

7.80 F u e l c r u s t f o r m e d on h o l d e r w a l l ( s e e S e c . V I . E . 3 ) . 

7 . 8 - 8 . 4 M e l t i n g and r e l o c a t i o n of f u e l - c r u s t c e n t e r (Sec . I X . E ) . 

7 . 8 1 - 8 . 0 5 C o n t i n u e d fuel c h u r n i n g ( s e e S e c . V I , E , 3 ) . 

7 ,834 F C I in c e n t r a l r e g i o n , i s o l a t e d f r o m i n l e t and o u t l e t by v a p o r / g a s 
c u s h i o n ( s e e F i g s , 35 and 36) . 

8 . 0 5 - 8 . 4 1 G r a d u a l fuel m o t i o n o u t w a r d and u p w a r d ( s e e S e c . V I . E . 3 ) . 

J O . 9 5 F C I n e a r i n l e t r e g i o n ( s e e F i g s . 39 and 45) . 

?7 Hot d e b r i s d i s p l a c e d t o w a r d o u t l e t ( s e e F i g . 17) . 



Fiss ion gas is expected to produce fuel swelling as the mel t front 
approaches unres t ruc tu red fuel grains (the mel t front was calculated to reacH" 
this region at 7.54 s). Individual pins, with molten c o r e s , swelled until they 
contacted neighboring pins. After contact, the c lus te r swelled as a whole to 
form a c rus t on the fluted tube. Swelling of individual pins and of the c lus te r 
as a whole was accompanied by continuous evolution of fission gas . Both p r o ­
cesses served to displace sodium and to void the flow channel. 

The dynamics of formation and t r anspor t of f iss ion-gas bubbles that 
lead to fuel-element swelling and gas r e l ease has been studied in detail by 
Gruber.^^ Some slush oozed through the shell to add to the channel blockages. 
Fuel motion was charac te r ized as being slow and predominantly outward, with 
some, generally l a t e r , upward and downward motion. 

Slush-coolant interact ions occurred after the initial fa i lures (at 7.834, 
10.950, and 16 s) and may have resul ted in some redis t r ibut ion of fuel. No 
significant p r e s s u r e pulses were recorded during the ent i re failure sequence. 
After refreezing, the s lush was very porous in nature . Molten cladding is 
extremely mobile and penetrated all available space along fuel-grain 
boundaries . 

X. RELATION OF TEST E7 TO LMFBR CONDITIONS 

Several p a r a m e t e r s of the Tes t E7 a r e compared to the corresponding 
design values for the CRBR^* in Table XI. F o r a given size of fuel pin, a 

TABLE XI. Comparison of Pa rame te r s in Test E7 to Reference 
Design Values of CRBR 

Pa rame te r s CRBR Ref Design Test E7 

Lattice pilch, mm 

Flow area per pin, mm^ 

Hydraulic diameter , mm 

Wall surface per pin, mm 

Fuel-column length, m 

Inlet p res su re , MPa 

Fuel Pin 
Diameter, mm 
Uranium enrichment, % 
Pu/(Pu 4 U), % 
Average burnup, MWd, t 
Total rod length, m m 

Spacer-wire OD, mm 

CladdinK midwall tempera ture , K 

Flow rate, kg, s 

Inlet Tempera ture , K 

7.26 

297.0 

2.72 

4.45 

0.91 

0.848 

5.84 
0.7 

18.7, 27.1'^ 
80,000-150,000 

2.91 

1.42 

9S5-985 

0.437^1 

655.0 

6.98 

211.0 

1.68 

13.5 

0.34 

O.za 

5.84 
77.0 
25.0 

450,000 
1.55 

1.02 

775«= 

0.481 

655.0 

^^Est imate . 
" I n n e r and o u t e r r e g i o n s , r e s p e c t i v e l y , for f i r s t c o r e load ing . 
'^During p r e c o n d i t i o n i n g i r r a d i a t i o n in E B R - I I . 

R e f e r e n c e va lue of 23.2 kg, s (184280 lb. h) in Zone 1 a s s u m e d equa l ly d iv ided 
a m o n g the 108 s u b a s s e m b l i e s and 217-p in s u b a s s e m b l y . Va lue l i s t e d is for 
s e v e n p i n s . 



s m a l l v a l u e for the l a t t i c e p i t ch , t he h y d r a u l i c d i a m e t e r , and the flow a r e a 
p e r pin tend to r e s t r i c t o r r e s i s t ax i a l fuel s w e e p o u t . T h e wall s u r f a c e p e r 
p in is a m e a s u r e of t h e p r o p e n s i t y fo r l o c a l f r e e z i n g of m o l t e n d e b r i s . F o r 
a l l t h e s e p a r a m e t e r s , the v a l u e s a r e such as to i n d i c a t e tha t a x i a l fuel m o t i o n 
in T e s t E 7 i s m o r e r e s t r i c t e d than in the C R B R . H o w e v e r , the t e s t c o n c l u ­
s ions a r e t ha t r a d i a l m o t i o n due to fuel swe l l i ng would p r o b a b l y p r e d o m i n a t e 
o v e r a x i a l fuel s w e e p o u t b e c a u s e of e a r l y channe l void ing and c r u s t f o r m a ­
t ion on t h e t e s t - r e g i o n b o u n d a r i e s . T h e s h o r t e r f u e l - c o l u m n l eng th in the 
t e s t o f fe rs l e s s r e s i s t a n c e to t h r o u g h - f l o w and m a y p a r t i a l l y c o m p e n s a t e for 
the h y d r a u l i c r e s t r i c t i o n s . 

The low in le t p r e s s u r e of the t e s t r e s u l t s in a low in l e t - f l ow i n e r t i a . 
D u r i n g a fue l - o r c l a d d i n g - c o o l a n t i n t e r a c t i o n , t he v a p o r - p r o d u c e d i m p u l s e 
can m o r e e a s i l y r e v e r s e the in l e t f low, and u l t i m a t e l y lead to d r y o u t and 
f a i l u r e of the fue l -p in r e g i o n be low the o r i g i n a l f a i l u r e s i t e . T h e th in wa l l of 
t h e h o l d e r m a y p a r t i a l l y c o m p e n s a t e fo r t h i s effect by y i e ld ing u n d e r l a r g e 
i m p u l s e p r e s s u r e s . S ince no s ign i f i can t coo lan t i n t e r a c t i o n s w e r e o b s e r v e d 
d u r i n g T e s t E 7 , the h o l d e r wa l l fa i led by m e l t t h r o u g h s e v e r a l h u n d r e d m i l l i ­
s e c o n d s a f t e r fuel f a i l u r e . 

T e s t - f u e l b u r n u p and e n r i c h m e n t w e r e h i g h e r t han in the C R B R 
r e f e r e n c e d e s i g n . A v e r a g e l i n e a r p o w e r in the d e s i g n fuel is 23 k W / m ; tha t 
of the t e s t fuel d u r i n g p r e c o n d i t i o n i n g w a s 34 k W / m . The t e s t fuel con t a ined 
a c e n t r a l void , due to p r i o r i r r a d i a t i o n , of about 5% of the c r o s s - s e c t i o n a l 
a r e a . L i t t l e o r no void is e x p e c t e d in C R B R fuel . Depend ing on the d e t a i l s 
of the f a i l u r e m o d e l u s e d , the void m a y h a v e an i m p o r t a n t r o l e in d e t e r m i n i n g 
i n t e r n a l flow d y n a m i c s of m o l t e n fuel and f i s s i o n - g a s - p r e s s u r e re l i e f d u r i n g 
t h e a p p r o a c h to f a i l u r e . M o r e i m p o r t a n t l y , t he h i g h e r e n r i c h m e n t of the t e s t 
fuel r e s u l t s in a l o w e r c l add ing f luence at a g iven b u r n u p . The r e s u l t i n g 
d i f f e r e n c e s in c l add ing y i e ld s t r e n g t h , duc t i l i t y , b r i t t l e n e s s , and f i s s i o n -
p r o d u c t - i n d u c e d faul t s m i g h t l e ad to e a r l i e r c l add ing f a i l u r e and gas r e l e a s e 
in the t e s t . 

At t h e end of the p r e h e a t and d u r i n g t h e a p p r o a c h to f a i l u r e , the 
t h e r m a l and h y d r a u l i c cond i t i ons of the t e s t w e r e p r o t o t y p i c of a $ 3 / s C R B R 
T O P a c c i d e n t . T h e c e n t r a l void in the t e s t fuel p r o b a b l y r e d u c e d loca l c l a d ­
ding load ing due to f i s s i o n - g a s r e l e a s e , but the effect i s b e l i e v e d s m a l l c o m ­
p a r e d to c l add ing l o a d i n g by fuel s w e l l i n g . No m e a s u r a b l e a m o u n t of p r e f a i l u r e 
ax ia l fuel m o v e m e n t w a s o b s e r v e d , a l though the t h e r m a l c a l c u l a t i o n s i n d i c a t e 
enough fuel r e a c h e d the so l i dus b e f o r e f a i l u r e so tha t s u c h ax ia l flow a long 
t h e c e n t r a l vo id s m i g h t h a v e b e e n p o s s i b l e . 

O v e r a l l , i t can be conc luded tha t t he t i m i n g of f a i l u r e of one o r s e v e r a l 
h i g h - p o w e r p ins in a C R B R T O P a c c i d e n t can be r e a s o n a b l y we l l p r e d i c t e d 
f r o m T e s t E 7 . Add i t iona l i n f o r m a t i o n i s needed on the r e l a t i o n b e t w e e n f l uence 
and c l add ing f a i l u r e , and b e t w e e n a h i g h e r and m o r e p r o t o t y p i c i n l e t - f l ow 
i n e r t i a a s w e l l a s the ax ia l ex ten t of fue l -p in f a i l u r e . No def in i t ive c o n c l u s i o n s 
can be d r a w n f r o m th i s t e s t r e l a t i n g to t h e ex ten t o r r a t e of f a i l u r e p r o p a g a ­
t ion a m o n g p ins in a s u b a s s e m b l y . 



APPENDIX A 

Tabulation of Test Data 

The tes t data a r e tabulated in Tables A. 1 and A.2. Thermocouple 
signals were set to zero after thei r fai lure. UP and LP refer to upper and 
lower p r e s s u r e , respect ively, and UF and LF refer to the upper and lower 
flow, respect ively. SAFl is the TREAT power as monitored by safety No. 1, 
and ISAF is the t ime- in tegra ted value of SAFl . Data as l isted have been 
conditioned as descr ibed in Sec. V and integrated over 50-ms t ime inc rements . 
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TABLE A.l (Contd ) 

TEST B T l 

' "T IME 
S6C 

t S * 2 Z S 
1 8 . 2 7 5 
1 1 , 3 8 5 
l i ^ 3 7 5 
l l a m a s 
H . 4 7 S 
I I . S 2 9 
H . S 7 5 

ii.6as 
11»67S 
1 § „ 7 2 S 
1S.T7S 
1 1 . 8 2 5 
l i , 8 7 S 
l f . o 2 S 

lJ.97a 
lb,0Z9 
1 6 . 0 7 9 

MA-Zi-^ 
lb An 
u.zzs 

— 1 & * 2 1 S _ , 
l f t . 3 2 i 
1 6 , 3 7 5 

^Ik^ZS _ 
1 6 . 4 7 5 

1ft,azs 
l&.57i 
1 f t . 6 2 5 
1 6 . 6 7 9 

- l A * - ? 2 5 _ 
| i%.779 
1 6 . 8 2 5 
| fe .S75 
1 6 . 9 2 5 
l f e .97S 
1 7 , ^ 2 5 
I T . 0 7 5 
1 7 . 1 2 5 
1 7 ^ ? 5 _ 
1 7 . 2 2 5 
1 7 . 2 7 ? 
1 7 * 3 2 5 
1 7 . 3 7 5 
1 7 . 4 2 5 
17^475 
1 7 . 5 2 5 
1 7 . 5 7 5 
I T . ' ^ g S 
1 7 . 6 7 5 

TREAT TRAi^SlENT 1499 

TCI 
068C 

0 , 
0 . 
0 , 
0 . 
0 . 
0 . 
0 , 
0 . 
0 . 
0 . 
0 , 
0 . 
Oa 
0 . 
0 . 
0 . 
0 , 
0 , 
Oe 
Ot 
0 , 
Oa 
0 . 
0 . 
Qa 
0 . 
0 , 

_ ^ 0 . ^ ^ 
0 , 
0 . 

„_Qa 
0 . 
0 . 
0^ 
0 . 
0 . 
0^ 
0 . 
0 . 
O L 
0 , 
0 . 
a^ 
J . 
0 . 
0 , 
0 . 
9 . 
0 . 
0 . 

TCS 
OEGC 

3 , 
0 

s, 
n 
0 , 

0 , 
0 , 

c, 
Oi 
0 , 
0 , 
"̂  
J 

ol 0 . 
^ 
^ g 

•^ & 

c, 
0 , 
0 , 
0 , 
0 . 
s. 
5 , 
Q. 
3 . 
V g 

c. 
"* 
<̂  e 

V a 

: ) 8 

0 , 
V e 

/» 
Z g 

-\ 
^ e 

.^e 
2 a 
^ s 

•J 
C g 

^ 

! TC3 
DECe 

o; 

S: 
0 . 

o; 
0 . 
0 . 
0 . 
0 . 
0 . 
0 , 
o; 
o; 
0 . 
0 . 
o; 
0 . 

ii 
0'. 

0 . 
o ; 
0 , 

ot o ; 
^ o ; 

o; 
o; 

. ^ 0 . 
0 . 
0 . 

0 . 

. S; 
0 . 
0 . 

?c 
0 . 
0 . 

a ; 
0'. 
0. 
3 . 
0 . 

TC4 
DEGC 
4 1 4 , 
4 1 4 , 
4 1 4 . 
4 1 4 . 
4 1 4 . 
4 1 3 . 
4 U . 
4 1 4 . 
4 1 3 . 
4 1 3 . 
4 1 3 . 
4 1 3 . 
4 1 2 . 
4 1 2 . 
4 1 2 . 
4 U . 
4 1 2 . 
4 1 2 . 
4 1 2 . 
4 1 2 . 
4 1 2 . 
4 1 2 . 
4 U . 
4 U . 
4 1 1 . 
A l l . 
4 1 2 . 
4 1 2 , 
4 1 2 . 
4 1 1 . 
4 1 2 . , 
4 U , 
4 U . 
4 U . 
4 U . 
4 1 1 . 
4 U . 
4 1 1 . 
4 1 4 , 
4 3 4 , 
4 4 6 . 
4 5 4 . 
4 6 1 . 
4 6 4 , 
4 6 7 , 
4 7 0 . 
4 7 2 . 
4 7 5 . 
4 7 6 . 
4 7 6 . 

TCS 
DiGC 
4 * 9 t 
4 4 9 , 
4«as 
4 4 7 , 
=*4o, 
4 4 & , 
4498 
4S3s 
4 » 7 , 
4 6 0 , 
4 6 1 , 
463s 
4 6 4 , 
4 6 7 , 
4 6 9 , 
4 7 2 , 
473s 
47Se 
4 7 * , 
4 7 6 , 
477s 
4 7 8 , 
4 7 7 . 
4768 
4 7 7 . 
476s 
^ 6 9 , 
4 9 d , 
4 6 9 , 
4 7 J , 
4 7 2 t 
4 *98 
* t f 9 , 
4 7 1 , 
4?3s 
4 7 ^ , 
%73, 
4 7 5 , 
4 f a , 
4 8 0 , 
4 r f l , 
4 & 4 , 
4 ^ 8 , 
4<9is 
4 " i 4 , 
4 9 6 , 
• • ^ 8 , 
3 1 0 , 
5 0 0 , 
t l ? . 

TC6 
DEGC 
4 3 f . 
4 3 f s 
4 3 t , 
4 3 f s 
4 4 0 . 
4 4 1 , 
4 4 1 , 
4 4 1 , 
4 4 8 . 
4 4 2 , 
4 4 1 , 
448 s 
4 4 0 j . ^ 
4 4 i , 
4 4 l t 
4 4 § j 
4 4 0 , 
4 4 2 , 
4 4 1 , 
4 4 * t 
4 4 1 , 
# 4 S , 
4 4 i , 
4 4 8 , 
4 4 8 , 
44Ss 
4498 
4 4 B , 
4 4 f s 
4 5 1 , 
4 5 1 , 
4 S 0 . 
4 5 1 , 
4 S 2 , 
4 5 2 , 
4 5 8 , 
^ S 2 , 
4 5 4 , 
4 5 4 , 
%54 , 
4 5 5 , 
4 S 7 , 
4 6 0 . 
4 6 1 , 
4 6 4 . 
4 6 6 , 
4 6 6 . 
4 6 6 , 
4 6 7 , 
4 6 f , 

TC7 TC8 
DEGC DEGC 
4 0 0 
4 0 1 
4 0 1 , 
4^11 
4 " ! , 
4C2, 
4 « 1 , 
4*101 
4 0 0 , 
4 0 2 , 
4 C l , 
4 '> l i 
4 ^ 1 , 
4 0 2 , 
4 0 2 . 
4 0 1 , 
4 0 1 . 
4 5 2 , 
4 0 2 , 
4 0 1 , 
4 0 l i 
4 ^ 2 , 
4 0 2 . 
4 0 l t 
4 0 1 . 
4 r 2 . 
4 ' ' l , 
4 0 0 , 
4 0 2 . 
4 - ^ 1 . 
4-»2, 
4 0 3 . 
<*nl, 
t>()Z, 
4 ^ 2 . 
4 ^ 1 , 
4 ' 1 . 
402< 
4 ^ 2 , 
4 " l , 
4 v ^ l . 
•^OZ, 
4 " 2 , 
4 f ^ l . 
4 ? 1 . 
4-»3, 
4 - 2 . 

4 n . 
4 - ^ 1 . 
4 3 2 , 

2 5 S , 
2 5 5 , 
2 5 5 , 
2 5 S . 
2 5 5 . 
2 5 6 , 
2 5 6 . 
2 5 6 , 
2 5 5 , 
2 5 6 , 
2 S S , 
2 5 5 , 
2 5 5 , 
2 5 6 . 
2 S 6 , 
2 W . 
2 5 5 . 

, 2 9 6 . 
2 S 6 , 
2 5 5 . 
2 5 5 . 
2 5 6 t 
2 5 6 , 
2 5 5 , 
2 5 S , 
2 5 S , 
2 5 5 , 
2 5 4 , 
2 5 6 , 
2 5 6 . 
2 5 6 ^ 
2 5 9 , 
2 S 5 . 
2 5 6 . 
2 5 6 , 
2 5 5 , 
2Sfe, 
2 5 7 . 
2 5 7 . 
2 5 5 , 
2 5 6 , 
2 ^ 6 . 
2 5 6 , 
2 5 5 . 
2 5 5 , 
2 5 6 , 
2 ^ 6 , 
2 5 5 , 
2 5 5 , 
2 ^ 7 . 

IP 
e s t 

, 1 1 8 . 
- l i s : 
- U 6 ' . 

-us: " 1 1 5 ; 

-uo; ^ 1 1 3 " . 
- l i s ; 

-uo; - 1 C 9 ; 
" 1 0 9 . 
^ i c a ; 
- I ' ' ? ; 
- i ' ' 4 : 

-ns; » . i n 6 ; 
, i f > 4 : 
- i ^ i ; 
» 1 0 2 , 
- i f z ; 

-nz; - 9 9 ; 
- 0 7 ; 

mlQO'. I 
- 9 i ^ ] 
- 9 6 ; 3 
- 9 6 , ] 
^ 0 7 ; J 
- 5 6 ; ] 
- 9 3 ; ] 
- ^ 2 ; ] 
- « 4 ; ] 
- 9 4 ; ] 
- 9 o ; 3 

-«r. J 
- ^ 0 ; 3 
- P 9 ; 1 

' - P 6 ' . 1 
- f i ? ; 3 
'BB. 1 
- a ? : 1 
» 9 4 ; ] 
- a 4 ; 1 
- S 6 , ] 
- . ^ 5 . 1 
- " 2 . 1 
- a z ; 1 
- n ; 1 
- 7 9 . 1 
- ^ 0 . 1 

I F 

:c/s 
us. 1 1 7 . 
U 7 , 
1 1 7 . 
a 7 . 
U 9 , 
1 1 7 , 
U 5 . 
US, 
1 1 8 , 
U 9 . 
U 6 . 
U 9 . 
U 9 , 
U 7 , 

us; U 7 . 
L z s ; 
U 7 , 
U 6 . 
U 7 . 
. 1 8 , 

1 7 . 
1 3 , 
1 4 , 
1 4 , 
1 4 , 
U . 
1 2 . 
1 4 . 
1 3 . 
0 9 , 
1 2 , 
1 3 , 
f>9. 
I C . 
0 9 , 
f s9 . 
0 9 , 
0 7 , 
0 9 . 

'o; 
I v , 
" 9 . 
1 7 ; 
0 8 , 
r-t. 
0 4 , 
'yj. 
0 8 , 

UF 
C r / S 

1 7 . 
? i ; 
2 1 , 
? 4 , 
3 o ; 

n; 
^ 2 , 

ts; 
1 2 , 
? 3 ; 
3 3 ; 
4 3 , 
? & . 
I B ; 
? ? ; 
6 4 | 
4 4 . 
5 0 . 
9 4 ; 
^ 5 . 
* l . 
4 2 . 
* 2 ; 
4 6 . 
«2: . 
i s ; 

6 , 
mA'. 

- i s ; 
- 4 0 , 
- 4 3 , 
- ^ 2 . 
- ^ 9 ; 
- A 7 . 
- a o ; 
- . 3 . 
- S 5 . 
- • i s ; 
" T l . 
- ' J O , 

- 1 0 3 7 
- 1 1 5 . 
- 1 « 5 , 
- n ? ; 
- 1 1 1 . 
- 1 2 3 . 
- 1 ^ 8 . 

-us; - 1 1 8 . 
- 1 1 4 ; 

SAFl 

m 
2 . 
2 , 
2 . 
2 . 
2 . 
2 . 
2 . 
2 , 
3 , 
3 . 
3 , 
2 , 
2 . 
4 . 
3 . 
2 , 
3 . 
3 . 
4 , 
2 , 
2 . 
4 . 

3 . 
2 . 
I . 
3 , 
2 . 
l i 
1 , 
3 , 
2 . 
2 , 
2 , 
2 , 
2 , 
2 , 
2 . 
2 , 
3 . 
I . 
2 . 
3 . 
2 . 
I . 
1 . 
3 . 
2 . 
? . 
2 , 
2 . 

ISAF 
« j 

1 4 3 7 , 
1 4 B 7 , 
1 4 3 7 , 
1 4 3 7 , 
1 4 ^ 7 . 
1 4 3 7 , 
1 4 ^ 7 , 
1 4 3 7 , 
1 4 ^ 8 . 
1 4 3 8 , 
1 4 ^ 8 . 
1 4 3 8 , 
1 4 ^ 8 . 
1 4 1 8 , 
1 4 3 8 . 
1 4 3 8 , 
1 4 3 9 , 
1 4 3 9 , 
1 4 3 9 , 
1 4 3 9 , 
1 4 1 9 , 
1 4 ' « 9 , 
1 4 ^ 9 , 
1 4 4 0 . 
1 4 4 0 , 
1 4 4 0 . 
1 4 4 0 . 
1 4 4 0 , 
1 4 4 0 , 
1 4 4 0 . 
1 4 4 0 . 
1 4 4 C , 
1 4 4 0 , 
1 4 4 0 . 
1 4 A 1 , 
1 4 4 1 , 
1 4 4 1 , 
1 4 4 1 , 
1 4 4 1 . 
1 4 4 1 , 
1 4 4 1 , 
1 4 4 1 , 
1 4 4 1 , 
1 4 4 1 , 
1 4 4 1 , 
1 4 4 2 . 
1 4 4 2 , 
1 4 4 2 , 
1 4 4 2 , 
1 4 4 2 , 

• • 
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TE?T E7 I 

TABLE A.l (Contd.) 
o 

SEC 
29.225 
20.275 
2<'.32S 
2«.37S 
2ft.425 
2n.475 

2«.575 
2n.625 
2".$75 
2«.725 
8i«.775 
2e.S25 
2n.875 

20.97S 
21."25 
21."75 
21.125 
2f.l7S 
21.225 

21.325 
21.375 

21.47S 
2I.5ZS 
21.575 
21.625 
21.675 
21.725 
21.775 
21.BE? 
21.P75 
21.925 
21.975 
2!.f'25 
27.075 
2?.125 
28.175 
2?.22? 
2?.275 
22.325 
2?.37« 
2?.425 
22.47^ 
2?.?2S 
2?.575 
2?.625 
2?.67B 

TCI 
DEGC 

0, 
0, 
0. 
0. 
0. 
0, 
0, 
0, 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0, 
Os 
0, 
0, 
Q. 
0. 
0. 
0, 
0, 
0. 

0. 
0. 
0^ ^ 
0. 
0. 
0. 
0. 
0. 
0. 
0, 
0. 
0. 
0. 
0. 
0, 
0. 
0. 
3. 
0, 
0, 
0, 
0, 

TC2 TC3 
D^GC OgGg 

A 
5 
* 
" 

^ 
3 
r 
TO 
w 
A 

^ 
V 
1*̂  

j ^ 
V 
^ 

'% 

J 

i 1 
^ 
0 
5, 
^ 
W 

J 
^ 1 

^ 1 

z 

*' 
^ ̂  

* 
-̂  1 

^ 

^ 
l 
•!. 
« e 

-». 
* 
^ 3 

V 1 

* 
C 
-% 
^ 

0, 
o; 
o; 
K 
o; 
o; 
o; 
o; 
o; 
o; 
o; 
o; 
0. 

p. 
0. 

o; 
o; 
o; 
o; 
o; 
o; 
o; o; 

_ Q; 
o; 
o; 

• Si 
c; 

c. 
o; 
o; 
a; 
o; 
o; 
o; 
o; 
o; 
o; 
o; 

o; 
o; 
0, 
c. 

§•: 
o; 

TC4 
OEGf 
532. 
535. 
538. 
538. 
538, 
536. 
538. 
538. 
536. 
539. 
S39. 
539. 
540. 
540. 
539, 
537, 
533. 
531. 
519. 
526. 
526. 
536, 
541. 
542. 
541. 
542. 
543. 
541. 
538, 
635, 
532. 
S30. 
527, 
S25. 
523. 
521. 
520. 
6ia. 
517, 
515. 
S B . 
511. 
511, 
609. 
5C8. 
5C7, 
SS6. 
5D4, 
503. 
552. 

TC5 
DEGC 
522, 
523. 
528, 
S32, 
534, 
537, 
541, 
543, 
S44, 
S46, 
546, 
549, 
5S0, 
5S0, 
549, 
546, 
9*2, 
541. 
5*1, 
597, 
S32, 
528ji 
528, 
526, 
6Z3t 
522, 
521, 
522, 
523, 
524, 
325, 
526, 
5Z6, 
327, 
S3l, 
535, 
535, 
533, 
536, 
540, 
541, 
543, 
543, 
539, 
539, 
53a, 
S3&, 
534, 
532, 
532, 

TC6 
DEfiC 
5161 
518, 
Sift 
918, 
5lf. 
52i. 
S2ls 
52it 
52J, 
S2i, 
524, 
52»t 
528. 
S21, 
52ft 
526. 
52S, 
530. 
S3it^. 
535, 
932, 
53|jL^ 
S3S, 
S3*, 
535. 
537, 
531, 
S37, 

" 331, " 
53fi 

_. J 4 0 , _ 
539. 
541, 
54t. 
542, 
548, 
543, 
544, 
544, 
544. 
54*, 
S4*, 
546, 
546, 
547, 
54f, 
S49, 
54?, 
550. 
551, 

TC7 
OBGC 
402. 
403, 
408, 
402. 
402, 
403, 
403. 
402, 
402, 
403j 
403, 
401. 
402* 
403, 
433, 
402i 
4n2. 
403, 
403. 
402. 
402, 
439i_ 
403, 
432. 
402. 
403, 
%03, 
\02, 
403, 
403, 

^_4n9^ 
<»02. 
402, 
403, 
403. 
4f3, 
4C2. 
4C4. 
t03. 
402, 
403, 
404, 
403, 
^^Z, 
4-2, 
4:4, 
4"4, 
4-3, 
4^3. 
4?4. 

TC8 UP LP 
DEGC OS 
256. S 
25l», 6 
257, 5 
296, 4 
2S6, S 
2S7. 6 
257. S 
256. S 
256, J 
256, 6 
257, 7 
25S, S 
256, 4 
256. 7 
256, 6 
255,^ 4 
256, 6 
256, 6 
256. 6 
255, 5 
259, 4 
a57^ 7 
256, 6 
2S5, 6 
256j # 
256, S 
2S7. 5 
256j 6 
256, S 
257, 7 
256, ^A 
155, S 
256, 5 

^^256. 7 
257. 6 
256, 4 
255, 5 
257, 6 
256. 6 
2S5, 6 
256, 6 
256, 6 
256. 6 
2S3, 4 
256, 3 
256, 7 
216, 6 
256, 5 
256. 5 
257, 6 

1 PSI 

»5o; 
-so; 

, -48; 
1 -so; 
: -49; 
, -47; 

-47; 
-48; 
-48; 
-46; 
-44: 
-46; 

8 -44; 
«44: 

, -44; 
1 -44; 

«43; 
-4i: 

t -4^1 
-42; 

. -42; 
,L„ -40; 
, -fti; 

-4i; 
-4o; 
-39I 
-37; 
-3B; 
-39; 
-37; 

^ -36;, 
-37; 
-36; 
-35; 

, -357 
-35; 
-34; 

, -33; 
-34; 
-34: 

, -?4; 
-31; 
-^i; 
-33; 
-3i; 
-30. 
'29: 

, -3o; 
-3o; 
-28; 

t.p 

cc/s 
94, 
04; 
94, 
90; 
91, 
92, 
Q*; 
94; 
92; 
95; 
9S, 
93. 
04, 
9Z, 
«£. 
90, 
OC. 
93, 
^4,_. 
R9. 
89, 

-J2j„^ 
P9, 
«9, 
9i, 
R9, " 
95, 
93, 

93, 

«c. 
Po, 
So, 
00, 
S9, 

as. 
^9, 
89, 
86, 
86, 
87, 
87, 

nr. 
84, 

ns. 
S8, 
86. 
36, 
«7, 

m. 

UP SAF 
Cf./« M 

-112, 2 

-n?, 3 
-113; 2 

'I'm I 
- U 5 , I 
-lo?; 2 
-lis, 3 
-117; 2 
•.1^6; I 

-no; 3 
-187; 3 
-113; I 
-109; 3 
-106; 3 
-flg; 2 

"110. 2 

-is4; 2 
-97; 3 
-fli; 2 
-as; I 
«93; 2 
-93; 3 
-a?; 2 
-92; 2 
-as; 2 
-91, 2 
-P9, 3 
-9i; 2 
-98. 2 
--is; 2 
-fl9. 3 
-»6; 2 
"•57; 2 
-so; 3 
-79; 3 
-77; I 
-79, 2 
-69; 3 
-78; 3 
-no: 2 
-73; 2 
"76; 3 
-68, 2 
-73; I 
-66; 1 
-61, 3 
-S4, 2 
-*iO, 2 
-%?; 2 
-S3; 3 

I ISAP 
W MJ 
. 1447, 

1447. 
1448, 

, 1448, 
1448, 
1448, 

, 144S, 
, 1448, 
, 1448, 
• l4*a, 
t 144B. 

1448. 
, 1448, 
. 1449, 

1449. 
, 1449, 
, 1449, 

1449, 
A 1449, 
. 1449, 
. 14&9, 
j_ 1449j 
. 1430, 
. 14^0. 
, 145c, 
, 14'50. 
. 1450, 
, U S P , 

14S0, 
, 1450, 

14SD. 
1451, 

. 145^8 
14." 1, 

, 1451, 
1451, 
H 5 1 , 
1451, 

. 1451, 
1451, 

, 14'i2, 
1452, 
1452, 
14^2, 

, 14S2, 
, 14S2, 
. 1452, 

1452. 
1452, 

, 14S2, 



TABLE A.l (Contd.) 

T E S T g ' l 

TIME 
SEC 

Zf.TZB 
2 ! . 7 7 5 
2 J . 8 2 5 

i U 7 5 
2 2 . « 2 S 
2 > . 9 7 5 

. . . J J ^ 0 2 5 _ 
2 3 . 0 7 5 
2 » . 1 2 5 
y^ .1 .75 
2 3 . 2 2 S 
2 9 . 2 7 S 

J J _ ^ 3 2 5 _ 
8 1 . ?7? 
2 1 . 4 2 5 
2 3 » 4 7 5 _ ^ 
2 ^ . 5 2 5 
2 f . 5 7 9 
i 3 ^ 6 2 5 
2 1 . 6 7 5 
2 ^ . 7 2 5 

_ 2 3 . 7 7 5 _ 
2 « . P 2 5 
I f . P ? " 

„ 23 .«25__ 
2 ^ . 0 7 5 
2 * . " 2 5 
2 4 . " 7 5 
2 4 . 1 2 5 
2 4 . 1 7 5 
2 4 . 2 2 5 
2 A . 2 7 5 
2 4 . ? 2 9 
2 4 . 3 7 9 
2 4 . 4 2 5 
2 4 . 4 7 5 
2 4 . ^ 2 5 
2 4 . 5 7 5 
24 . ' »25 
2 4 . * 7 S 
2 4 . 7 2 5 
2 4 . 7 7 5 
2 4 . P 2 5 
2 4 . S 7 5 
2 4 . 9 2 5 
2 4 . " 7 5 
1 5 . 0 2 5 
2 « . 0 7 5 
2 S . 1 2 5 
2 ^ . 1 7 5 

T R E A T T R 

TCI 
DEGC 

0, 
0 , 

^ _ 0 . _ 
0 . 
0 . 
OM 
0 , 
0 . 
0 . 
0 . 
0 . 

^ 0 . _ 
0 , 
0 , 

. _ ^ 0 * _ 
0 . 
0 , 
OA 
0 , 
0 , 

0 . 
0 , 

^ 0 , 
0 , 
0 . 
0 , 
0 . 
0 . 
0 , 
0 , 
0 , 
0 , 
0 . 
0 . 
0 , 
0 , 
0 , 
0 . 
0 , 
0 . 
0 , 
0 . 
0 , 
0 , 
0 . 
0 . 
0 . 
0 . 

Af jSIgNT 1499 

TC2 TC3 
DFGC DEOc 

Its 

F' 

^ 0 
t 
y 

^ . . 5 
f% 

C 

• * f 

• n 

* J 
? 
•̂  
J " 

; 
^ 
c 

™ — ^ 

r-

^ 
J 

^ 
V 

"̂ J 
V 

n 
C 
° 

C 
•^ 
z 
1" 

l * 
"̂  
-s 

) 
°) 

-̂  
^ 
^ 

I 

; 

o ; 
o ; 
o ; 

^ o ; 
o ; 
o ; 

, ^ „ _ .o ; „ 
o ; 
J . 

I - - ? t 
. Q ; 

o . _ 
i j * ; 

s ; 
9 , 
o ; 
p ; 

o ; 
0 . 
o ; 
o ; 
o ; 
c . 
t . 
c ; 

^ j 

ot o ; 
0 . 
o ; 
o ; 

• S 
c ; 
o ; 
0 . 
o ; 
o ; 
a ; 
o ; 
o ; 
o ; 
o ; 
o ; 
o ; 
0 . 
o ; 
0 , 

TC4 
DEGC 
5 0 2 . 
6 0 0 . 
4 9 9 , 
4Qa^ 
4 9 7 , 
4 9 6 . 
4 9 6 , 
4 9 5 . 
4 9 4 , 

. 4 9 3 . . 
^ ' 9 2 . 
4 9 2 . 
4 « 1 . 
4 ^ 0 , 
4 9 0 . 
4 8 8 ^ 
4 8 8 , 
6 ^ 7 . 
4 8 6 j 
4 S 6 . 
4 8 5 . 
4 ^ 5 . 
4 ? 5 , 
4 8 3 . 
4 P 3 , 
4 R 3 . 
4 8 1 . 
4 P 1 . 
4 8 1 . 
4 5 0 , 
4 3 0 , 
4 7 9 , 
4 7 9 . 
4 7 8 . 
4 7 7 . 
4 7 7 , 
4 7 6 . 
4 7 6 . 
4 7 6 . 
4 7 5 . 
4 7 5 , 
4 7 5 . 
4 7 4 , 
4 7 4 , 
4 7 5 . 
4 7 4 , 

c . 
0 , 
0 . 
n 

TCS 
D6GC 
5 3 4 . 
5 3 3 , 
5 3 3 , 
S 3 3 , 
5 3 3 , 
5 3 3 . 
3 3 1 . 
5 3 2 , 
3 3 3 , 
5 3 4 , 
5 3 6 , 
5 3 6 , 
5 3 9 , 
S 4 1 , 
s-^a, 
5 4 5 , 
5 4 7 . 
5 * 7 . 
5 4 7 . 
5 4 9 , 
5 5 0 , 
5 4 9 , 
5 5 2 . 
5 6 4 , 
5 5 7 , 
5 5 7 , 
5 5 3 , 
5 4 6 , 
5 * 4 , 
5 4 2 , 
5 « l , 
S 4 i , 
5 4 2 , 
6 ' * 2 , 
5 * 1 . 
5 4 1 , 
5 * 2 . 
5 4 3 , 
5 * 2 , 
5 4 1 . 
5 4 2 , 
5 4 6 , 
§ 4 9 , 
5 5 2 , 
5 5 7 , 
5 5 9 , 

0 , 
0 , 
C, 
0 , 

TC6 
OEfiC 
5 5 1 , 
5 5 i , 
5 5 2 , 
5 5 3 , 
S 5 J , 
5 5 3 , 
5 5 3 , 
5 5 4 , 
5 S 6 , 

J 5 ^ „ 
5 5 1 , 
5 5 6 , 
5 5 6 , 
5 5 6 , 
5 5 7 . 
5 5 7 . 
5 5 8 , 
5 5 a , 
5 5 7 , 
5 6 0 , 
5 5 9 , 
5 5 9 , 
5 5 f , 
5 6 C . 
5 6 1 , 
S 6 J , 
5 6 1 , 
5 6 2 , 
5 6 2 . 
5 6 1 , 
5 6 9 , 
5 5 4 , 
3 6 3 . 
5 6 8 , 
5 6 3 , 
5 6 5 , 
5 6 5 , 
5 6 9 , 
5 6 S , 
5 6 7 , 
5 5 6 , 
56 f t , 
5 6 7 . 
5 6 8 , 
5 6 7 , 
5 6 7 , 

6 , 
0 . 
W. 
0 . 

TC7 
D^se 
4 ^ 4 . 
4 C 2 , 
4 « a , 
4 n 4 , 
4-^3. 
4f>2, 
4 0 3 . 
4 ' * 4 , 
4 ? 4 , 

4 ' ' 3 . 
4 ^ 5 , 
4^4s 
4f>2, 
4*^3, 
4 r 4 , _ _ 
<»C«4, 

4 C 2 . 
4 ' * 3 j 
4 0 4 , 
4 0 4 . 
4 0 3 , 
4 C 3 . 
« « 4 . 
4 C 3 . 
4 0 2 , 
4 0 4 , 
40Sj_„ 
4 0 4 , 
4 0 3 , 
4 0 4 , 
4">4, 
4 0 4 . 
4 1 3 . 
4 3 3 . 
4 0 4 , 
4 0 4 . 
4 f 3 . 
4 ' ^3 . 
4 r 4 . 
4 0 4 . 
4 ' - 4 , 
4 '>4. 
'414. 
4 - ' 4 . 
4 3 4 . 

0 , 
0 , 
0 , 
0 . 

TCS 
OEGC 
2 5 6 , 
2 5 6 . 
2 5 5 , 
2 5 7 , 
2 ? 6 . 
2 5 6 , 
2.^6. 
2 5 7 . 
2 5 7 . 

^ 2 ? 6 j „ 
Z'ib, 
2 5 7 . 
256^ 
2 5 5 , 
2 5 6 . 

^ _ „ i 5 6 j -
2 5 7 , 
2 ? 5 , 
Z56j, 
2 5 6 , 
2 5 7 . 
2 5 6 . 
2 5 6 . 
2 S 7 . 
2 5 6 , 
2 5 6 , 
2 9 6 , 
2 5 7 . 
2 5 6 , 
2 5 5 , 
2 5 6 , 
2 5 7 . 
2 5 7 , 
2 5 6 . 
2 5 5 , 
2 S 6 . 
2 5 6 . 
2 5 6 , 
2 5 6 , 
2 S 6 , 
2 5 7 , 
2 5 S , 
2 5 6 , 
2 5 7 . 
2 5 7 . 
2 5 S , 

0 , 
0 . 
c . 
0 , 

UP 
I 

LP 
^ S I 
2 9 . 
2 9 ; 
2 s ; 
2 s ; 
2 7 ; 
a s ; 
?^i 
2 5 ; 
2 5 ; 
2 6 ; 
? 5 ; 
z< 
2 5 ; 
? 4 ; 

?* . ; 
? 3 ; 
2 2 ; 
2 3 ; 
?3^ 
2 1 ; 
z i ; 
2 i : 
2 1 : 
Z D ; 

2 1 ; 
? o ; 
2 o ; 
i s ; 
1 9 ; 
2 o ; 
1 9 ; 
I T ; 

n ; 
I B ; 

I S ; 

I S ; 

1 5 ; 
1 7 ; 
1 6 ; 
1 4 ; 
i s ; 
i s ; 
1 4 ; 
1 3 ; 
1 3 ; 

1 * ; 
0 ; 
0 ; 
0 ; 
0 ; 

LF 
c c / s 

« 8 , 
S 6 , 
^ 4 , 
«&; 
R3 , 
<!3. 
« . 
fi4. 
« 4 , 
n . 
P 2 . 

« s ; 
P 2 , 
s 2 . 
« 6 , 

P 3 , 
S 3 , 

«C, 

7§ ' , 
fl2. 
7 7 . 
s C . 
R 2 , 
BO, 
7 8 ; 

^0, 
S I . 
s o ; 
7 S , 
P I . 
8 0 , 
3 2 , 
7 8 . 
• • 9 ; 

R l . 
n \ 
a o . 
8 1 . 
ft2. 
s 2 ; 
7 9 . 
7 9 , 
8 2 ; 
n . 
7 9 , 

0 ; 
0 , 
0 , 
0 . 

u ^ 
c c / s 
- ^ 7 ; 
- 5 3 ; 
- ^ 2 , 
- 4 7 . 
- 4 8 . 
» « 6 ; 
- 1 6 . 
- 1 7 ; 
- ^ 9 . 
- ^ 3 ; 
- ? 8 . 
- 2 6 ; 
- ? & ; 
- ? < " 
» '?4; 

- J 5 ; 
- ? 4 . 
- ? o ; 

- I B ; . ^ 
- 1 4 ; 
- i s ; 
- i s ; 
- 1 2 ; 

- B ; 
^ 4 ; 
- 6 ; 
, 6 . 
- 2 ; 
i i ; 
i i ; 

0 ; 
&; 
5 , 
7 ; 
9 ; 

1 4 ; 
i s ; 

s ; 
1 2 ; 
l i ; 
1 4 ; 
' 4 ; 
1 3 ; 
1 5 ; 
i s ; 
1 5 ; 

0 ; 
0 ; 
0 ; 
0 ; 

SAF l 
mi 
2 . 
1 . 
2 . 
3 , 
2 . 
2 , 
2 , 
2 , 
3 . 
2 ^ 
2 . 
3 i 
2 i 
2 , 
2 , 
2 , 
2 , 
2 , 
2 , 
2 ; 
3 . 
1 , 
I , 
2 . 
3 . 
2 . 
1 . 
3 , 
2 , 
2 . 
2 . 
3 . 
2 . 
2 . 
2 . 
2 . 
3 , 
I . 
2 , 
3 , 
1 , 
Z . 
2 , 
3, 
3 , 
1 . 
0 . 
0 . 
0 . 
0 , 

ISAP 
HJ 

1453, 
1453, 
1453, 
5*53, 
1493, 
14S3, 
14S3, 

1453, 
14^3, 

_i454^ 

1454, 

1454., 
14S4, 
1454, 
1455, 
14S5. 
1455. 
1455,"" 
14S5, 
14SS, 
1455, 
1455, 
I4?5, 
1455. 
1456, 
1456. 
1456. 
1456, 
1456. 
1456. 
1456, 
1456, 
1456, 
1456. 
1457. 
1437, 
1457, 
1457, 
3,497, 
1497, 
1497. 

0. 
0, 
0, 
0, 
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TABLE A.2. Inlet and Outlet Flow Rates and In tegra l s , and Void 

TEST E7i VOID CALCULATIOMS 

TIHE 
SEC 

,002 ! 
. 0 0 7 • 
. 012 ! 
. 0 1 ? ^ 1 
.022 ! 
. 027 ! 
, 032 ! 
, 037 ! 
.042 ! 
a 0 4 7 ^ J 
. 092 ! 
. 057 1 
. 0 6 2 I 
,06T ! 
. 072 ! 
^07? J 
s082 ! 
. 0 8 7 ! 
« 0 t 2 J 
,09T • 
.108 ! 
ao7 ! 
a i 2 ! 
. 117 ! 
. 1 2 2 ! 
a 2 t ! 
.m ! 
a37 • 
a42 ! 
a47 ! 
a58 J 
a57 ! 
a62 ! 
a67 ; 
a72 ! 
,177 1 
aS2 ! 
a87 ! 
a92 ! 
a97 ! 
.?02 ! 
. ?07 ! 
. 218 ! 
. 217 f 
.22?, • 
, 2 | 7 • 
.m I 
. 237 > 
.248 ! 
.24T ! 

I N t l 
CC/! 

J83,( 

18*,< 

S83,« 
187, ; 
188, ; 
J88 , ! 
JS4, ' 
S87,i 
185,1 
!88,< 
!S6, ( 
586,« 
>83,< 
I 8 8 , j 
185, ! 
ses.i 
IB5a« 
188^1 
185,< 
I S 5 , ; 
183,• 
113 , ' 
110,J 
iei,« 
J86,« 
l | 4 , « 
181,« 
188, ; 
183,< 
1 8 1 , ! 
182,< 
184,( 
179,1 
J82 t ' 
JB3, ' 
SBSs* 
> 8 l , ' 
i 9 0 , ! 
186,« 
184.1 
J8S,: 
IBS , ! 
179,« 
183, ! 
187,1 
mB^i 
S85,< 
192, ! 

ET FLOW 
lEC G/sec 
1 S00.2 
9 SO l iZ 
» 5 0 l i 0 
9 9 0 l i 4 
? 900^4 
1 9 0 3 . 4 

1 5 0 1 . 1 
1 S03* f 
b 501 .9 
% 504#a 
3 ? 0 2 . l 
i 5 0 3 a 
1 8 0 2 . 2 
1 S 0 4 , 3 . 
I 5 0 1 . 3 
1 502«0 
1 5 0 2 t 2 
} 504^5 
) 5 0 l i 4 
1 5 Q l i 6 
r 5 0 0 , 2 
f 900a3 
! « 9 7 a 
? 4 9 3 . 9 
t 5 0 3 . 1 
J s o l . 4 
i 49«86 
I 5 0 3 . 9 
3 4 9 ^ i 7 
1 49^84 
i 4 9 9 . 3 
!» 50? .5 
i 496 ,8 
r 49«'.5 
r 903»4 
i S00.2 
7 A9f l .7 
I 505 ,5 
> 502^9 
' 531 ,0 
I 5 0 1 . 2 
i 501^9 
» 49&,4 
I 499 .6 
} 5 0 ^ . 7 
i ?04tO 
3 501 ,9 
5 507 ,7 

OUT 
CC/ 

582t 
3 8 4 , 
S84 , 
S83 , 
5 8 3 . 
S86t 
9 8 7 , 
9 8 8 , 
9B3 , 
SB5, 
S84» 
9 8 7 , 
5 8 9 , 
s e 6 i 
5 8 5 , 
5 8 7 | 
5S4» 
5 8 5 , 
3 1 4 , 
9 8 i i 
5848 
S84 , 
5 8 3 , 
5831 
S79t 
5 8 1 , 
5 8 6 . 
S84 , 
5 8 1 , 
5 8 7 , 
582 t 
s e i , 
5 6 2 , 
9 8 3 | 
5 7 9 , 
5 8 2 , 
5 8 3 , 
582 i 
s e l l 
589t 
5 8 6 , 
5 8 4 , 
5849 
S85 | 
5 7 9 , 
5838 
5 8 7 , 
9 8 8 , 
SB4, 
5 9 l t 

CET PLOW 
SEC K/SEC 
8 S00,« 

I 9 0 l t « 
9 S O U * 
3 9 0 0 , 6 
3 9 0 3 , 4 
4 8 0 4 , 3 
0 S04,e 
9 SOUS 
2 503*4 
8 i O Z t l 
S 904 ,3 
6 1 0 2 , 7 
2 9 0 3 ^ 
9 S02,2 
6 1 0 4 , 3 
I 5 0 1 , 4 
I 5 0 2 , 1 
7 SOZtO 
0 1 0 4 , 8 
S 9 0 1 , * 
6 SOI ,5 
0 900 ,9 
0 500 ,5 
8 « 9 7 , 3 
7 4 9 9 . 2 
I 1 0 3 , 1 
7 J O l . l 
S 4 9 9 , 1 
7 3 0 4 , 4 
7 ?OO,0 
0 4 9 8 , 4 
7 SOOtO 
4 J 0 0 , 8 
3 496 ,B 
6 4 9 9 , 9 
2 ^ 0 0 , 6 
9 5 0 0 , 0 
7 4 9 9 . 1 
4 9 0 5 , 9 
3 S 0 3 f l 
I .^01,2 
5 9 0 1 . 7 
4 9 0 2 . 3 
I A96, f l 
i S00.2 
3 S03,9 
0 S04,3 
8 101 ,6 
8 5 0 7 , 7 

INT t lNLBT 
CC 

0 , 0 
2 , 9 
St8 
0 , 8 

U s 7 
I * . f t 
1 7 , 6 
2 0 , 9 
Z » t 4 
2fej4 
2 9 , 3 
8 2 , 2 

^ 3 5 i 2 ^ 
3 9 a 
4 1 , 0 

„ 4 i t 0 „, 
4 6 , 9 
4 9 , 8 
SE,B 
5 5 , 7 
5 8 , 5 
6 1 , 6 
6«s5 
6 t , 4 
7 0 , 3 
7 9 t 2 
7 6 , 1 
7 9 , 0 
8 2 , 0 
8 4 , 9 
8 7 , a 
9 0 , 7 
9 9 , 7 
9 6 , 6 
99 ,S 

10? ,4 
109 ,3 
lOSiZ 
l u a 
n^,i 
117 ,0 
1 2 0 , 0 
122 ,9 
X2S,8 
128 ,8 
131 .6 
134 ,5 
131',6 
140,S 
143 ,4 

6RAHS 
OiO 

" 2 . 3 ' 
5 , 0 
7 , 5 

1 0 | 0 
12 ,5 
lAiO„ 

2oa 
-^ZllA. 

2 5 t l 
2 7 , 6 

J Q , i 
3 2 i T 
3512 

.^ J I J J ^ 
4 0 , 2 
4 2 . 1 
4 5 , 2 
4 7 , 7 
5 0 , 2 
52*8 
5S,3 
S7 ,8 
6 0 , 3 
6 2 , 7 
6512 
6 7 , 9 
7 0 , 3 
7 2 . 8 
7 5 , 3 
7 7 , 8 
8 0 , 3 
8 2 , 8 
0 3 , 3 
8 7 . 7 
9 0 , 2 
9 2 t 7 
9 5 , 2 
9 7 , 8 

100 ,3 
102 ,8 
IDS ,3 
107 ,8 
110 ,3 
112.B 
U 5 , 3 
i i t . e 
120 ,3 
122 ,8 

INT,OUTLET 
CC 6RAHS 

Oj 
2i 
S, 
«, 

U , 
14, 
17, 
20, 
23, 
26. 
29. 
32. 

J S , 
3« , 
4 1 , 

..^ J 3 i 
46, 
40, 

^ f2 . 
5«. 
58, 
6 1 . 
64 , 
67, 
70 , 
79 , 
76 , 
79 . 
8 1 , 
84 , 
87 , 
90 , 
93 , 
9t>, 
9 « , 

102. 
105, 
lOP. 
1 1 1 . 
I P . 
1 1 * . 
119. 
122. 
125, 
I 2 f l , 
1 3 1 , 
134 . 
137. 
140. 
143. 

,0 0 , 0 
,9 2 , 9 
,fl s,e 
,8 7 , J 
.7 1 0 . 0 
, * n,9 
,5 1 9 , 1 
,S 1 7 , * 
,4 z o a 
i3 2 2 1 * 
,3 2 5 , 1 
,2 27, f r 
i l , . J 0 | 8 
a 32.t 
,0 3 3 , 8 
,« J 7 , 7 
,8 4 0 , 2 
,8 4 2 . 7 
,7 4 5 , 2 
,6 4 7 , 7 
,6 5 0 , 3 
,5 S2 |8 
,4 5 5 , 3 
3 37»8 
,3 6 0 , 3 
,1 6 2 . 8 
,0 6 5 , 3 
>n 67 ,P 
,9 7 0 , 3 
,8 7 2 . 8 
,8 7 5 . 3 
,7 7 7 , 8 
.6 8 0 i 3 
,4 8 2 , 8 
,S 8 5 . 3 
, 1 S7,8 
,2 9 0 , i 
•2 9 2 , 8 
,0 9 5 , 3 
,9 9 7 , 8 
,9 100,S 
,9 102 ,8 
,7 10S,J 
,7 107 ,0 
,6 I I C , I 
,6 112 ,8 
A U S , 3 
,4 117 ,9 
i3 12'^.4 
,2 122 ,9 

VOID 
CC 

OjO 
0 . 0 
0 . 0 
OjO 
0 , 0 
0 . 0 

0 , 0 
0 , 0 
0 , 0 
0 , 0 
0 , 0 
0 , 0 
0 . 0 
0 , 0 
0 , 0 
0 , 0 
0 . 0 
OiO 
0 , 0 
0 , 0 
0 . 0 
0 , 0 
0 , 0 
0 , 0 
0 , 0 
0 . 0 
0 ,0 
0 . 0 
0 , 0 
0 ,0 
0 . 0 
0 .0 
0 . 0 
e.o 
0 , 0 
0*0 
n,o 
0 . " 
0 , 0 
0 ,0 
0 , 0 
0 , 0 
0 , 1 
0 , 1 
0 , 1 
C . l 
0 , 1 
O . l 
o a 

GRAHS 
0 , 0 
0 , p 
0,n 
0 , 0 
0 , 1 
0 , 0 
Oj f l 
0 , 0 
0 , 0 
OiO 
0 . 0 
0 , 0 
OiO 
0 , 0 
o,n 
0 | 0 
0 , 0 
0 . 0 
0 , 0 
0,P 
0 . 0 
0 , 0 
0 . 1 
0 , 0 
0,f> 
0«« 
0 , 0 
0 ,0 
0 , 0 
O.ft 
0 , 0 
0 ,0 
0,1^ 
0 . 0 
0 , 0 
0 . 9 
0 , 0 
0,n 
p .n 
0 , 0 
0 , 0 
0 . 0 
OiO 
0 ,0 
0 , n 
1 , 0 
0 ,0 
o a 
o . l 
o a 
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TABLE 

TEST ETI 

TIME 
SEC 

§,231 
9 .257 
§ .262 
5 ^ 2 6 1 
8 ,272 
9 .Z77 
I . 2 S 2 
f . 2 8 7 
9 ,292 
5 . 2 9 7 
S.302 
S.307 
i „ 3 l 2 
5 .317 
1 .322 
S.327 
1.132 
5 .337 
S.342 
S . 3 4 f 
I . 3 5 Z 
f , ? 5 7 
1 .362 
S.367 
^ . 1 7 2 
? .3T7 
f . 3 8 2 
S.387 
S.392 
1 .397 
i . 4 0 1 
1.407 
5 . 4 1 2 
1.417 
1 .422 
1.427 
8^432 
§ . 4 3 7 
i . 4 4 8 
S . 4 « 
S.452 
S.457 
1 .462 
I . 4 6 T 
1.472 
5 . 4 7 7 
« . 4 | 2 
^ . 4 8 7 
I ^ 4 f 2 
5 .497 

VOID CALCULATIONS 

P L E T 
CC/SEC 

5 8 9 , 1 
98S,3 
5 8 7 a 
S S 9 , 1 _ 
S 8 U 8 
5 8 4 , 9 
9 1 7 , 1 
9 8 6 , 1 
5 8 3 , 9 
5S9 ,2 
5 8 3 , 7 
S 8 l , 6 
3 8 3 , 3 
S 8 6 , i 
9 8 0 a 
S 3 3 a 
S83,2 
581 ,8 
982 ,3 
5 8 8 , 0 
5 8 4 , 2 
1 8 1 , 6 
S83 ,7 
5 8 6 , 2 
5 8 0 , 2 
3 8 3 , 1 
587,S 
S85,3 
3 7 9 , 9 
5 9 0 , 1 
S85,4 
9 8 1 , 0 
9 8 4 , 3 
588 ,9 
S80 ,0 
5 8 4 , 9 
5 8 7 , 3 
58S,0 
3 8 4 , 8 
3 9 3 , 4 
5 8 8 , 9 
9 8 3 , 1 
5 8 5 , 1 
5 8 9 , 7 
5 8 0 , 3 
5 1 3 , 2 
5 9 0 , 2 
3 8 4 , 4 
5B0,S 
5 9 1 , 7 

FLoa 
: S/SEC 

.804,4 _ 
5 0 l « 4 
502 ,8 
S03, f t_ 
« 9 a . 4 
5 0 0 , 9 
S 0 2 i 9 
5 0 1 . 9 
49'9.9 
5 D 4 , 7 

501 ,5 
4 9 « , 0 
4 9 9 . 2 
9 0 1 . 9 
4 9 6 , 8 
4 9 9 , 2 
4 9 9 . * 
4 9 8 , 3 
4 9 s , 4 
5 0 3 , i 
5 0 3 . 2 
4 9 7 , 9 
5 0 0 , 0 
5 0 1 . 9 
4 9 6 . 8 
4 9 9 , 6 
5 0 ^ . 0 
501 ,5 
4 9 * . 5 
S05.3 

sola 
4 9 7 . 2 
5 0 0 . 2 
5 0 3 . 9 
4 9 6 , 4 
5 0 0 . 5 
50? ,5 
5 0 0 , 7 
5 0 0 , 2 
9 Q 8 , Q 

5 0 4 . 0 
49*»,7 
5 0 1 , 3 
5 o 4 , 3 
4 9 6 , 3 
4 9 " , 9 
5 0 4 , 8 
5ooa 
4 9 ^ . 7 
S o 3 , f 

OUTLET 
CC/SEC 

-^.MBtl 
9 8 5 , 0 
3 8 6 , 8 
i a 9 a l 
9 8 1 . 4 
58S,0 
9 8 6 i 9 
S85,S 
S84 ,4 
?8B,9 
5 8 3 , 6 
3 8 1 , J 
5 8 3 , 0 
.196 a 
5 7 9 , 8 
5 8 3 , 7 
5 8 3 , 4 
9 8 1 , 3 
5 8 3 , 0 
5 8 8 , 3 
9 8 4 , 0 
S S 2 , f 
S83 ,9 
9 8 6 , 4 
seo«4 
5 8 3 , 9 
9 8 8 , 2 
5 8 5 , 4 
5 8 1 , 2 
5 9 1 , 3 
5 B 3 , i 
9 8 2 , 1 
9 8 4 , 9 
5 f 9 , o 
SB0,6 
5 8 5 , 6 
387 ,S 
5 8 4 , 7 
3 8 5 . 6 
9 9 4 , 3 
9 8 8 , 9 
9 8 4 , 0 
5 8 6 , 9 
3 8 9 , 9 
5 8 0 , 6 
5 8 4 , 4 
5 9 0 , 9 
5 8 4 , 6 
5 8 1 , f 
5 9 3 , 1 

PLOW 
6/SEC 
a04 ,9 
.^01.6 
503 ,3 
S05,4 
4 9 8 , * 
SOU 6 
1 0 3 , 4 
9 0 2 , 0 
900 ,9 
S 0 5 a 
.?02 , l 
4 9 « , 4 
3 0 0 , 1 
502 ,6 
4 9 7 . 0 
5 0 c , 4 
500 ,2 
4 9 8 , 4 
4 9 9 , 6 
9 0 4 . 4 
S00,4 
4 9 8 , 9 
900 .8 
502 .6 
4 9 7 , 2 
5 0 0 , 3 
504 ,0 
9 0 U 4 
4 9 7 , 6 
f 0 6 . 5 
J 0 U 4 
4 9 8 , 3 
9 0 U 2 
^04..? 
4 9 7 . 0 
SOUS 
5 0 3 , 4 
JOO.B 
S 0 U 4 
5 0 8 , 9 
904 .3 
4 9 9 , 9 
q02 ,3 
10? a 
4 9 6 , 9 
3 0 0 , 1 
S05,9 
?00 .3 
4 9 8 . 0 
907 .5 
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A.2 (Contd.) 

i N T . i N t e r 
cc 

_ 1 4 * 1 4 ^ 
149 ,3 
l > 8 , 3 
159^2 
1 5 8 , 1 
1 6 U I 
1 6 4 , 0 
166 ,9 
169 ,9 
172 ,7 
179 ,7 
1 7 8 , 7 
181 ,7 
184 ,3 
187 ,4 
190 ,4 
1 9 3 , 1 
I 9 6 a 
I 9 f , l 
2 0 1 , 9 
2 0 4 , 9 
2 0 7 , 9 
2 1 0 , 6 
2 1 9 . 7 
2 1 6 , 6 
2 1 9 , 4 
2 2 8 , 4 
2 2 3 , 3 
2 2 8 , 3 
2 3 1 , 2 
2 3 4 , 2 
2 3 7 , 2 
2 4 0 , 1 
2 4 8 , 0 
2 4 5 , 9 
2 4 8 , 9 
2 5 1 , 8 
2 5 4 , 7 
2S7,8 
2 6 0 , 9 
2 6 i , 6 
Z6f t ,6 
2 6 9 , 4 
Z72,S 
27S,4 
2 7 8 , 3 
« 8 l , 3 
2 8 4 , 1 
H 8 7 a 
2 9 0 , 1 

GRAMS 
1 2 3 | 4 _ 
127 ,9 
U 0 , 4 
I i 2 i 9 
135 ,4 
137 ,9 
140 ,4 
143 ,0 
145 ,5 
1 4 8 , 0 
IS0»S 
1 3 3 . 0 
155»5 
1 5 8 , 0 
160 ,5 
1 5 3 , 0 
169 ,5 
168 ,0 
1 7 0 , 4 
1 7 3 , 0 
175 ,9 
1 7 8 , 0 
180 ,9 
1 8 3 , 0 
185 ,5 
187 ,9 
190,S 
1 9 3 , 0 
195 ,5 
1 9 8 , 0 
200 ,9 
2 0 3 . 0 
203 ,5 
2 0 8 , 0 
2 1 0 , 5 
2 1 3 , 0 
215 ,3 
2 1 8 , 0 
2 2 0 , 9 
223 iO 
2 2 5 , 9 
2 2 8 , 0 
230 ,9 
2 3 3 , 1 
2 3 5 , 6 
2 3 8 . 0 
2 4 0 , * 
2 4 3 a 
2 4 5 , 6 
Z 4 8 i l 

lMT,aUTLET 
CC 

WMA 

149 ,2 
1 9 2 , 1 
155^0 
158 ,0 
160 ,9 
153 ,8 
166 .8 
169 ,8 
172 ,6 
17S.6 
178 ,6 

iau4 
184 .3 
187 ,3 
190 ,2 
1 9 3 , 1 
196 ,0 
1 9 9 , 0 
2 0 U 8 
2 0 4 , 9 
2 0 7 . 9 
2 1 0 . 7 
8 1 3 , 6 
f l 6 . 6 
a i « , 5 
2 2 2 , 4 
2 2 3 , 4 
2 2 8 , 5 
2 3 1 , 3 
g 3 4 , 2 
2 3 7 , 3 
8 4 0 , 0 
1 4 3 , 0 
8 4 6 , 1 
2 4 9 , 8 
251 ,8 
2 5 4 , 7 
2 5 7 , 7 
26n, f t 
2 6 3 , 6 
2 W . 7 
269 ,9 
2 7 2 , 4 
275 ,9 
27Sa4 
281 .3 
2 8 4 , 3 
2 1 7 , 2 
2 9 0 , 2 

SRAMS 
« 5 i 4 
1 2 8 , 0 
130 ,9 
1 3 1 , 0 
135,S 
1 3 8 , 0 
140 ,5 
1 4 8 , 0 
145 ,9 
148 ,0 
3,50,• 
1 3 3 , 1 
15S,6 
I S f l . l 
1 6 0 , * 
I 6 3 t l 
169 ,6 
1 6 8 , 1 
170 ,6 
1 7 3 , 1 
175 ,6 
1 7 8 , 1 
180 ,6 
1 8 3 , 1 
185 ,6 
1 8 8 a 
1 9 0 , * 
I 9 3 a 
1 9 9 , 6 
I 9 f l , l 
ioo,* 
3 0 3 , 1 
2 0 5 , 6 
2 0 8 a 
2 1 0 , * 
n3 , i 
1 1 9 , 6 
2 l f l i 2 
2 2 0 , 7 
? 2 3 i 2 
125 .T 
2 2 8 , 2 
2 3 0 , 7 
2 3 3 , 3 
8 3 5 , 8 
2 3 » , 3 
2 4 0 , 8 
8 4 3 , 3 
2 4 9 , 6 
t 4 8 , 3 

VOID 
C 

Ot 
0 , 
C, 
0 , 
0 . 
0 . 
0 , 
0 . 
0 , 
0 . 
0 . 
0 . 
0 . 
0 . 
0 . 
0 , 
0 . 
c. 
0 , 
e. 
0 . 
0 . 
0 , 
0 . 
0 , 
0 . 
i , i 
0.5 
o.< 
O.J 
ft.S 
0 , ! 
O.J 
0,2 
o.s 
0.2 
0.2 
0,? 
0,5 
0.2 
O.J 
0,i 
ca 
0.? 
0 ,1 
O . l 
0.2 
0 . 1 
0 .1 
0,2 

• PjRAM 
I 0 , 
I 0 , 
I 0 , 
I 0 , 
I " . 
I n . 
I 0 , 
I 0 . 
I 0 , 
I 0 , 
I 0 , 
I 0 , 
L « . 
I n , 
I 0 , 
l 0 , 
I 0 , 
I 0 , 
I 0 , 
I 0 , 
I 1 . 
I 0 , 
I 0 , 
I 0 , 
1. «« 
I 0 . 
! 0 , 
! 0 , 
! 0 , 
! n . 
5 0 , 
I 0 , 
• 0 , 
! 0 . 
! f*. 
! 0 , 
! 0 . 
J 0 , 
! 0 . 
! 1 . 
! . ' » , 

0 . 
n . , 
O.i 
O.J 
n^l 
O.i 
0 , ; 
O.J 
n , : 
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TABLE 

TgST E7l VOID CALCULATIONS 

TI ' IE 
SEC 

S.502 
^ . 5 0 7 
^ . 5 1 2 
^..517 
« .522 
^ . ? 2 7 
^ .S32 
^ . 5 3 7 
9 .542 
5 .547 
S.S52 
* . 5 5 7 
n.3bZ 
«.567 
^ . 5 7 2 
^ . 5 7 7 
•1.582 
^ . 5 8 7 
S.592 
^ . 5 9 7 
« .602 
S.607 
i . A l Z 
« . 6 l 7 
5 .622 
9 .527 
« .633 
^ . 6 3 7 
^ . 6 4 2 
^ . 6 4 7 
i , 6 5 2 
^ .AS7 
* . 6 6 2 
?.A&7 
^ . 6 7 2 
1.677 
i . A B ? 
S.687 
«.69a 
? .697 
^ . 7 0 2 
* . 7 0 7 
^ . 7 1 8 
n.in 
1.722 
§ ,727 
S.732 
S.737 
S.742 
9 .747 

INLET 
CC/SEC 

5 8 U 7 
5 9 2 , 4 
580 ,3 
578 ,5 
5 3 8 a 
5 8 6 , 2 
574 .8 
S86,8 
5 9 0 , 1 
.579,5 
5 7 9 , 7 
590 ,3 
5 8 1 , 3 
9 7 8 , 7 
989 ,5 
5 8 7 , 2 
5 7 6 , 9 
fl87,l 
S89,9 
5 e U 7 
9 8 8 , 0 
9 9 S a 
5 8 2 , 3 
3 8 0 , 2 
.S88,7 
5 8 8 , 0 
5 8 0 , 4 
9 8 9 a 
5 9 0 a 
583 ,5 
584 ,9 
•593,0 
5 8 3 , 0 
M O a 
.189,0 
^ 8 6 a 
5 7 7 , 2 
586,S 
9 8 8 , 0 
^ 8 1 , 3 
9 8 0 , 0 
3 9 0 , 2 
1 8 n , 4 
5 7 8 , 1 
•585,1 
985 .3 
1 7 7 a 
587 ,3 
5 8 7 , 2 
5 8 2 , 0 

PLQ''! 
: fS/SEC 

4 9 7 , 7 
^0#' .6 
496 ,3 
4 9 4 . 9 
502 ,8 
? 0 U 4 
4 9 U 7 
5 0 2 . 2 
5 0 4 , 7 
4 9 ^ , 6 
4 9 5 , 9 
5 0 5 , 0 
4 9 7 . 0 
4 9 5 , 0 
? 0 4 . 0 
502 ,3 
4 9 3 . 4 
5 0 U 9 
5 0 4 . 0 
4 9 7 , 2 
5 0 0 . 1 
3 0 ^ . 9 
4 9 7 . 6 
4 9 5 . 8 
5 0 3 , 0 
S02.4 
4 9 f t a 
5o3 .3 
5o4,S 
4 9 " , S 
4 9 9 , 6 
^ 0 * , 5 
4 9 3 , 0 
495 .8 
;^o3.o 
^ 0 5 . 5 
4 9 3 . 3 
5 0 U 3 
5 0 2 , 4 
496 ,5 
4 9 3 , 1 
? Q 4 . 0 
4 9 3 , 8 
4 9 3 , 9 
495 .S 
4 9 ^ . S 
4 9 3 , 0 
5 0 U 9 
5 o U 3 
4 9 7 , 0 

OUTLET 
CC/SEC 

S85,3 
5 9 3 , 2 
3 7 9 , 3 
5 8 1 , 1 
.^90,7 
984 ,$ 
5 7 6 , 1 
S90,.9 
3 8 9 , 9 
5 8 3 , 2 
5(J3,5 
3 9 2 , 0 
5 8 1 , e 
5 8 U 8 
592 ,5 
5 8 6 , 9 
5 7 9 , 6 
5 9 U 2 
589,fe 
5 6 2 , 2 
5 8 9 , 1 
5 9 6 , 7 
5 8 2 , 2 
5 8 3 , 3 
591 ,6 
5 8 7 , 9 
S81 ,9 
S 9 3 a 
5 9 0 , 3 
5 8 4 , 2 
S89 ,2 
5 9 4 , 9 
5S2 .9 
5 8 3 , 7 
S 9 U 9 
^ 8 6 , 3 
S79,3 
3 9 0 . 8 
5 8 8 , 4 
9 8 1 , 9 
584 ,6 
5 9 2 , 0 
•380,2 
982 ,0 
3 8 8 , 4 
5 8 6 , 0 
S79,S 
S 9 U « 
58 f l t7 
5 8 3 , 1 

PLOW 
r,/SEC 
500 ,8 
9 0 7 . 4 
495 ,3 
4 9 7 . 2 
S03.7. 
9 0 0 a 
4 9 2 , 7 
904 ,8 
5 0 4 . 4 
4 9 6 , 0 
^ 9 8 , 8 
503 ,9 
4 9 6 , 7 
497 .3 
1 0 6 . ^ 
9 0 U 5 
4 9 4 , 6 
9 0 9 , 1 
903 .9 
4 9 7 , 6 
5 0 3 . 4 
309 ,8 
497 ,5 
4 9 8 , 1 
5 0 5 . 4 
3 0 2 . 2 
4 9 7 , 2 
906,S 
3 0 4 . 3 
4 9 8 , 9 
5 0 3 , 1 
3 0 7 . 9 
497.S 
4 9 a , ? 
5 0 5 , 4 
§00 ,9 
4 9 4 , 7 
? 0 4 , 4 
102 ,5 
497,Q 
4 9 8 . 9 
-105,4 
« 9 5 , 5 
4 9 6 , 8 
3 0 2 , 2 
^ J O O . I 
494 ,p 
S04,9 
302 ,3 
4 9 7 , 7 

# 

A.2 (Contd.) 

l i ^T t lNLET 
CC 

292 ,9 
29S,9 
29» ,8 
3 0 U T 
3 0 « , 8 
3 0 7 , 6 
310,S 
3 l i , 2 
3 l f e |3 
3 1 9 , 3 
3 2 Z , l 
32ft , I 
3 2 8 a 
3 3 0 , 9 
3 3 3 , 9 
3 3 6 . 7 
3 3 9 , 7 
3 4 2 , 8 
3 4 9 , 7 
3 4 8 , 7 
3 5 U 3 
3S4,6 
3 5 7 , 6 
3 6 0 , 9 
3 6 3 , 4 
3&ft ,4 
3 6 9 , 2 
3 7 2 , 3 
3 7 3 , 0 
37« ,Z 
3 8 i a 
3 8 4 a 
3 8 7 , 0 
3 8 9 , 7 
3 9 2 , 9 
39S,9 
398 ,9 
4 0 U 6 
4 0 4 , 5 
4 0 7 , 9 
4 1 0 , 7 
4 1 3 , 4 
4 1 6 , 3 
4 l 9 a 
4 2 2 , 3 
429 ,1 , 
4 a 7 , 9 
4 3 0 , 9 
4 3 i , 9 
* 3 * , 8 

GRAMS 
2 S 0 . * 
2 3 3 . 1 
2 5 5 , 6 
2 S 8 , I 
2 6 0 , 6 
2 6 3 a 
2 6 5 , 6 
2 6 8 , 0 
2 7 0 , 6 
2 7 3 , 1 
279 ,3 
2 7 8 , 0 
280,S 
2 8 3 , 0 
285 ,3 
2B8 ,0 
290»S 
2 9 3 , 0 
295 ,9 
2 9 8 , 0 
300 ,5 
3 0 3 a 
3 0 5 , 6 
3 0 8 , 0 
310,S 
3 l 3 a 
3 1 5 , 6 
3 1 8 a 
3 2 0 , 6 
3 2 3 , 1 
3 2 5 , 6 
3 2 3 , 1 
3 3 0 , 6 
3 3 3 , 1 
3 3 5 , 6 
3 3 8 , 1 
3 4 0 , 6 
3 4 3 a 
3 4 5 , 6 
3 4 8 a 
350 ,3 
3 3 3 , 0 
355,S 
3 5 8 , 0 
360 ,5 
3 6 3 , 0 
365 ,5 
3 6 8 , 0 
370 ,9 
3 7 3 , 0 

TiT.OUTLET 
CC 

2 9 3 , 2 
29f t .2 
2 9 f l , l 
3 0 1 . 9 
3 0 5 , 0 
307 ,9 
31D,8 
313 ,8 
316 ,7 
3 1 9 . 7 
1 2 2 , 7 
3 2 5 , 7 
329 ,5 
3 3 U 3 
334,S 
3 3 7 , 4 
34f t .2 
3 4 3 , 4 
3 4 6 . 2 
3 4 9 a 
3 5 2 . 1 
35B.2 
3 5 9 , 0 
3 6 0 , 9 
3 6 4 . 0 
3 6 7 , 0 
3 6 « t 8 
3 7 2 , 7 
9 7 ? , 7 
378 .9 
3 8 1 , 7 
3 9 4 . 6 
3 8 7 , 6 
39P,6 
9 9 1 . 5 
3 9 6 . 6 
3 9 3 . 3 
4 0 2 . 4 
4 0 5 . 2 
4 0 f l a 
4 I U 3 
4 l 4 a 
4 1 6 . 9 
4 2 9 , 0 
4 2 3 . 0 
4 2 6 . 0 
4 2 a , 7 
4 3 2 . 0 
4 3 4 , 9 
4 3 7 . 6 

GRAHS 
280 ,8 
2 5 3 , 3 
253 ,3 
8S8.3 
260 ,8 
263 ,3 
2 6 5 , 8 
2 6 8 , 3 
270 ,8 
2 7 1 , 3 
2 7 5 , 8 
2 7 % 3 
1 8 ^ , 8 
283 ,3 
2 8 5 , 8 
sa8,4 
2 9 0 , 9 
2 9 ? , 4 
2 9 5 , 9 
2 9 9 , 4 
? 0 0 i 9 
1 0 ^ . 4 
3 0 9 , 9 
9 0 8 , 4 
H O , 9 
1 1 ? , 5 
3 1 5 , 9 
? I S , 3 
3 2 1 . 0 
323 .5 
^ 2 5 , 0 
^ 2 9 , 5 
3 3 U 0 
1 3 3 , 5 
? 3 6 . 0 
33S,6 
3 4 1 , 0 
3 4 3 , 5 
3 4 6 a 
34 f l , 6 
3 3 1 , 0 
3 3 3 , 6 
3 5 6 a 
3 5 8 , 9 
3 6 U O 
3 6 3 , 5 
3 6 6 , 0 
36S,5 
3 7 U P 
3 7 3 , 5 

vn in 
cc 

3 .3 
0 .3 
n .3 
0 .3 
0 , 1 
0 .3 
5 , 3 
.0,3 
0 .3 
0 . 3 
0 .3 
c* 
- J . * 
0 , 4 
0 . 4 
0 ,4 

e.« 
n ,4 
0 . 4 
0 .4 
0 .4 
0 . 4 
f ' . * 
'>,4 
0 .5 
n ,9 
0 .5 
C,9 
? . 5 
0 .3 
'^,9 
1,9 
" , 9 
0 .9 
Q.9 
0 .9 
o,s 
0,** 
0 . * 
0 , * 
r>.6 
O.ft 
' I , * 
0 , 6 
O.ft 
0 . 6 
0 .4 
ft.7 
0 . 7 
0 . 7 

6RA"4 
0 , 
f ' . 
0 . 
0 , 
0 . 
'̂ . 
n. 
" . 
n . 
T . 
rto 
'̂ , 
-^t 

0 , 
0 . 
n . 

'̂ . 
f ' . 

e, 
n , 
",. 
f , . 
n,. 
0 , , 
n,< 
p . . 
p . . 

«,. 
o,< 
' * . < 
p , . 
ft,, 

•^t' 
••'.I 

'!,« 
O g l 

0 , ' 
'*.' 
«,« 
P . < 

f , ' 
f * , ' 

", ' 
. ^ , < 
", ' 
' > . ' • 
0,« 
>^,( 
" . ^ 
n,# 

• 
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T A B L E A.2 (Contd ) 

T F ^ T F 7 t VQIO CALCiJLATIUNS 

T i t r 
SEC 

. 7 5 ? 

. 7 5 7 

. 7 6 E 

. 7 6 7 

. 7 7 2 

. 7 7 7 

. 7 f t 2 

. 7 6 7 
, 7 9 2 
. 7 9 7 

.eo2 

. 8 0 7 

. f i U 

. P 1 7 

. P 2 ? 

. P 2 7 

. B 3 2 

. 8 3 7 
, a 4 ? 
, 8 4 7 
. P 5 ? 
. P 5 7 
. S 6 2 
, f l 6 7 
. f l 7 2 
. « 7 7 
. 8 8 ? 
, 8 6 7 
. 9 9 ? 
. B 9 7 
. 9 0 2 
. 9 0 7 
. 9 1 2 
. 9 1 7 
. 9 2 2 
. 9 2 7 
. 9 3 2 
. 9 3 7 
, 9 4 2 
. 9 4 7 
. 9 5 2 
. 9 3 7 
. 9 6 2 
. 9 6 7 
. 9 7 2 
, 9 7 7 
. 9 8 2 
. 1 P 7 
. 9 9 2 
. 0 9 7 

r i F T 
C f / S t r 

^ 6 4 , 6 
^ 9 0 , 6 
^ 7 9 , 4 
S7 f ^ , 9 
mh.z 
^ » ^ , f t 
S7C' ,7 

^ B « . J 
M ' - a 
* 6 ^ . l 
5 8 3 , 9 
5 9 4 , 4 
? 8 2 , * 
5 8 3 , 0 
•591 ,8 
5 8 7 , s 
5 8 ' ^ . 4 
S 9 C , o 
5 9 0 , 2 
5 6 4 , ? 
5 8 4 , 2 
^ 9 2 , 7 
5 8 U 6 
5 8 0 , 5 
^ 8 7 . 6 
5 8 7 . 2 
S 8 0 , 4 
5 9 f ^ , 6 
5 8 8 , 4 
"^es.z 
5 8 4 , ^ 
5 8 9 , 7 
5 8 4 . 0 
S 8 0 . 6 
9 8 7 , 8 
5 8 5 , 0 
S 8 0 , 4 
S 8 8 , 3 
5 8 7 . 7 
^ 8 ? , 7 
? 8 4 , 6 
5 8 6 , 2 
^ 7 9 a 
S 7 9 , 7 
5 i 6 , ^ 
5 8 4 , 4 
5 7 8 , J 
5 8 6 , n 
& 8 8 , 8 
5 0 5 . 6 

F! 0 
5 / S E f 
4 9 9 . Q 
5 0 4 . S 
4 9 4 . 7 
4 9 ? . 6 
SO'. . 4 
4 9 « . 7 
4 9 4 , 0 
5 0 ? . 0 
^ 0 ? . 7 
4 9 7 , 8 
« 9 P , 2 
5 o 7 , 3 
4 9 7 . 2 
4 9 7 , S 
5 0 4 . 0 
^ O U O 
4 9 5 , 3 
^ 0 4 , ? 
^ 0 ^ . 3 
4 9 « , 7 
4 9 " , q 

" ^C^ .? 
49<^.n 
4 9 5 , 0 
^ o u ? 
5 0 * . P 
A 9 4 . 9 
^ 0 3 . 6 
^ 0 U 7 
4 9 7 , 4 
4 9 ' " . 4 
5 0 2 , 7 
4 9 7 . 9 
4 9 5 , 0 
^ 0 U 3 
^ 9 B . 8 
4 9 4 . 9 
5 0 U 8 
S O U ? 
4 9 7 . 2 
4 9 " . 6 
49*5 ,7 
4 9 3 . " J 
4 9 4 . 2 
4 9 9 , 8 
4 9 8 , 3 
4 9 2 . 7 
4 9 7 , 3 
5 0 2 , 0 
4 9 " " . 3 

OUTLET 
CC/SEC 

' ^ € 9 , 6 
5 9 3 . 1 

seo.e 
5 8 1 . 2 
^ 8 9 , 7 
^ 8 6 . 1 
5 8 1 , 7 
• ! 9 2 , 6 
S 9 1 , 2 
5 8 4 , Q 

5 8 8 , 7 
5 9 7 , 6 
S 8 3 , ^ 
5 8 7 . 3 
5 9 4 . ? 

5 8 8 . 4 
S 8 T , 4 
5 9 5 , 4 
« 9 2 , ^ 
5 8 6 , ? 
5 8 9 , 1 
5 9 s , 9 
s a a . ? 
5 e 4 , 7 
5 9 U P 
5 I « 8 . 3 
5 8 4 . f ^ 
5 9 5 , 3 
5 9 0 , 0 
5 8 6 . « 
< i89 ,S 
5 9 3 , 1 
5 8 5 , 9 
5 d 5 . ? 
5 9 2 . 4 
566 , •? 
5 8 4 , ^ 

5 9 3 , 6 
5 9 0 . 7 
S 8 6 , e 
5 9 0 , 0 
S 9 0 , 3 

s s u * ? 
^ 6 4 , 3 
5 9 1 , ? 
5 8 7 . 1 
5 8 2 , 3 
^ 9 1 , 7 

S 9 2 t 3 
5 8 9 , 6 

F L 3 i 

f . /SEC 
5 0 2 , s 
5 0 6 , 1 ' 
4 9 5 , 0 
4 9 5 , 9 
^ 0 3 . 0 
^ 0 0 , 1 
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7 ' J 6 , 4 
7 ' > 9 . 4 
a o « , 4 
8 )'),6 
BQ4,5 

8 i U 2 
a i - t s i 
S l ^ S 
« 2 0 , S 

B t " , 2 
«2«* t6 
t < 2 9 , 2 
8 3 2 , 4 
» 3 > , 3 
« 3 8 , l 
8 4 n , 9 
8 4 3 , 9 
8 4 ? , 2 
8 S C , 0 
3 5 3 , 2 
8 5 ' ^ , 4 
8 i r t , 9 
8 5 2 , 2 
8 6 5 . 3 
8 6 7 , 7 

8 7 U 0 
8 7 3 , 7 
8 7 7 , 0 
8 7 9 s » 

• L^T 
GkAKS 
6 2 4 , 7 
6 2 7 , 2 
6 2 9 , 7 
6 3 2 , 2 
' ' ' 3 4 . 7 
6 3 7 , 2 
6 3 9 , 7 
6 4 2 . 2 
A 4 4 , 6 

? 5 4 7 a 
^ 4 9 , 6 
6 5 2 , 1 
6 5 4 , 6 
6 3 7 , 0 
aS9,S 
5 6 2 , 0 
6 6 4 , 5 
9 6 5 , 9 
6 6 9 , 4 
6 7 1 . 9 
^ 7 4 , 4 
6 7 6 , 9 
6 7 9 , 4 

^ 8 1 , 8 
5 S 4 , 3 
6 6 6 , 8 
6 B 9 , 2 
6 9 1 , 7 
6 9 4 , 2 
6 9 6 , 7 
fti'J.Z 
7 0 1 , 6 
7 0 4 , 1 
7 o « j , 6 
7 , 1 9 , 0 
7 1 U S 
7 1 4 , 0 
7 1 6 , 5 
7 1 9 , 0 
7 2 1 , 4 
7 2 3 , ^ 
7 2 6 , 4 
7 2 9 , 9 
7 3 1 , 4 
7 3 3 , 8 
7 3 6 , 3 
7 3 8 , 8 

7 4 U 3 
7 4 3 , 8 
7 4 6 , 2 

rJT,OUTLET 
cc 

7 3 « . l 
7 4 2 . 2 
7 4 4 . f l 
7 4 7 , 9 

7 5 U 0 
7 5 4 , 1 
7 5 6 . P 
75*5 .3 

7 6 3 . 1 
7 6 5 , 7 
7 6 P . « 
7 7 1 . " 
7 7 5 . 0 
7 7 7 . 5 

7 8 U 1 
7 8 4 , 2 
7 8 ' ' , n 
7 a ^ . « 
7 9 T , 5 
7 9 6 , 0 
7 9 ' » . 1 
a o 2 , 3 
8 0 4 . 7 
aO' i ' .O 
nu,9 
a i 4 , o 
" l i d . 7 
flio.a 
« 2 1 . 1 
3 2 5 . 5 
a2«,*» 
R32.2 
834 .a 
8 3 7 , 6 
B 4 U I 
a41 .8 
P4ft .6 
a4'5.f l 
S52,9 
85S,8 
n58 .6 
8 6 2 . 1 
« 6 4 , 6 
n6"^.6 

B 7 U I 
B 7 4 , 0 
B 7 6 . 4 
8 7 9 . 6 
8 8 3 , 1 
fl89.B 

CR\MS 
6 2 ^ , 7 
?>2«,2 
' . 3 1 , 7 
6 3 4 , 2 
6 3 6 , 7 
6 3 9 , 2 
4 4 1 , 7 
4 4 4 , 2 
6 4 6 . 7 

«.4'»,2 
6 5 1 , 7 
A 5 4 . 2 
f-Sh^y 

ft59,2 
6 6 U 7 
fr64,2 
^ 6 6 . 7 
ft69,2 
6 7 1 . 7 
ft74,2 
A 7 6 , 7 
6 7 ^ . 2 
fc8U7 
6 8 4 , 2 
6 3 6 , 7 
6 8 9 , 2 
6 9 1 . 7 
6 9 4 , 2 
6 9 6 , 7 
A 9 9 , 2 
7 0 U 7 
7 0 4 , 2 
70 f t ,7 
7 0 ^ , 1 
7 1 U & 
7 l 4 a 
7 1 6 , 6 
7 1 ' * , ! 
7 2 1 , 6 
7 2 4 , 1 
7 2 6 , 6 
7 2 9 . 2 
7 3 U 7 
7 3 4 a 
7 3 6 , 7 
7 3 ^ , 2 
7 4 U 7 
7 4 4 , 2 
7 4 6 , 7 
7 4 9 , 2 

v n i n 
CC 

2 . 3 
2 , 3 
2 . 3 
2 . 3 
2 . 4 
2 . 4 
2 . 4 
2 . 4 
2 . 4 
2 . S 
2 . 5 
2 . ^ 
2 . 9 
2 . 3 
2 . 6 
? , 6 
? . A 
2 . * 
2 . 7 
2 . 7 
2 . 7 
2 , 7 
7 .a 

2 . S 
g . f l 
2 . ^ 
?.,« 
2 . 9 
2 . 9 
2 . 9 
1 , 0 
3 . 0 
3 . 0 
1 . 0 
3 . 1 
3 . 1 
3 . 1 
3 , 1 
3 .2 
3 . 2 
1 , 2 
3 , 2 
3 , 3 
3 . S 
3 . 3 
3 . 4 
3 , 4 

3 . 4 
3 . 4 
1 , 9 

r.RAM? 
u-? 
u«» 
? . " • 
9 , « 

Z.f* 
a.f^ 
? . " 
? . i 
2 , 1 
? 8 l 
2 . 1 
2 . 1 
2 , 1 
?,•» 
2 . 2 
2 . 2 
7 . 9 
2 . 2 
2 . '» 
7 , 1 
? . 3 
?,-% 
2 . 3 
2 , 4 
2 , 4 
7 . 4 
? . 4 
2 . 4 
2 . ' ' 
2,"? 
2 , 5 
? , S 
? , ^ 
2,<^ 
2..«. 
? t f t 
2 . A 
2 . 7 
2 , 7 
2 . 7 
? , 7 
2 . 7 
2 .« i 
Z . - l 
2 , « 
2 . " 
? ,9 
2 . 9 
2 . 9 
? . 1 
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TABLE 

TpST E7! VOID CALCULATIDNS 

T I f F 
SEC 

ft.50? 
# . . 5 0 7 
§ . 5 1 2 
ft.^17 
ft.522 
ft.«527 
i . 5 3 ? 
# , . 5 3 7 
ft.542 
* . S 4 7 
ft.59? 
# . . 5 5 7 
6 . 5 6 2 
* . « 6 7 
A . 5 7 2 
* . 5 7 7 
fc.582 
A . 5 8 7 
* . ? 9 2 
ft.597 
A . 6 0 2 
ft.607 
6 . 6 1 Z 
A . 6 1 7 
ft.ft2? 
A . 6 2 7 
* . 6 3 2 
* . 6 3 7 

ft.642 
ft.647 

6 . A S ? 
€ . 6 5 7 
ft.662 
* . 6 6 7 
6 . 6 7 2 
A . 6 7 7 
A . 6 8 ? 
A . 6 8 7 
* . 6 9 2 
6 . 5 9 7 

ft.70? 
A . 7 0 7 
6 . 7 1 2 
* . 7 l 7 
# , , 7 2 2 
i . 7 2 7 
ft.732 
ft.737 
* . 7 4 2 
ft.747 

I ^ ^ F T 
CC/SEC 

^ 8 2 . 9 
5 8 2 . 5 
5 8 0 , 9 
5 8 0 , 5 
5 S 3 , n 
5 8 3 , 0 
^ 7 9 , 4 
5 t t4 , f» 
5 8 3 , 6 
5 8 3 , 5 
5 f l 3 , 2 
^ 8 4 , 3 
5 8 U 6 
5 8 1 , 8 
^ 8 3 , s 

f B 2 a 
5 9 1 , 1 
5 8 3 , 7 
5 8 2 . 0 
5 6 6 . 3 
5 8 4 , 4 
5 8 3 , 5 
« 8 2 , 0 
^ 8 2 . 2 
5»3,<? 
S 8 4 . 0 
^ 8 3 , 9 
5 8 5 , 9 
5 8 5 , 9 
S85, fe 

5 8 3 , 0 
5 8 5 . 3 
S 8 2 , 4 
5 8 U 4 
5 8 4 , 4 
9 8 3 , 6 
5 8 1 , 8 
5 8 6 , 3 
5 8 4 , 3 
5 8 4 . 0 
3 8 3 , 5 
5 9 2 . 9 
5 8 0 , 5 
5 8 U 4 
5 8 0 . « 
5 8 U 0 
5 7 9 . 1 

5 8 U 1 
5 8 1 , 5 
5 a ? , i 

FLO'-' 
R/SEC 
4 9 4 . 6 

4 9 4 , 2 
4 9 2 . 8 
4 9 2 . 5 
4 9 4 , 5 
4 9 4 , 6 
4 9 U 6 
4 9 6 . 2 
4 9 5 , 1 
4 9 4 . 8 
49"+ . 6 
4 9 5 , 6 
4 9 3 . 5 
4 9 3 . 6 
4 9 4 . 6 
4 9 3 , f i 
4 9 2 , 6 
4 9 5 . 1 
4 9 3 . 9 
4 9 6 . 9 
4 9 ^ . 5 
4 9 4 , 7 
4 9 3 . 4 
4 9 ? . 6 
4 9 4 , 8 
4 9 5 . 1 
4 9 4 . 9 
4 9 6 . 5 
4 9 6 . 6 
4 9 6 . 2 
4 9 4 , 3 
4 9 f i . O 
4 9 3 . 3 
4 9 2 . 8 
4 9 5 . 0 
4 9 4 . 2 

4 9 3 , 1 
4 9 ^ . 8 
4 9 5 . 2 
4 9 5 , 9 
4 9 4 . 2 
& 9 3 , a 
4 9 U 5 
4 9 2 . 4 
4 9 2 . 2 
4 9 2 , 3 . 
4 9 * ^ . 8 
4 9 2 . 2 
4 9 ? . 4 
4 9 3 . 1 

OUTLET 
CC/SEC 

5 9 0 , 3 
5 8 9 , 5 
5 8 7 , 9 
5 8 7 , 6 
5 9 0 , 4 
5 8 9 , 7 
5 3 6 . 3 
5 9 2 . 4 
5 9 0 , 6 
5 9 U 1 
5 9 0 , 9 
5 9 U 4 
5 6 8 , 8 
5 6 ' » . 4 
S'iQf'i 
5 8 9 , ^ 

5*^8 .4 
5 9 1 , 6 
5 8 « ' . ^ 
5 9 3 . 7 
5 9 2 , 4 
5 9 0 , ? 
5 8 9 , 7 
5 9 C , 3 
5 9 1 . 6 
5 9 2 , 1 
5 9 U 4 
5 9 3 , 9 
5 9 3 , 7 
5 9 3 , 2 

5 9 U 2 
5 9 3 . 0 
9 6 9 , Q 
5 9 9 , 5 
5 9 2 , 0 
5 9 U 7 
5 6 9 , 1 
5 9 3 , 3 
5 9 2 . 6 
5 9 2 . . ^ 
S 9 U 7 
5 9 0 . f l 
5 S 7 , 9 
5 9 0 , 0 
5 6 3 , 7 
5 8 9 , 6 
5 8 7 . 3 
9 8 9 , 8 
S 9 0 . 2 
5 9 0 . 5 

FLOw 
5 /SEC 
4 9 9 , 4 
4 9 8 . 7 
4 9 7 , 1 
4 9 7 . 4 
4 9 9 , 4 
4 9 8 , 9 
4 9 6 . 2 
5 0 1 , 4 
4 9 9 , 5 
4 9 9 . 9 
4 9 0 , 9 
5 0 C , l 
4 9 8 , ( ^ 
4 9 3 , 6 
49'->.7 
4 9 B . 3 
4 9 7 , f 
4 9 9 , « 
4 9 8 . 1 
• ^OUS 
5 0 C , 6 
4 9 9 , 3 
4 9 8 , ? 
4 9 8 , 9 
4 9 9 , 7 

3 0 C , 0 
4 9 9 , 9 

9 0 U 7 
5 0 U 2 
5 0 1 , 0 
4 9 9 , 2 
3 0 0 . 6 
4 9 8 . ? 

4 9 8 , 0 
5 0 0 , 0 
4 9 9 . 6 

4 9 8 , 0 
5 0 U C 
5 0 0 . 1 
»500,4 
4 9 9 . 6 
4 9 8 , 8 
4 9 6 , 5 
49«3,0 
4 9 5 , 0 
4 9 7 , 4 
4 9 5 , 8 
4 9 7 , 3 
4 9 8 . 0 
4 9 s . 4 

A.2 (Contd.) 

I M T , l 
CC 

8 B ^ , 3 
8 t i & , 4 
B 8 B , 4 
B 9 U 1 
8 9 4 , 5 

8 9 7 a 
e9«»,9 
9 a i . o 
9 0 ' 5 , 8 
9 0 9 . 2 
9 U , 0 
9 1 4 , 8 
9 1 7 , 3 
9 2 0 , 4 
9 2 4 , 0 
9 2 6 , 2 
• 5 2 9 , 7 
9 3 2 . 2 
9 3 4 , 6 
9 3 B t 7 
9 4 U 3 
9 4 4 , 2 
9 4 7 , 3 
9 6 0 , 3 
9 5 3 , 6 
9 5 & , 0 
9 & 9 , 0 
9 6 2 , 3 
9 6 ^ , 0 
9 6 8 a 
9 7 0 , 6 
9 7 3 , 9 
9 7 7 , 4 
9 7 9 . 6 
9 8 3 , 1 
9 8 6 , 4 
9 8 8 , 5 
9 9 U 9 
9 9 4 , 3 
9 9 7 , 6 

1 0 0 J , 7 
l o g 3 , 4 
1 0 0 7 , 0 
1 0 ^ 9 , 4 
1 0 1 2 , 1 
l O l S . Z 
1 0 1 7 , 4 

i 0 2 U " 
1 0 2 4 , 2 
1 0 2 6 , 7 

HLET 
GRAMS 
7 4 8 , 7 
7 5 1 , 2 
7 5 3 , 6 
7 5 6 , 1 
7 5 « , 6 
7 6 1 , 0 
7 6 3 . 5 
7 6 6 , 0 
7 6 8 , 5 
7 7 0 , 9 
7 7 3 , 4 
7 7 5 , 9 
7 7 ? , 4 
7 0 0 . 8 
7 3 3 , 3 
7 6 5 , 6 
7 8 8 , 2 
7 9 0 , 7 
7 9 3 , 2 
7«»5s6 
7 9 8 , 1 
8 0 0 , 6 
8 0 3 , 1 
« 0 5 , S 
8 0 8 , 0 
' ' l O . S 
9 1 3 , 0 
8 1 5 , 4 
8 1 7 , 9 
S 2 0 , 4 
8 2 2 . 9 
B 2 5 t 4 
3 2 7 , f l 
8 3 0 , 3 
8 3 2 , 8 
3 3 5 , 2 
P 3 7 . 7 
a 4 0 , 2 
S 4 2 . 7 
8 4 5 , 1 
B 4 7 , 6 
8 5 0 . 1 
^ 5 2 . 5 
8 S 5 , 0 
8 5 7 , 5 
9 5 9 , 9 
« 6 2 , 4 
8 6 4 , 8 
« 6 7 t 3 
8 6 9 , 8 

F- 'T ,OUTLET 
CC 

8 8 « , S 
8 9 U 6 
8 9 4 , 2 
fl9ft,7 
9 0 0 . 4 
9 0 3 . 1 
9 0 5 , 7 
9 0 8 . 7 
« l ? , 4 
9 1 S , 3 
9 1 R , 0 
9 2 U 3 
9 2 4 . 1 
9 2 7 , 0 
9 i f ^ , 2 
9 3 3 , 5 
9 3 ^ . 9 
« 3 * , 6 
9 4 2 , 7 
9 4 5 . 5 
9 4 f i , 6 
9 5 1 , 3 
9 5 4 . 6 
9 5 7 , 3 
9 6 0 . 7 
9 6 3 , 9 
9 6 6 , 0 
9 6 9 . 5 
9 7 3 , 1 
9 7 S . 6 
9 7 0 . 0 
9 8 1 . 9 
9 8 4 , 7 
9 8 7 . 4 
0 9 0 . 6 
9 9 3 . 6 
9 9 5 , 6 
9 9 9 , 5 

l f t 0 3 , 0 
I P O ? . 4 
I P O ^ . 7 
1 0 1 U 6 
I O I A . 2 
1 0 1 7 . 6 
1 0 2 1 . 6 
1 0 2 4 , 2 
1 0 2 6 . 2 
1 0 2 9 , 4 

1 0 3 2 . f l 
1 0 3 5 . 3 

6RAMS 
7 S U 7 
7 5 4 , 2 
7 5 6 , * 
7 5 9 , 1 
7 6 U 6 
7 6 4 , 1 
7 6 f t , 6 
7 6 9 a 
7 7 1 . 6 
7 7 4 , 1 
7 7 6 , 6 
7 7 9 , 1 

7 8 U f e 
7 0 4 a 
7 8 6 , 6 
7 8 9 , 1 

7 9 U * 
7 9 4 a 
7 9 6 , 6 

7 9 9 a 
8 0 U 6 
S 0 4 a 
9 0 6 , 6 
8 0 9 , 0 
S I U 5 
8 1 4 , 0 
a i 6 , s 
R l ^ . O 
8 2 1 , 6 
a 2 4 a 
9 2 6 , 6 
a 2 9 a 
B 3 U ^ 
« 3 4 , 0 
8 3 6 , 5 
B 3 9 , 0 
fl4U5 
8 4 4 , 0 
8 4 6 , 5 
« 4 9 , 0 
8 5 U 5 
8 5 4 , 0 

S 5 A , 5 
P 5 9 , 0 
8 6 U 5 
9 6 4 , 0 
fl6ft,5 
R 6 8 , 9 
R 7 U 4 
fi73.9 

vni" 
CC 

3 . 9 
3 , 9 
3 . 5 
3 , 6 
3 . 6 
3 . 6 
3 , 7 
3 . 7 
3 , 7 
3 . 7 

3 . 8 
3 . S 
3 , « 
3 . 9 
3 . 9 
3 . 9 
3 . 9 
4 , 0 
4 . 9 
4 . 0 
4 . 1 

4a 
4 . 1 
4 , 1 
4 . 2 
4 , 2 
4 . 2 
4 , S 
4 . 3 
4 , 3 
4 , 4 
4 . 4 
4 . 4 
4 . 4 
4 , S 
4 , 5 
4 , 5 
4 . * 
4 , 6 
4 , 6 
4 , 7 
4 . 7 
4 , 7 
4 . 7 
4 . 1 
4.«» 
4 . 8 
4 . 9 
4 , 9 
4 , 9 

P,RAM< 
3 , 0 
3 , f t 
3 . 1 
^ , r 

3 . ^ 
• » , ' 

3 , 1 
^ . 1 
' . 1 
3 . ? 
? . ? 
3 , ? 
3 , 9 

? . • * 
3 , ^ 
3 . 3 
3 . 3 
? , 4 
« . 4 
S , 4 
3 , 4 
3 , 5 
3 , « 
3 , 5 

»,r. 
1 , * 
^ . ^ 
1,(^ 
^ , A 
3 , 7 
3 , 7 
3 . 7 
3 . 7 
3 , 7 
fl.B 
3 , « 
? , « 
3 » » 
^ , 1 

3 . « 
3 , « 
4 , n 
4,-> 
4 , r 
4 , " 
4 , 1 
4 , 1 
4 , 1 
4 , 1 
4 , ? 

• 



139 

TABLE 

T6ST E 7 ! 

T I H E 
SEC 

A . 7 S 2 
* . 7 5 7 
ft.76? 
& . 7 6 7 
* . 7 7 2 
A . 7 7 7 

fe.712 
^ . 7 8 7 
6 . 7 9 2 
6 . 7 9 7 

A . f lOZ 
A . a o 7 
fe.flU 
A . 8 1 7 
A . B 2 2 
* . 8 2 7 
A.aaz 
^ . « 3 7 
6 . 8 4 2 
* . S 4 7 
fr.^52 
« . R 5 7 
fi.mz 
A . 8 6 7 
ft.«72 
^ . 9 7 7 

ft.saz 
A . 8 0 7 
6 . 3 9 2 
* . 8 9 7 
# . . 9 0 ? 
^ . 9 0 7 
* . 9 l 2 
* . 9 l 7 
ft.922 
* , 9 2 7 
* . 9 3 2 
# . . 9 3 7 

4 , 9 4 2 
* . 9 4 7 
ft.952 
A . 9 5 7 
ft,962 
§ . 9 6 7 
* . 9 7 2 
6 . 9 7 7 
A . 9 8 2 
f . 9 8 7 
^ . 9 9 2 
* . 9 9 7 

" O I D C A L C U L A T I I I N ^ 

r ' L f : T 
C C / ^ E C 

5 d U 8 
5 8 2 , 2 
5 7 9 , ? 
5 8 2 , 1 
5 7 9 , 7 
5 8 2 , a 
5 7 3 . 5 
S 8 2 . 9 
« i 8 2 t 7 
5 8 4 , 2 
5 8 3 , 8 
s a 2 . 8 
S 8 2 , 4 
5 8 3 , 8 
5 8 2 , 8 
|?85 ,S 
1 8 3 , 0 
5 B 5 , 9 
5 a s , 7 
5 8 5 , 4 
5 B 2 . 4 
S b 0 , 8 

5 d U 2 
=581,6 
9 d U 4 
5 8 0 , 7 
5 8 U 6 
S 8 2 . 1 
^ f t T . 3 
S 8 4 , C 
^ 8 0 . 3 
^ 8 3 , 7 
« $ 0 , 9 

^ 8 0 . 6 
5 7 9 . 9 
5 8 3 . 2 
S 8 3 , ? 
3 8 U S 
^ 8 0 , 1 
•561 ,3 
S 8 0 , 2 
^ 7 9 , 4 
S 7 P , 9 
5 7 7 , 4 

5 7 P . 4 
5 7 5 , 4 
5 8 U f ^ 
5 8 U O 
5 7 9 , 9 
5 8 7 , S 

Fl 0 > 

G/SfcC 
4 9 2 , 7 
4 9 3 , 0 
4 9 1 . 6 
4 9 2 . 9 
4 9 " i . 9 
4 9 3 . 3 
4 8 9 , 9 
4 9 3 . 6 
4 9 ^ . 4 
4 9 4 . 7 

4 9 4 , 0 
4 9 3 , 2 
4 9 3 , 0 
4 9 4 , 2 
4 9 3 . 3 
4 9 ^ , 5 
4 9 3 . 4 
4 9 " . 7 
4 9 s . 5 
4 9 5 , 3 
4 9 2 . 9 
4 9 U 3 
4 9 U 7 
4 9 U 9 
4 9 U 9 
4 9 U 2 
49J , 9 
4 9 2 . 4 
4 9 1 . 7 
4 9 ' * . 9 
49 U P 
4 9 3 , 4 
4 9 U 2 
4 9 U 1 
4 9 ' % 6 
4 9 3 . 3 
4 9 1 . 3 
4 9 U 9 
49 ' " ' , 6 
4 9 U 7 
4 9 ^ ' . 9 
49 J . 0 
4 a 9 , 9 
4 ^ " . ^ 
4 8 9 , 0 
4 8 7 , 4 
4 9 U 3 
4 9 U 3 
A 9 - % 3 
4 9 7 , 0 

i a T L E T 
CC/SEC 

s g j , ^ 
5 9 3 . 4 
s a T . s 
'^91,^ 
« l » 7 , 7 
yii^Hi 
5 8 6 , 1 
5 1 1 , 1 
5 9 1 , 1 
5 9 2 , T 

5 9 2 , 2 
•591,S 
5 9 0 . 4 
5 9 2 , 7 
9 9 1 , 3 
5 9 1 , 9 
5 9 2 , 3 
5 9 4 , 1 
5 9 4 , P 
5 9 4 , ' ' I 
5 9 0 , fl 
'5«j9,7 
^!59t<? 

5 9 0 . 3 
5 9 0 . • » 
5 8 ^ , S 
5 9 0 , 4 
5 9 0 . 9 
5 d 9 , 4 
^ 9 3 . 1 
s - s a . g 
5 9 3 , 1 
5 b 9 , 4 
5 % 9 , 4 
5 b S , 9 
5 9 2 , 5 
5 9 2 , 1 
5 9 0 , 1 
5 9 0 , 2 
5 9 0 . 6 
5 8 9 , 5 
5 6 8 , s 
5 d a , s 

5 8 6 , 4 
5 8 7 , f c 
5 6 6 , 0 
5 9 0 . 3 
5 9 n . i 
5 6 9 , 6 
5 9 7 , 9 

PL3W 
r , / S E f 
4 9 7 . 9 
' * 9 a , 2 
4 9 5 , 9 
4 9 8 , 7 
496, . - ) 
4 9 9 , - 1 
^ 9 5 , 3 
4 9 8 , 7 
4 9 a , 8 
5 0 0 . 7 
. ^ g " , ? 
49«?,q 

4 9 8 , 2 
4 9 9 , 9 
4 9 8 , S 
5 0 0 , 9 
4 9 9 , 4 

l O U l 
S 0 U 2 
S 0 n , 9 
4 9 " . 2 
4 9 7 , 0 
4 9 7 , 9 
4 9 7 , 6 
4 9 7 , 5 
4 9 6 , 9 
4 9 7 , 7 
4 9 7 , 9 
4 9 6 . 6 
4 9 9 . Q 
4 9 6 , 6 
4 9 9 , 6 

4 ? f t , 9 
4 9 6 , 8 
4 9 6 , c 
4 9 9 . 2 
4 9 9 . ? 

4 9 7 , 4 
4 9 7 , . 1 
4 9 7 , 7 
4 9 6 , 4 
4 9 5 , P 
4 9 6 , ^ 
4 9 4 . 1 
4 9 4 , B 
4 9 3 , 4 
4 9 7 . 3 
4 9 6 . 9 
4 9 6 . 4 
«»03.4 

• 

A.2 (Contd.) 

I ' M , I > J L P T 
CC 

l O i J . ' J 
^ o 3 ^ , * ^ 
1 0 3 5 , 7 
1 0 J J , 7 

1 0 4 U 6 
1 ,045 ,0 
1 0 4 7 , 3 
1 0 5 0 , 3 
1 0 & 3 , 4 
l O S f t . 2 
1 0 5 9 , 8 
1 0 6 2 , 6 
1 0 & S , 3 
1 0 6 H , 3 
1 0 7 U 2 
I 0 f 4 . 4 
U i 7 7 , i 
i n 8 0 , 4 
1 0 ( 3 J , 4 
l ' J l 3 f t , 4 
1 0 e 9 , 2 
1 0 9 2 . 4 
1 0 9 & , 1 
1 0 9 ' 3 , 4 
1 1 0 0 , 9 
1 1 0 4 . 1 
l l O U O 
1 1 0 9 , 7 
U 1 3 . 2 
U 1 5 , 8 
u i e . T 
1 1 2 2 , 3 
1 1 2 4 , 7 
1 1 2 ? , 3 
1 1 3 0 , 1 
U 3 3 , n 
U S f c , ! 
U i 3 , 8 
1 1 4 2 , 0 
U 4 4 , 9 
1 1 4 7 , 4 
1 1 6 0 , 7 
U S E , 9 
1 1 5 6 , 0 
1 1 5 9 , 7 
1 1 6 2 . 5 
U 6 3 , 4 
l l f t H . l 
i i n . 4 
1 1 / 4 , 2 

GRAHS 
3 7 2 . 2 ] 
3 7 4 , 7 1 
8 7 7 , 1 ] 
8 7 9 , 6 ] 
' » 8 2 , l ] 
8 8 4 , 8 J 
8 8 7 , 0 ] 
8 8 9 , 4 ] 
3 9 1 , 9 ] 
8 9 4 , 4 3 
8 9 5 , 9 J 
^ 9 9 , 3 J 

9oua ] 
^ 0 4 , 3 ] 
9 0 6 . 7 ] 
9 0 9 , 2 ] 
9 1 U 7 ] 
9 1 4 . 1 ] 
9 1 6 , 6 1 
9 1 9 , 1 

9 2 1 . 6 ] 
9 2 4 , 0 ] 
9 2 6 , 5 ] 
9 2 8 , 9 1 
9 3 1 , 4 ] 
9 3 3 , 9 ] 
9 3 6 , 3 ] 
9 3 3 , a 
9 4 1 , 2 ] 
9 4 3 . 7 ] 
9 4 6 , 2 ] 
9 4 8 . 6 ] 
9 5 1 , 1 
9 5 3 , 9 
9 5 6 , 0 
9 5 8 , 4 
9 6 0 , 9 
9 6 3 , 4 1 
9 6 5 , 8 ] 
9 6 9 , 3 ] 
9 7 0 , 7 ] 
9 7 3 , 2 ] 
9 7 5 , 6 ! 
9 7 8 , 1 ] 
9 8 0 , 5 ] 
9 8 3 , 0 ] 
9 6 5 , 4 J 
9 8 7 , 9 ] 
9 9 0 , 3 ] 
9 9 2 , 8 ] 

I " T . O U T L E T 

tc 
1 0 3 ' ' . 0 
1 0 4 1 . 7 
1 0 4 4 . 3 
1 0 4 7 , 4 
105 ' ^ , 2 
L t153,7 
l o s s . 9 
L 0 S 9 , 3 
1 0 6 2 . 3 
L 0 6 5 , l 
0511,2 

1 0 7 1 . 8 
1 0 7 3 . 9 
. 0 7 7 , 5 
L 0 8 U 0 
1 0 8 3 , 3 
L 0 8 6 , 6 
1 0 3 9 . 2 
1 0 9 3 . 3 
L 0 9 S . 5 
L09«>,5 
l l O Z . l 
1 1 0 4 , 1 
1 1 0 7 , 6 
L U O . S 
1 1 1 3 . 6 
H 1 6 . 6 
L I P . I 
L U 3 . n 
U 2 5 . 5 
l i a n . l 
U 3 2 , l 
L 1 3 4 , 1 
1 1 3 7 , 5 

a 4 U l 
U 4 3 , 8 
L 1 4 6 , 3 
U 4 9 . 0 
1 1 5 3 , 3 
U 5 5 , 2 
1 1 5 5 . 1 
L 1 6 U 5 
1 6 4 . 4 

I 6 7 a 
4 7 f ^ , f l 
a 7 3 . B 
1 7 6 . 3 
1 7 9 , 7 
1 3 3 . n 
1 8 5 , 9 

GRAMS 
R 7 A | 4 
< I 7 « , 9 
3 8 1 , 4 
« 8 1 , 9 
^ 8 5 , 4 
8 8 f l , 8 

S 9 U 3 
9 9 3 , 8 
^ 9 6 , 3 
89^?.8 

9 0 U 3 
9 0 3 , a 

9 0 ^ | 3 
9 0 B , 8 
9 1 U 3 
9 1 3 , 8 
9 1 6 , 3 
« I R , B 
9 2 U 3 
9 2 3 , 8 
9 2 6 , 3 
9 2 8 , 8 
9 3 1 , 3 
9 3 3 , 1 
9 3 6 , 2 
9 3 f t , 7 

9 4 U 2 
9 4 3 , 7 
9 4 6 , 2 
9 4 f l , 7 
9 5 U 2 
«»93,7 
9 5 6 , 2 
9 5 f l , 6 

9 6 U I 
9 6 3 , 6 
9 6 6 a 
9 6 P , 6 

97ia 
9 7 3 , 6 
9 7 6 , 1 
9 7 n , ^ 
9 8 U 0 
9 8 3 , 5 
e S f r . O 
«>efi,4 
9 9 0 , 9 
9 9 3 , 4 
9 9 5 , 9 
9 9 B , 4 

vnin 
CC GRI 

5 , 0 t 
s . Q < 
5 . 0 ' 
S . l < 
5 . 1 i 
% l i 
5 . 2 i 
5 , 2 < 
S , 2 I 

5 . 2 < 
5 . 3 t 
5 . 3 < 
n . 3 < 

S . 4 i 
% 4 < 
5 , 4 i 
•5.9 i 
5 . 1 I 
5 , 6 i 
5 , 6 < 
% 4 i 
9 , 6 * 
5 . 7 i 
5 , 7 t 
% 7 i 
% « t 
^ . 9 < 
5 , s < 
5 . 9 ; 
% 9 ; 
ft.O • 
6 , 0 ' 
6 . 0 ! 
6 . 1 
6 . 1 
6 . 1 
6 , 2 ! 
ft.2 
ft.2 ! 
6 . 3 
6 . 3 ! 
6 , 3 
A . 4 ! 
6 , 4 • 
6 , 4 
6 . 5 f 
A . S 
6 . ? ! 
«<,6 « 
6 . 6 « 

\'i% 

N 2 
»,? 
* , ? 
^ , 3 
• , 3 
* , 3 
! . ,3 
U 4 
n 4 
H 4 
H'5 
*^n 
, , » ! 
H ^ 
» .6 
t , 4 
• , « , 

t , * 
» ,7 
Ul 
t . 7 
• . S 

. , P 
».!» 
f , ^ 
4 . 9 

t , 9 
t , 9 

J , * ^ 
l . « 
J , ' * 

5 , n 

3 , 1 
5 .1 
' , 1 
' , ? 
5 , » 
5 .? 
5 .3 
•-,•% 

5 .3 
5 . 1 
i . 4 
! , 4 
) , 4 

»,^ 
i , 5 
s , f 
>.5 
i . fr 
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f%j e 7 ! 

r n e 
SEC 

7 . 0 0 2 
7 . 0 0 7 
7 . 0 1 2 
7 , o n 
7 . 0 2 2 
7 . 0 2 7 
7 . n 3 2 
7 . 0 3 7 
7 . 0 4 2 
7 . 0 4 7 
7 . 0 5 ? 
7 . f i J 7 
7 . 0 6 2 
7 , 0 6 7 
7 . 0 7 2 
7 . 0 7 7 
7 . 0 8 2 
7 , p 8 7 
7 , n 9 2 
7 . 0 9 7 

7 , 1 0 2 
7 . 1 0 7 
7 a i 2 
7 , U 7 

7 . 1 2 2 
7 . 1 2 7 
7 . 1 3 2 
7 . 1 3 7 
7 . 1 4 2 
7 . 1 4 7 
7 . 1 S 2 
7 , 1 5 7 
7 . 1 6 2 
7 . 1 6 7 
7 . 1 7 2 
7 . 1 7 7 
7 . 1 6 2 
7 . 1 8 7 
7 . 1 9 2 
7 . 1 9 7 
7 . 2 0 2 
7 . 2 0 7 
7 . 2 1 ? 
7 . 2 1 7 

7 . 2 2 2 
7 . 2 2 7 
7 , 7 3 2 
7 . 2 3 7 
7 . 2 4 2 
7 . 2 4 7 

VOID CALCuLATIDr. lS 

I ^ L F T 
CC/SEC 

5 9 2 , 0 
5 8 3 , 1 
5 8 3 a 
« 8 0 , 1 
5 8 2 , 2 
5 8 3 , 8 
5 8 1 , 6 
s a 4 , 3 
5 ? 9 , 2 
5 a 4 , 8 
5 8 ? , 0 
1 8 0 . 9 
•582 ,2 
5 8 ? , 2 
5 7 8 , 1 
5 8 3 , 0 
5 7 9 , 2 

5 8 0 , 2 
5 7 8 , 0 
5 8 1 , 2 
5 7 7 , 2 
5 7 9 , 5 
•578 ,8 
^ 8 P , 5 
^ 7 5 , 7 
5 7 9 , 9 
5 7 6 , 8 
5 7 8 , 4 
S 7 P , 0 
5 8 0 , 9 
5 8 0 , 9 
5 7 6 , 5 
5 7 5 , 9 
5 7 6 , 3 
5 7 4 , 9 
5 7 4 , 3 
5 7 8 , 1 

5 7 f . , 0 
5 7 7 . 2 
5 8 U 3 
5 7 7 , 7 
5 7 7 , 9 
5 7 7 , 3 

5 8 U 2 
5 7 7 . 2 

• - 7 9 , 5 
5 7 7 , 1 

5auo 
5 9 0 , 9 
5 8 2 , 1 

FLO' ' 
C/SEC 
5 0 ^ . 9 
4 9 3 . 0 
4 9 2 . 1 
4 9 ' i . i l 
4 9 U 9 
4 9 3 . 6 
4 9 U 6 
4 9 3 . 7 
4 8 9 . 6 
4 9 4 , 1 
4 9 U 9 
4 9 0 , 9 
4 9 U f t 
4 9 ? . I 
4 8 ' * . 3 
4 9 2 . 5 
4 8 9 , 5 
4 9 C . 4 
48<^.5 
4 9 U 0 
4 8 7 . 7 
4 0 9 . 5 
4 8 ' ' , 2 
4 9 ' ' . 5 
4 8 6 a 
4 6 9 , 9 
4 8 7 . 4 
4 8 ^ . 8 
4 8 ' ' . 4 
4 9 ^ . 6 
4 9 C . 6 
4 8 7 . 1 

4 8 6 . 4 
4 8 7 . 1 
4 8 5 , 5 
4 8 ^ , 1 
4 8 * ^ . 4 
4 8 B . 0 
4 8 ' . 4 
4 9 U I 
4 8 7 , 9 
4 S 7 . a 
4 8 " ^ . 5 
49 ' - ! , 6 
4 8 7 . 3 
4 8 " . I 
4 i i 7 , 2 
49 ' . 2 
49 ' '» .2 
4 9 U 4 

.•UTLET 
CC/SEC 

6 C U 5 
•592 ,5 
5 9 3 , 1 
5 8 9 . q 
5 9 U 5 
5 9 3 , 7 
5 9 J , 9 
5 9 3 , 3 
SS*" .? 
S 9 4 , S 
5 9 U 2 
" " " C I 
5 9 2 , 4 
5 9 1 , 4 
S 8 7 , 2 
^ 9 3 , 2 
s a s t i 
^ d * ^ , 6 
•587,B 
5 9 0 . ? 
5(36,»i 
SSfctS 
'^b^nH 
Sfeo.a 
3 s 5 . C 
5 9 0 , 7 
« P 6 . 4 
5 8 7 . « 
5 b 8 . 4 
5 9 1 , 3 
5 9 0 , 4 
5 8 6 , 4 
5 S ^ , 7 
« 8 6 . 5 
5 8 4 , 3 
5 d 6 , 9 
5 8 7 , 6 
5 & 7 , l 
5 o 7 . e 

5 9 U 6 
5 8 7 , 1 

•567 ,7 
•>s6 ,7 
5«^7,? 
S f l p . n 
5 8 9 , i 
5 d 7 , 5 
5 9 f . l 
5 s 9 , i 
• 506 ,7 

P L V l 
'"./SEC 
S 0 6 , 4 
4 9 5 , 9 
4 9 9 , 3 
4 9 6 , 7 
4 9 7 , 7 
4 9 9 , R 
4 9 7 , 5 
4 9 « ' . ^ 
4 9 5 . 4 
SOP, 5 
4 9 7 . 6 
4 9 6 , 6 
4 9 f l . ? 
4 9 7 , 9 
4 9 4 . 1 
4 9 9 , 1 
4 9 5 , 2 
4 9 5 , 9 
4 9 4 , S 
4 9 7 , 2 

4 9 3 . 5 
4 9 6 , 3 
4 9 5 , 9 
4 9 6 , 3 
4 9 2 . 1 
4 9 6 , 7 
4 9 3 , 4 
4 9 4 , 3 
4 9 4 , 9 
4 9 7 , 3 
4 9 6 . 4 
4 9 2 , 9 

4 9 3 , 2 
4 9 2 . 9 
4 9 U 2 
4 9 2 , 1 
4 9 4 , 4 
4 9 3 , f t 
4 9 4 , 1 
4 9 7 . 4 

4 9 3 , 6 
4 9 3 , 9 
4 9 3 . 3 
4 9 3 , 5 
4 9 4 , 2 
4 9 4 , 9 
4 9 1 . 9 
, 9 . S , f l 
4 9 4 , 9 
4 9 3 , 0 

F ' - U H L F T 

CC 
U 7 7 , 2 
I I S P . O 

i i - i ns 
1 1 8 6 , 4 
1 1 3 9 ^ 7 

1 1 9 U 8 
U 9 5 , 0 
1 1 9 S , 2 
1 2 0 0 , 7 
1 2 0 4 , 2 
I 2 0 b , 8 
1 2 1 0 , 0 
1 2 1 3 . 7 
1 2 1 5 , 5 
1 2 1 « , 7 
1 2 2 U 7 
1 2 2 4 , 4 
1 2 2 7 a 
1 2 3 " , 2 
1 2 3 J , 3 
I 2 3 f t . l 
123«»,4 
1 2 4 U 6 
1 2 4 4 , 9 1 
1 2 4 B , 4 ] 
1 2 5 0 , a ] 
1 2 > i , 3 ] 
1 2 5 6 , 2 1 
1 2 ^ 9 , 4 ] 
1 2 6 2 , 9 ] 
1 2 6 > , 8 ] 
1 2 6 f , 9 ] 

1 2 7 U * ] 
1 2 7 3 , 7 ] 
1 2 7 7 , 3 ] 

lZii\Q 
1 2 8 2 , 9 ] 
I 2 d 6 , 2 ] 
1 2 8 8 , 8 ] 
1 2 9 U 7 ] 
1 2 9 4 , S ] 
1 2 9 3 ^ 0 1 

laauo 1 
1 3 0 i . 9 1 
1 3 . ) 6 , 5 1 
1 3 0 9 , 8 1 
i 3 1 2 , 4 1 

1 3 1 6 , 1 1 
1 3 i a , 7 1 
1 3 2 U 3 1 

GRAMS 
9 9 5 , 3 
9 9 7 , 8 

1 0 0 0 , 2 
l ' > 0 2 , 7 

no5,2 
1 0 0 7 , 5 

l o ioa 
1 0 1 2 , 3 
l O l S . O 
1 0 1 7 , S 
1 0 1 9 , 9 
1 1 2 2 , 4 
1 0 2 4 , 8 
1 0 2 7 , 3 
1 0 2 9 , 8 
1.032,2 
1 0 3 4 , 7 
1 0 3 7 a 
[ 0 3 9 , 6 
l ' ) 4 2 , 0 
1 0 4 4 , 5 
L 0 4 6 , 9 
1 0 4 9 , 3 
1 0 & U 8 
L 0 5 4 , 2 
1 0 5 6 , 7 
L O g o a 
1 0 6 1 , 6 
1 0 6 4 , 0 
L 0 6 6 i 4 
L 0 6 8 , 9 

1 0 7 1 , 3 
L 0 7 3 , 8 
L 0 7 6 , 2 
L 0 7 8 , 6 
1 0 8 1 , 1 
1 0 8 3 , 5 
1 0 8 5 , 9 
L 0 8 8 , 4 
0 9 0 , 8 
0 9 3 , 3 
0 9 5 , 7 
0 9 8 , 2 
1 0 0 , 6 
1 0 3 , 0 
1 0 5 , 5 
1 0 7 . 9 
U 0 , 4 
1 1 2 . 8 
U 5 , 3 

r s T , O U T L E T 
CC 

1 1 8 8 , 7 
1 1 9 1 . 7 
U 9 4 . 9 
1 1 9 7 , S 
1 2 0 1 . 5 
1 2 0 3 . ^ 
I Z O f i . S 
1 2 0 « . 6 
1 2 1 3 , 2 
1 2 1 ^ . 6 
1 2 1 3 . 7 
I Z 2 U 8 
1 2 2 4 , 9 

1 2 2 7 , 3 
1 2 3 U O 
1 2 3 3 . 9 
1 2 3 ^ , 9 
U 4 P , 3 
U 4 3 . 1 
1 ? 4 5 , 4 
1 2 4 ^ . 7 
1 2 5 U 9 
1 2 5 4 . 4 
1 2 5 7 , 4 
I 2 6 r . 7 

1 2 6 4 , 4 
126<^,2 
1 2 7 0 . 0 
1 2 7 2 . a 
1 2 7 5 , 7 
1 2 7 9 . 0 
1 2 8 2 , 3 
1 2 8 5 , 1 
1 2 8 8 , 4 
1 2 9 1 . 0 
1 2 9 4 , 2 
1 2 9 5 , f l 
1 2 9 9 , 8 
1 3 0 2 , 9 
1 3 0 5 . 4 
1 3 0 . « , 5 
1 3 1 2 . 0 
1 3 1 4 . 2 

l an .? 
1 3 2 0 . 8 
1 3 2 4 . 2 
1 3 2 6 . 6 

1 3 2 ^ . 3 
1 3 3 3 . 2 
1 3 3 5 , 7 

CRAMS 
1 0 0 0 , 9 
1 0 0 3 , 4 
1 0 0 5 , 9 
l o o « t 4 

ioie.« 
I C 1 3 , 4 
1 0 1 5 , 9 
l Q i « . « 
1 0 2 0 , 9 
1 0 2 3 . 3 
1 0 2 5 , 8 
1 0 2 « , 3 
1 0 3 0 , 8 
1 0 3 3 , 3 
1 0 3 5 , 8 
1 0 3 ^ , 3 
1 0 4 0 , 7 
1 0 4 3 , 2 
1 0 4 5 , 7 
1 0 4 « , 2 
1 0 5 0 , 7 

ios?a 
1 0 5 5 . 6 
1 0 S « , 1 
1 0 6 0 , 6 
1 0 6 3 . 0 
1 0 6 5 , 5 
1 0 6 9 , 0 
1 0 7 0 , 4 
1 0 7 2 . 9 
1 0 7 5 , 4 
W 7 7 , 9 
1 0 8 0 , 3 
1 0 8 2 , 8 
1 0 8 5 , 3 
1 0 8 7 , 7 
1 0 9 0 , 2 
1 0 9 2 , 7 
1 0 9 5 a 
1 0 9 7 , 6 
l l O O . l 
H 0 2 , 6 
1 1 0 " . 0 
1 1 0 7 , 5 

m o . o 
1 1 1 2 , 4 
I U 4 , 9 
l l l " ' , 4 
l U " , ' 
U 2 2 . 3 

V n i n 
CC 

6 , 7 
6 . 7 
ft.7 
6 . 1 
6 , 9 
6 , S 
6 . 9 
^ , 9 
6 . 9 
7 , 1 
7 , 0 
7 . 0 
7 . 1 
7 , 1 
7 . 2 
7 . 2 
7 . 1 
7 . 3 
7 , 3 
7 . 3 
7 . A 
7 . 4 
7 . * 
7 , 8 
7 . 5 
7 , f t 
7 , 6 
7 . A 
7 , 7 
7 . 7 
7 , 7 
7 , , 

7 , 3 
7 . 9 
7 , 9 
7 , 9 
8 . 0 
3 , 0 
R . e 
fl.l 
ft.I 
a . l 
« . t 
fl,2 
8 . 2 
n,% 
fl.l 

HA 
fl,4 
R ,4 

GRfi'^S 
^.^ 
5 , * 
5 , 7 
^ , 7 

•5.7 

«,« 
5 , " ! 
5 , B 

" .» 
^ . 9 
•'^.fl 
5 . n 
' ^ . o 
A ^ n 
(t^n 
6 . 1 
ft.i 
A . l 

6 . 1 
' ^ , ? 
6 , 2 
A , ? 
*-,% 
6 , ^ 
A,-n 
ft, 4 
* . 4 
^ . 4 
* . 4 
4 | t j 

(sfH 
6 , « 

f^,^ 
'n. 's 
*«,*> 
A , 7 
* . 7 

6 , 7 
A , " 
A,<i 

* , ' ' 
* , < ? 
A , a 
'^ ,0 
S . l 
7 , " 
7 , P 
7,,-^ 
7 , 1 
7 . 1 
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T F S T E7S VOID CALtuLATH NS 

T i r r 
SEC 

7 . 2 5 ? 
7 . Z 5 7 
7 . 7 6 2 
7 . 2 6 7 
7 , 2 7 2 
7 . 2 7 7 
7 . ? 8 ? 
7 . 2 8 7 
7 . ? 9 2 
7 . 2 9 7 

7 . 3 0 ? 
7 . 3 0 7 
7 . 3 1 2 
7 . 3 1 7 
7 . ^ 2 2 
7 . 3 2 7 
7 . 3 3 2 
7 . 9 3 7 

7 . 1 4 2 
7 . 3 4 7 
7 . ^ 5 ? 
7 . 3 5 7 
7 . 3 6 2 
7 . 3 6 7 
7 . ^ 7 2 
7 ^ 3 7 7 
7 . 3 8 2 
7 . ^ 8 7 
7 . "592 
7 . 3 9 7 

7 . 4 C ? 
7 , 4 0 7 
7 . 4 1 7 
7 . 4 1 7 

7 . 4 2 ? 
7 . 4 2 7 
7 . 4 3 2 
7 , 4 3 7 
7 , 4 4 ? 
7 . 4 4 7 
7 . 4 5 ? 
7 . 4 5 7 

7 . 4 6 2 
7 . 4 6 7 
7 . 4 7 2 
7 . 4 7 7 
7 . 4 0 2 
7 . 4 d 7 
7 , 4 9 ? 
7 . 4 9 7 

P L F T 
C C / S E f 

5 7 7 , 6 
5 7 7 . 1 
^ 7 R , 0 
5 7 7 , 9 
« 7 6 , 5 
^ 7 S , 3 
5 8 0 , 1 
S 7 7 , 4 
•575 ,3 
5 7 7 , 7 
5 7 7 , 3 
5 7 4 . 2 
5 7 4 , 5 
5 7 3 . 6 
5 7 0 , 7 
5 7 1 , 4 
S 7 3 . a 
5 7 5 . 3 

5 7 3 , 3 
5 7 7 . 1 
5 7 2 , 0 
^ 7 4 , 3 
5 7 0 , 8 
S 7 3 , 5 
« i 7 n , i 
^ 6 9 , 1 
•575 .3 
? 7 3 . f 
h^^,^ 

' 5 7 U 3 
5 4 6 , 0 
5 8 f t , 7 
« 9 r . A 

5 4 7 , 9 
5 6 7 , 3 
S 9 P , 5 
5 5 9 , p 
5 5 6 , 5 
^ 9 4 , P 
5 7 6 , 1 
^ 3 ? , ^ . 
5 4 9 , f > 
4 6 9 , f l 
4 5 3 . 9 
5 1 4 , 6 
5 0 3 , 7 
4 4 f i , 3 
4 6 7 . 6 
3 6 5 , 4 
5 8 7 , 0 

F i n 

f./^rc 
4 8 7 , 1 
4 i i 7 , l 
467.»5 
4 6 7 . 6 
4 8 ^ . 3 
4 f i 5 , 2 
4 a « . 4 
4 § 6 , 9 
4 8 ^ . 1 
4 8 7 , 5 
4 8 ^ , 6 
4 8 4 , 4 
4 8 4 . 5 
4 8 3 . 7 
4 S U 3 
4 f i l , 9 
4 8 4 . 0 
4 8 ' 5 . 3 
4 8 3 , 4 
4fl?>84 
4 3 ? . 3 
4 8 4 . 2 
4 8 1 . 2 
4 8 3 , 5 
4 8 1 . 7 
4 7 9 . 6 
4 8 4 , 7 
4 8 3 , 0 
4 3 3 , 1 
4 8 U 6 
4 6 . 1 
4 9 6 . 2 
4 9 7 , 7 
461 ."5 
4 7 7 , 8 
5 C 4 , 5 
4 n , 6 
4 6 ' ' . 8 
50 . 9 
4 8 5 , 1 
4 4 * , 8 
4 6 2 , 5 
3 9 5 , 7 
3 8 7 . 3 
4 3 3 , 3 
4 2 4 , 1 
3 7 7 , 5 
3 9 3 . « 
• » t 7 . 7 
4 9 4 . 2 

L I T L F T 

CC/SFC 
5 t ' 7 , f . 
S I B , " 
•5!»f s <s 
Sil,'^ 
»?87,9 
'10487 
5 8 4 , 6 
5 H 5 , 4 
5 8 6 , P 
5 8 9 , f l 
5 3 8 , 0 
•590 .2 
5 B e , 6 
5 9 0 . 5 
H 9 4 . f r 
5 9 6 , 7 
5 9 6 , 6 
6 0 4 , 5 
6( 8 . 9 
6 0 8 , 6 
6 1 3 . 9 
6 1 4 , * , 
ftl7,2 
6 2 1 , 4 
6 2 5 , 4 
^ 2 1 . f l 
6 2 5 , 7 
' > 2 6 , 9 
^ 2 0 . 9 
ft2?,f 
6 2 3 . f c 
6 2 ' ) . 7 
ftZft.? 
6 ^ S , s 
^ 2 ' > . 4 
6 2 6 . 7 
6 ^ 6 , • ? 
6 ? 5 . 7 
6 2 5 , 9 
f E c f r 
6 3 7 , n 
6 6 5 , 7 
7 4 U ^ 
B l f i . 5 
P C 2 . 9 
P 0 6 , ? 
7 5 ^ , ^ 
^ 9 2 . 4 
6 3 B , i 
6 6 ' ' ' . ' ' 

FLJr t 
r . / S E f 
4 9 3 , 6 
4 9 3 , 7 
4 9 4 . 4 
4 9 2 , 9 
4 9 3 , p 
4 9 C , 9 
4 9 U ? 
4 9 U 7 
4 9 2 , 7 

4 9 5 . 5 
4 9 3 , 9 
4 9 5 , 4 
4 9 4 , 4 
4 9 5 , 8 
4 9 9 , 1 
1 0 " , P 
^ 0 1 , ? 
^ 0 7 . f ! 
• 510 ,7 
S l U O 
5 1 ' 5 , 5 
• ^ I f c , ! 
« 1S , 1 
^ 2 U 9 
S 2 4 . 7 
S 2 U ' ' 
• 5 2 5 . 1 
S 2 5 . 7 
S 2 f > . l 
S22, fe 
^ 2 ^ . 4 
5 2 6 , 0 
•525, •? 
H 2 5 . r 
5 2 7 . 9 
5 2 f . 0 
S ^ 4 . P 
5 2 5 , C 
•524 ,9 
%25, f . 
5 3 4 . 4 
S 6 f l . 3 
6 2 U 9 
68«S.7 
^ 7 3 . 0 
(S76,C 
A 3 U 9 
g b o . A 
S 3 4 , 9 
5 5 4 , C 

| N T , I ^ L E T 
CC 

U 2 6 . 3 ] 
1 3 2 7 , 2 ] 
1 3 3 0 , 9 ] 
I 3 3 i , 3 ] 
1 3 3 6 , 5 ] 
1 3 3 9 . 5 ] 
l 3 4 ^ , l ] 
1 3 4 5 , 6 
1 3 4 S , 8 
1 3 5 0 , 3 1 
U & 4 . 7 
1 3 S 6 , 8 
1 3 6 C , 0 1 
1 3 6 3 , 1 
1 3 6 5 , 6 
1 3 6 ? , 5 
1 3 / U 2 
1 3 7 3 . 9 
i 3 r r , 4 
1 3 3 P , 7 

laa i .o 
I S B ' i . O 
1 3 8 9 , 0 
1 3 9 1 , 9 ] 
U 9 4 , 7 
X 3 9 S , ? ] 
1 4 0 1 . 4 ] 
1 4 v i 3 , & ] 
1 4 U 0 , 5 ] 
1 4 0 9 , 2 1 
1 4 U , » ] 
I ' a ^ . B ] 
1 4 P . , 4 ] 

1 4 2 U ' ' 
1 4 2 4 , 7 
1 4 2 6 , " i 
1 4 3 0 , 4 ] 
1 4 3 2 , H ] 
U i f e , * ] 
1 4 3 9 , 6 
1 4 4 U Z ] 
1 4 4 4 , 4 1 
1 4 4 7 . 1 ] 
1 4 4 9 . 3 ] 
1 4 5 2 , 2 ] 
1 4 5 4 , 8 ] 

1 4 S / a ] 
1 4 6 » , 7 ] 

1 4 6 U 5 ] 
1 4 6 4 . 2 ] 

G^AilS 
1 1 1 7 , 7 ] 
1 1 2 0 , 2 ] 
L 1 2 2 . 6 1 
1 1 2 5 , 0 ] 
1 3 2 7 , 5 ] 
L 1 2 9 , 9 ] 

L 1 3 2 t 3 ] 
U 3 4 , 8 ] 
L 1 3 7 , 2 ] 
1 1 3 9 , 6 ] 

1 1 4 2 . 1 ] 
1 1 4 4 , 5 ] 
H 4 6 , 9 ] 
1 1 4 9 , 3 J 
1 1 5 1 . 7 3 
L 1 5 4 , 2 
U 5 6 . 6 
1 1 6 9 , 0 
1 1 6 U 4 
1 1 6 3 . 8 
L 1 6 6 , 3 
L 1 6 8 , 7 

L 1 7 U I 
1 1 7 3 , 5 ] 
L 1 7 5 . 9 1 
1 1 7 8 , 3 ] 
1 1 6 0 , 7 ] 

L l « 3 . l 1 
U S 5 . 6 ] 
L l S « , 0 ] 
1 1 9 0 , 3 ] 
1 1 9 2 , 7 
L 1 9 5 , 2 ] 
1 1 9 7 , 6 
L 1 9 9 , 9 
L ? ( i 2 . 4 
1 2 0 4 , 8 ] 
l ? ) 7 , 2 ] 
L 2 C 9 . 6 3 
1 2 1 2 , 1 ] 
1 2 1 4 , 4 ] 
1 2 1 6 . 7 ] 
1 2 1 8 , 8 ] 
2 2 0 i B ] 

L 2 2 2 , a 1 
? 2 5 , 0 ] 
? 2 7 , 0 1 

L 2 2 8 . 9 ] 
L 2 3 0 , 6 ] 
L ? 3 2 , 6 ] 

I H T . O U T L E T 
CC 

I 9 i f t , 9 ] 
L 3 4 2 . 6 ! 
L 3 4 4 . 7 
1 3 4 7 , 6 
L 3 5 P . 8 
L 3 5 4 , 4 
L35?. ,4 
1 3 S 9 , 8 
L 3 6 3 , 0 
L 3 6 5 , 9 
1 3 6 « . 4 
1 3 7 2 . 3 
L 3 7 4 . 3 
L 3 7 7 , 9 
L 3 8 U 0 
L 3 8 4 , 3 
L 3 8 6 , 2 
1 3 8 9 , 2 
1 1 9 3 , 3 
1 3 9 ^ . 9 
n 9 f i , 6 
L 4 0 U 9 

1 4 0 ^ . 3 
L 4 0 7 . 7 
L 4 1 2 . 3 
1 4 1 5 , 1 
L 4 1 7 , 6 ] 
L 4 2 P . 9 
1 4 2 4 , 5 J 
1 4 2 - ' . 3 
L 4 3 C , 4 
L 4 3 3 . 7 
1 4 3 7 , 0 
L 4 4 C . I 
1 4 4 4 , 1 
1 4 4 6 . 2 
L4%9.8 
1 4 5 ? . S ] 
I 4 5 f > , 8 
1 4 6 0 . 6 ] 
1 4 6 2 , 6 3 
1 4 6 6 , I ] 
4 6 « . 5 ] 
4 7 3 , 1 J 
4 7 « , 5 : 
4 d g , 0 ] 
4 8 ^ , 5 ] 

. 4 8 9 , ? ] 
1 4 9 3 . 3 ] 
4 9 f t , 6 J 

CRAMS 
1 1 2 4 , 8 
1 1 2 7 , 3 
U 2 9 , 7 

1 1 3 2 , 2 
U 3 4 , 7 
U 3 7 , l 
1 1 3 9 , 6 
1 1 4 2 . 0 
1 1 4 4 , 9 
U 4 7 , 0 
1 1 4 9 , 4 
L 1 5 U 9 
1 1 5 4 , 4 
1 1 5 6 , 9 
U 5 9 . 4 
1 1 6 1 , 9 
U 6 4 , 4 
L l 6 h , 9 

1 1 6 « . 4 
1 1 7 2 , 0 
1 1 7 4 , 5 

i l77a 
U 7 9 , 7 
L 1 8 2 . 3 
1 1 8 4 , 9 
1 1 8 7 , 5 
U 9 0 f 2 
U 9 2 . 8 
U 9 S 4 
U 9 S , 0 
L 2 0 n , 7 
l ? 0 3 . 3 
1 2 0 S ^ 
l ? 0 « . 5 

L 2 1 U ? 
1 7 1 3 , B 
1 ? 1 6 , 4 
L Z 1 9 , 1 
1 2 2 U 7 
L 2 2 4 , 3 
L ? 2 7 , P 
1 2 2 9 , 7 

1 2 3 2 , 6 
? 3 S , 9 

2 3 9 , 3 
2 4 ? . 7 
2 4 5 , 9 

L 2 4 9 . 0 
L 2 5 U P 
L ? 5 4 . 5 

vnio 
CC GR&MS 

fi.4 

».s 
B . 9 
fl,5 
S , 6 
8 , § 
H .6 
8 . 7 

n,7 
« . 7 
8 . 8 
fl.8 
« . 9 
9 . 0 
9 , 1 
9 , 2 
9 . 3 
9 . 4 
9 , * 
9 . 7 
9 , 9 

1 0 , 1 
1 C . 3 

ic.s 
1 0 , « 
l l . O 
1 U 2 
U . 5 

l u a 
1 ? . 0 

1 2 . ? 
1 2 , 6 
1 ? . 8 
1 3 . 0 
1 3 . 4 
1 3 . 6 
1 3 , 8 
1 4 , 1 
1 4 . 4 
1 4 , 6 
1 5 . 0 
I S . 5 
1 6 , 5 ] 
I P . Q ] 
l « . 7 1 
2 U 1 1 
2 ? , 6 ] 
2 4 , 0 2 
2 5 . 2 i 
Z^A I 

7 , 1 
7 . 1 
7 , 1 
7 , ? 
7 , ? 
7 , ? 
7 , ^ 
7 , ^ 
7 , ^ 

7 , 3 
7 , 4 
7 , 4 
7 , S 
7 , S 
7 . f t 
7 , 7 
7 , « 

7 , 9 
^.•y 

" a 
P . ^ 

P , 5 
R.f-. 
« , P 

^ , 0 

" . ? 
9 , 4 
9 , 4 
9 , 9 

1 0 , 1 
L 0 , « 
L 0 . 4 
1 0 , 7 
L o , o 

L U ? 
I U 4 

LU«> 
l U o 
l ? . l 
I ? . 2 
t ? , ' 5 

I'.o 
L^.- j 
l 5 . 1 
L A , ^ 
. 7 , 7 
9 , 0 

! 0 , 1 
! U ! 
! U S 

• 

http://H94.fr
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APPENDIX B 

Thermal Constants and Geometry Used in COBRA Calculations 

The mult ichannel COBRA-3M code ^ calculates individual pin and 
coolant t e m p e r a t u r e s at different axial elevations. Heat t r ans fe r between 
connecting channels is by turbulent mixing and divers ion crossflow due to 
interchannel p r e s s u r e gradients and the hel ical wire wraps . 

Argonne 's 3H vers ion of this code includes a new gap-conductance 
model and allows an a r b i t r a r y driving function, a wider latitude in the choice 
of calculational t ime s teps , and var ious subsidiary resu l t s such as average 
fuel energy density and average coolant outlet t e m p e r a t u r e . 

The code does not calculate the the rmal conductance between azimuthal 
fuel sec to rs or axial inc rements . Accordingly, fuel t e m p e r a t u r e s in zones 
adjacent to the insulator pellets a r e overes t imated , and la rge t e m p e r a t u r e 
gradients between adjacent azimuthal sec to rs can resul t . Interchannel mixing 
tends to reduce these t empera tu re gradients in the coolant. 

Boundary conditions for the calculation include inlet flow and enthalpy. 
Reverse flow cannot be calculated. Fuel and coolant t empera tu re after boiling 
and r eve r se flow begin in the tes t can be es t imated by operating at an ar t i f i ­
cially high p r e s s u r e [300 psi (2 MPa)] to suppress early boiling in the 
calculat ions. 

Conductance a c r o s s the fuel-cladding gap is inverse ly proport ional to 
the gap s ize . At fuel and cladding contact, a smal l res idual or effective gap 
remains due to the i r r egu l a r i t i e s of the contacting sur faces . The gap conduc­
tance used in COBRA-3H is 

h . 
gap c + Ar 

where k is the conductivity of the gap gas, c is a p a r a m e t e r reflecting the 
res idual gap (of the o rde r of 0.012 mm), and Ar is the t ime-dependent gap 
calculated fronn differential t he rma l expansion. A user - supp l ied maximum 
value is used to evaluate c. 

Values of gap conductance used for the E7 calculations a r e given in 
Fig . B . l . A value of 10.88 kW/m^-K (1916 Btu/hr-ft^-°F) was used as the maxi­
mum gap conductance. COBRA calculates the fuel-pin the rmal expansion 
without regard to the res t r i c t ing boundary of the cladding-fuel interface. Ex­
pansion of fuel exceeding that of the cladding leads to a negative gap as shown 
in Fig . B . l . 



1 

Input da t a to COBRA 
inc lude t a b u l a r l i s t i n g s of the t h e r m o ­
d y n a m i c p r o p e r t i e s of s o d i u m , c l a d ­
ding and d u c t - w a l l m a t e r i a l , and the 
m i x e d - o x i d e fuel. T h e s e a r e l i s t ed 
in T a b l e s B . 1 - B . 3 . r e s p e c t i v e l y . I n ­
put v a l u e s for the h y d r a u l i c p a r a m e t e r s 
a r e l i s t e d in T a b l e B.4, and thefvie l -
rod and channe l g e o m e t r y a r e shown 
i n F i g . B . 2 . F o r c i n g funct ions f o r t h e 
p o w e r and in le t enthalpy a r e l i s t e d in 
T a b l e B. 5. R e l a t i v e axia l and rad ia l 
p o w e r s h a p e s wi th in the fuel p ins a r e 
l i s t e d in T a b l e IV. M i s c e l l a n e o u s in ­
put da t a a r e l i s t e d in T a b l e B .6 . 

TABLE B.l. Thermal Properties of Sodium^ 

Liquid 

P r e s s u r e , 
p s i 

0 ^ 0 0 0 
0 . 0 0 1 
0 » 0 0 3 
0 » 0 0 T 
0 . 0 1 4 
0 . 0 2 4 
0 ^ 0 4 0 
0 « 0 6 5 
0 * 0 8 2 

oaoo 
oa3o 
0 * 1 6 0 
0 . 2 0 0 
0 . 2 4 0 
0 ^ 2 9 0 
0 ^ 3 5 0 
0 . 4 7 0 
0 « 5 4 0 
0 » 6 1 0 
0 . 7 2 0 
0 * 8 5 0 
1 . 0 0 0 

2aoo 
4 . 2 0 0 
1 . 8 C 0 

1 4 . 0 0 0 
2 2 . 0 0 0 
3 4 . 0 0 0 
5 1 . 0 0 0 

3 2 0 ^ 0 0 0 

Temp, 
"F 

5 9 0 
6 5 0 
7 0 0 
T50 
800 
8 4 0 
8 8 0 
9 2 0 
9 4 0 
960 
9 8 0 

1000 
1020 
I C 4 0 
1060 
1 0 8 0 
1100 
1120 
1 1 4 0 
H 6 0 
1 1 8 0 
1200 
1300 
1 4 0 0 
1500 
1 6 0 0 
1700 
1800 
1 9 0 0 
2 5 0 0 

Liquid 
S p e c i f i c 

Volume, 
f t V l b 

0 . . 0 1 8 2 5 
0 . 0 1 8 4 2 
0 . 0 1 8 5 6 
0 . 0 1 8 7 0 
0 . 0 1 8 8 5 
0 ^ 0 1 8 9 7 
0 . 0 1 9 0 9 
0 . 0 1 9 2 1 
0 . 0 1 9 2 7 
0 . 0 1 9 3 3 
0 . 0 1 9 4 0 
0 . 0 1 9 4 6 
0 . 0 1 9 5 2 
0 . 0 1 9 5 9 
0 . 0 1 9 6 5 
0 . 0 1 9 7 1 
0 . 0 1 9 7 8 
0 . 0 1 9 8 5 
0 . 0 1 9 9 1 
0 . 0 l ' ) 9 8 
0 . 0 2 0 0 5 
0 . 0 2 0 1 1 
0 , 0 2 0 4 5 
0 , 0 2 0 8 2 
0 . 0 2 1 1 9 
0 . 0 2 1 5 7 
0 . 0 2 1 9 7 
0 . 0 2 2 3 8 
0 . 0 2 2 8 1 
0 . 0 2 5 7 5 

Vapor 
S p e c i f i c 
Volume, 
f t V l b 

9 9 9 9 9 9 . 0 0 
4 0 9 8 € 6 . C 0 
1 7 8 1 2 2 . 0 0 

8 3 1 0 2 . 0 0 
4 1 2 6 6 . C O 
2 4 5 3 3 . 0 0 
1 5 0 6 0 . 0 0 

9 5 1 9 . 0 0 
7 6 4 5 . 0 0 
6 1 8 0 . 0 0 
5 0 2 6 , 0 0 
4 1 1 1 . 0 0 
3 3 8 2 . 0 0 
2 7 9 8 . C O 
2 3 2 6 , 0 0 
1 9 4 4 , 0 0 
1 6 3 2 . 0 0 
1 3 7 6 . 0 0 
1 1 6 6 . 0 0 

9 9 2 . 0 0 
8 4 7 . 0 0 
7 2 7 . C O 
3 5 6 . 0 0 
1 8 9 . 1 0 
1 0 7 . 4 0 

6 4 . 6 3._.. . 
4 1 . 2 5 
2 7 . 4 0 
1 8 . 8 7 

3 . 4 4 

Liquid 
En tha lpy , 

B t u / l b 

3 3 1 . 9 0 
3 5 0 , 4 9 
3 6 5 , 8 8 
3 8 1 ^ 1 9 
3 9 6 . 4 3 
4 0 8 , 5 8 
4 2 0 . 6 9 
4 3 2 . 7 7 
4 3 8 . 8 0 
4 4 4 . 8 3 
4 5 0 . 8 5 
4 5 6 . 8 6 
4 6 2 , 8 7 
4 6 8 . 8 8 
4 7 4 , 8 8 -
4 8 0 . 8 8 
4 8 6 . 8 8 
4 9 2 . 8 7 
4 9 8 , 8 7 
5 0 4 , 8 6 
5 1 0 . 8 6 
5 1 6 , 8 5 
5 4 6 . 8 5 
5 7 6 , 9 5 
6 0 T . 2 1 
6 3 7 . 7 0 
6 6 8 . 4 9 
6 9 9 . 5 5 
7 3 U 2 4 
9 3 3 . T 8 

Vapor 
En tha lpy , 

B tu / l b 

2 2 2 0 . 5 2 
2 2 2 1 . 5 8 
2 2 3 4 . 1 3 
2 2 4 0 , 1 8 
2 2 4 5 , 7 7 
2 2 4 9 , 9 4 
2 2 5 3 . 8 7 
2 2 5 7 , 5 7 
2 2 5 9 . 3 5 
2 2 6 1 , 0 9 
2 2 6 2 , 7 8 
2 2 6 4 . 4 4 
2 2 6 6 , 0 6 
2 2 6 7 . 6 5 
2 2 6 9 . 2 2 
2 2 7 0 . 7 5 
2 2 7 2 . 2 7 
2 2 7 3 . 7 6 
2 2 7 5 . 2 4 
2 2 7 6 . 7 0 
2 2 7 8 . 1 5 
2 2 7 9 . 6 0 
2 2 8 6 . 7 2 
2 2 9 3 . 8 6 
2 3 0 1 . 1 0 
2 3 0 8 . 4 ? 
2 3 1 6 . 9 5 
2 3 2 5 . 2 4 

_ _ 2 3 J U J 
2 3 7 1 . 8 6 

Liquid 
V i s c o s i t y , 

I b / h - f t 

0 . 8 1 4 3 0 
0 . 7 5 5 8 0 
0 . 7 1 3 8 0 
0 . 6 7 6 7 0 
0 . 6 4 3 7 0 
0 . 5 1 9 8 0 
0 . 5 9 8 0 0 
0 . 5 7 7 5 0 
0 , 5 6 8 3 0 
0 . 5 5 9 2 0 
0 . 5 5 0 4 0 
0 , 5 4 1 9 0 
0 . 5 3 3 8 0 
0 . 5 2 5 9 0 
0 . 5 1 8 3 0 
0 , 5 1 1 0 0 
0 . 5 0 3 9 Q . . 
0 , 4 9 7 0 0 
0 , 4 9 0 4 0 
0 . 4 8 4 0 0 
0 , 4 7 7 8 0 
0 . 4 7 1 7 0 
0 . 4 4 4 2 0 
0 . 4 2 0 4 0 
0 , 3 9 9 5 0 
0 . 3 8 1 1 0 
0 , 3 6 4 7 0 
0 . 3 5 0 1 0 

_ 5 j J i 6 9 Q _ 
0 , 2 7 8 5 0 

Ihermal 
Conduc­
t i v i t y 

B l u / h - f f ° F 

4 3 . 9 5 0 0 0 
4 2 . 9 8 0 0 0 
4 2 , 1 7 9 9 9 
4 1 . 3 9 0 0 0 
4 0 . 6 2 0 0 0 
4 0 . 0 0 0 0 0 
3 9 . 3 5 0 0 0 
3 8 . 7 8 9 9 9 
3 8 , 5 0 0 0 0 
3 8 . 2 0 0 0 0 
3 7 . 9 0 9 9 9 
3 7 . 6 0 9 9 9 
3 7 . 4 2 0 0 0 
3 7 . 0 3 0 0 0 
3 6 , T 3 9 9 9 
3 6 , 4 5 9 9 9 
3 6 . 1 7 0 0 0 
3 5 , 8 9 0 0 0 
3 5 . 6 0 9 9 9 
3 5 . 3 2 9 9 9 
3 5 . 0 4 9 9 9 
3 4 . 7 8 0 0 0 
3 3 . 4 2 0 0 0 
sz.ioigg 
3 0 . 8 4 0 0 0 
2 9 . 6 0 9 9 9 
2 8 , 4 2 0 0 0 
2 7 , 2 6 9 9 9 

_ 2 6 - a i O . O ^ 
2 0 . 4 2 0 0 0 

Liquid 
Surface 
Tension, 

l b / f t 

0 . 0 1 2 0 4 
0 . 0 1 1 8 1 
0 . 0 1 1 6 2 
0 . 0 1 1 4 3 
0 . 0 1 1 2 4 
0 . 0 1 1 0 9 
0 . 0 1 0 9 4 
0 . 0 1 0 T 6 
0 . 0 1 0 7 1 
0 . 0 1 0 6 3 
0 . 0 1 0 5 6 
0 . 0 1 0 4 8 
0 . 0 1 0 4 0 
0 . 0 1 0 3 3 
0 . 0 1 0 2 5 
0 . 0 1 0 1 7 
O.OIOIO 
0 . 0 1 0 0 2 
0 , 0 0 9 9 5 
0 . 0 0 9 8 7 
0 . 0 0 9 7 9 
0 . 0 0 9 T 2 
0 . 0 0 9 3 4 
0 . 0 0 8 9 & 
0 . 0 0 8 5 7 

_D^aOJ19 
0 . 0 0 7 8 1 
0 . 0 0 7 4 3 

.^,AQI33 
0 . 0 0 ^ 1 6 

^^Conversion f a c t o r s : 1 p s l = 6.895 kPa; t (°C) = [ t (°F) - 3 2 ] / 1 . 8 ; 1 f t ' / l b = 62 .3 cmVg; 1 B tu / l b = 
2 . 3 X 103 J / k g ; 1 I b / h - f t - 4.134 x 10"'* N-s /m-; 1 B t u / h - f f ° F = 5.678 W/m- -K; 1 l b / f t = 14.59 N/m. 

^2000 

i 1000 

y 800 
2 

600 

o 4 0 0 -
a. 
g 300 

^ 

-

1 •!'• 1 1 1 

'—1916 Btu/hr-ft^-'F 

458 Bty/hr-ft^-T—i=<X,.^ 

1 1 , 1 1 

1 

-

1 

-0.1 0 01 0 2 0.3 0.4 0 5 
GAP WIDTH, mils 

Fig. B.l. Gap Conductance Used in COBRA Calcu­
lations. Conversion factors: 1 Btu/h-ff^-'F = 
5.679 W nr-°(.: 1 mil ^ ri.0254 mm. 



TABLE B.2. Cladding and Duct-wall Thermal Properties^ 

Temp, °F 

70 
300 
600 
700 
800 
900 
1000 
1100 
1200 
1300 
1400 
2500 

Thermal Conductivity, 
Btu/h-ff°F 

Heat Capacity, 
Btu/lb-"F 

8.32 
9.35 

10.70 
11.15 
11.60 
12.05 
12.50 
12.95 
13.40 
13.85 
14.30 
14.30 

Cladding expansion coefficient 
1.17 X 10-'' T. 

9 X lO-f* 

^Conversion factors: t ("C) = [t (°F) 
1 Btu/h-ft.°F = 5.678 W/m"-K; 
1 Btu/lb-"F = 4187 J/kg-K. 

321/1.8; 

TABLE B.3. Fuel Thermal Properties^ 

"F 

0.108 
0.120 
0.128 
0.130 
0.132 
0.134 
0.137 
0.139 
0.141 
0.144 
0.147 
0.147 

77 
800 

1520 
2060 
2780 
3500 
4040 
4400 
4760 
5000 
5100 
8000 

Thermal Conduct ivi ty , 
Btu /h- f t -

4.10 
2.08 
1.42 
1.18 
1.03 
0.99 
1.03 
1.09 
1.17 
1.23 
1.50 
1.50 

•F 
Heat Capaci ty, 

Btu/ lb-°F 

0.0419 
0.0573 
0.0707 
0.0797 
0.0902 
0.0991 
0.1046 
0.1078 
0.1106 
0.1122 
0.1200 
0.1200 

Fuel Expansion Coeff ic ient = 3.764 x 10-^ + 
9.15 X 10-1" T. 

'^Conversion f a c t o r s : t (°C) = [ t (°F) - 321 /1 .8 ; 
1 B t u / h - f f - F = 5.678 W/m2-K; 
1 Btu/ lb-"F = 4187 J/kg-K. 

T A B L E B.4 . H y d r a u l i c P a r a m e t e r s Used in E7 COBRA C a l c u l a t i o n s 

S y s t e m p r e s s u r e 

F r i c t i o n f ac to r 

C r o s s f l o w r e s i s t a n c e 

T u r b u l e n t m i x i n g f ac to r (p ) 

Conduc t ion g e o m e t r y f ac to r 

F i l m - c o e f f i c i e n t c o r r e l a t i o n c o n s t a n t 

Duct wal 1 
T h i c k n e s s 
Den.^ity 
Heat t r a n s f e r to b y p a s s 
B y p a s s t e m p e r a t u r e 
W a l l - s e c t i o n l eng th 

Sec t i ons 1, 3, 4, 6, 7, and 9 
Sec t ions 2, 5, and 8 

2.07 M P a (300 p s i a ) 

0.5 

0.0125 

2.0 

Nu = 5.87 { 0.021Pe"-'^ 

0.89 m (.035 in.) 
7.98 m g / m ' (498 lb ft ') 
1 1 3 W , m ^ - K (20 Btu hr-ft^-'-'F) 
655 K (720' 'F) 

4.88 m m (.19 in.) 
2.98 m m (.117 in.) 

ow channel 
Length 
N u m b e r of nodes 

Channe l s 1 , 2 , 
and 3 

Channe l s 4, 6. 7, 
9, 10, and 12 

C h a n n e l s 5, 8, 
and 1! 

Flow 
A r e a , 
inm^ 
(in ') 

7.37 
(0.0114) 
5,00 

(0.0077) 
7. J3 

(0.0114) 

0.68 m 
14 

Wet ted 
P e r i m e t e r , 

m m 
(in.) 

10.77 
(0.42) 
8.42 

(0.351 
10.2'^ 
(0.40) 

(27 

P 

in.) 

Hea t ed 
e r i m e t e r . 

m m 
(in.) 

9.17 
(0.36) 
3.02 

(0.12) 
6.19 

fO.24) 

H y d r a u l i c 
D i a m e t e r , 

m m 
(in.) 

2 .74 
(0.11) 
2.37 

(0.004) 
2.86 

fo .u ) 

C l u s t e r flow a r e a 

In i t ia l in le t t e m p e r a t u r e 

In i t i a l inlet flow 

A v e r a g e hea t flux 

148 m m ' (0.229 in.2) 

65̂ =; K (720 F) 

3.824 g m ' . s i2 X 10** lb h-ff" 

10.56 kW m ' (3.35 x lO' B t u ' h - f t ' ) 



HOOOSCOPE 

0035 

0 476 
0 438 

Fig. B.2. Geometric Details Used in COBRA Calculations. All 
units in inches. Conversion factor: 1 in. = 2.-54 cm. 

TABLE B.5. Forcing Functions Used in COBRA Calculations 

Forcing 

Time, 
s 

3,80 
4.50 
4.60 
7.00 
7.10 
7.20 
7.28 
7.36 
7.42 
7.48 
7.54 
7.56 
7.58 
7.60 
7.62 
7.70 
7.74 
7.78 
7.82 
7.86 
7.90 
8.00 
8.10 
8.50 
8.60 
8.80 

Function for Power 

Power 5 
MW 

1.0 
79.0 
141.6 
141.6 
215.0 
384.0 
581.0 
933.0 
1293.0 
1753.0 
2283.0 
2416.0 
2468.0 
2422.0 
2306.0 
1610.0 
1217.0 
894.0 
661.0 
489.0 
373.0 
238.0 
186.0 
124.0 
121.0 
8.6 

Forcing Function 

Time, 
s 

3.80 
6.00 
7.00 
7.10 
7.60 
7.61 
7.63 
7.66 
7.67 
7.68 
7.69 
7.70 
7.72 
7.74 
7.76 
7.77 
7.78 

for Inlet Enthalpy 

Relative 
Enthalpv 

1.000 
1.021 
1.036 
1.043 
1.070 
1.117 
1.169 
1.268 
1.425 
1.646 
1.812 
1.951 
2.194 
2.377 
2.486 
2.558 
2.655 



TABLE B.6. Fuel-pin Proper t ies for COBRA Calculations 

Diameter: Fuel OD = cladding ID 
Central void 
Cladding OD 

Density: Fuel 
Cladding 

Radial nodes: Number in fuel 
Fuel node type 
Number in cladding 
Cladding node type 

Length 

Number of axial nodes in fuel 

Solidus temperature 

Liquidus temperature 

Heat of fusion 

Heat capacity of liquid 

Initial radial gap size: Central pin 
Edge pin 

Central pin 
Edge pin 

Central pin 
Edge pin 

Maximum gap conductance: Central pin 
Edge pin 

Radial jump distance: 

Initial gap conductance: 

0.508 cm (0.200 in.) 
0.117 cm (0.046 in.) 
0.584 cm (0.230 in.) 

9.95 Mg/m^ (621 lb/ft ') 
7.98 Mg/m ' (498 Ib/ft^) 

8 
Equal Ar 
5 
Equal Ar 

34.29 cm (13.5 in.) 

7 

2760°C (5000°F) 

2816°C (5100°F) 

274 J / g (118 Btu/lb) 

503 J/kg-K (0.1202 Btu / lb -T) 

7.62 M-m (0.0003 in.) 
7.62 |j,m (0.0003 in.) 

7.62 y,m (0.0003 in.) 
7.62 urn (0.0003 in.) 

2.55 kW/m^-K (450 Btu/h-ft^-'^F) 
2.55 kW/m^-K (450 Btu/h-ft^-°F) 

10.88 kW/m^-K (1916 Btu/h-ft^-°F) 
10-88 kW/m^-K (1916 Btu/h-ft^-°F) 

Five fuel rods and 12 coolant channels were used in the calculat ions. 
Rods 4 and 5 gave near ly identical r e su l t s . Roman numera ls associa ted with 
the sec to rs of each rod in Fig. B.Z refer to the type of radial dis tr ibut ion used 
for that aximuthal zone (from Table IV). Cent ro id- to-cent ro id dis tances a r e 
3.94 m m for the th ree cent ra l channels and 3.76 m m for the outer channels. 
Channel- to-channel contact lengths a r e shown in Fig. B.Z. Numbers on the 
surface of each rod in Fig . B.Z a r e the fractions of total heat energy generated 
in the fuel rod that can be t r a n s f e r r e d to the adjacent coolant channel. 
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