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EXPERIMENTS WITH 
CENTRAL SUPERHEATER CORE CSH-1, 

BORAX-V 

by 

BORAX-V Project Staff 

I. INTRODUCTION 

BORAX-V was the first integral boil ing-water-nuclear superheating 
reactor to be operated m the United States. It first produced superheated 
steam on October 10, 1963. 

Following a considerable time during which low-power experiments 
were performed, and after a few days of operation at power up to 10.2 MWt, 
a sizeable leakof moderator water into the superheater was measured and a 
low level of fission product radioactivity was discovered in the superheated 
steam. Power operation was discontinued on October 16, 1963. Investiga­
tion revealed that the water leak was caused by a weld crack in one super­
heater fuel assembly and that the fission products were coming from a few 
tea r s in the bottom of superheater plates that were distorted by res t ra in t s 
caused by improperly performed leak-repai r welds on the assembl ies . 

The feasibility of continuing operation with this core was analyzed 
by the reactor staff, and it was concluded that although the superheater fuel 
was distorted and a low level of fission products would be present contin­
uously in the steam, operation could be performed with reasonable safety by 
the adoption of special operating procedures . However, since repair welds 
had also been made to other superheater fuel assemblies and there was no 
assurance that additional s imilar failures would not occur, a management 
decision was made to discontinue operation of central superheater core 
CSH-1 and to proceed directly to the program involving the per ipheral 
superheater core. The fuel for that core was reworked to correct the weld 
defects and was not subject to the problems involving the central super­
heater fuel. 

In spite of the brief operating period, much valuable information was 
obtained and is reported in this document. However, a major part of the 
planned power experimental program on this core could not be accomplished 
completely This included the attainment of full power; power split, power 
distribution, and core and plant power performance experiments; reactor 
stability measurements , water chemistry experiments , defective fuel exper­
iments , etc. This program was deferred and subsequentlv accomplished m 
considerable detail with the per ipheral superheater core.U) 
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II. REACTOR D E S C R I P T I O N ( 2 ) 

The BORAX-V reactor and power plant are located in two buildings 
one-half mile from the control building at the National Reactor Testing Sta­
tion in Idaho. 

Three core s t ructure configurations have been tested in this flexible 
experimental facility: a pure boiling-water core, a boiling core with a cen­
trally located superheater , and a boiling-water core with a peripherally lo­
cated superheater . In all cases , it was possible to operate with either forced 
or natural circulation of water through the boiler zone of the core, but only 
natural circulation was used. Water served as moderator and reflector in 
both the boiling and superheating regions of the core. 

The principal design pa ramete r s of BORAX-V at the rated power 
are shown in Table I. 

Table I 

DESIGN PARAMETERS, BORAX-V CENTRAL SUPERHEATER CORE 
AT 20 MWt 

P r e s s u r e , psig 600 

Tempera tures , °F 
Saturated steam 489 
Superheated steam 850 
Boiling fuel rod (center maximum) 2,300 
Superheater fuel plates (center maximum) 1,130 

Maximum heat flux, Btu/hr-ft 
Boiling rod 310,000 
Superheater plates 100,000 

Power density, average, kW/liter of core volume 
Boiling zone 42.5 
Superheat zone 40.5 

Boiler Superheater 

Number of fuel assemblies 48 12 

Figure 1 is a cutaway view of the BORAX-V reactor vessel contain­
ing the core with central superheater . All cores had an equivalent diameter 
of 39 in. and a height of 24 in., with the bottom of the active core positioned 
3 ft above the bottom of the reactor vessel . The poison section of the nine 
control rods was made of Boral canned in stainless steel, and the follower 
section was made of X-8001 aluminum alloy. The central and four in ter­
mediate control rods were cruciform, and the four outer rods were T-shaped. 
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The control rods were driven from below the reactor , through a linear seal , 
by motor-dr iven, lead screw-and-nut mechanisms with solenoid sc ram 
latches. The superheater fuel assembl ies , with their long r i s e r s , were held 
down by the reactor vessel head through a hold-down plate and individual coil 
springs. Steam from the reactor vessel steam dome made two passes 
through the superheater . Eighty-one percent of the reactor power was r e ­
quired in the boiler to convert feedwater into saturated steam; 17% of the 
total power was used in the superheater to superheat the steam from 489 to 
850°F, and an additional 2% was lost from the superheater to the modera tor 

water . 

The boiling zone fuel elements for BORAX-V, shown in Fig. 2, con­
sisted of rods, 0.375 in. OD, clad with Type 304 stainless steel 0.015 in. 
thick, and containing UOj pellets of 4.95 w/o enrichment. Each rod was 
filled with helium and had a fission gas expansion space which also contained 
a spring of Inconel-X to retain the pellets while allowing for the axial dif­
ferential expansion between the UO2 and the cladding. 

A fully loaded boiling fuel assembly contained 49 fuel rods in a 
1/2-in.-square latt ice, as shown in Fig. 3. The rods were individually 
latched in so that the water- to-fuel ratio or enrichment could be varied, or 
poison rods inserted to adjust reactivity or power distribution. The design 
of a boron-s ta in less -s tee l poison rod is shown in Fig. 4. The boiling fuel 
rod loading used for all three cores was designed for the boiler of the cen­
t ra l superheater core, since this zone required the highest enrichment. 

The design of the welded superheater fuel assembly, made up of five 
fuel elements with intervening moderator water gaps, is shown in Figs . 1, 
5, and 6. Each fuel element was contained in a rectangular s ta in less -s tee l 
tube which formed a s ta t ic -s team insulating gap around the element to min­
imize heat loss to the moderator water. The upper r i se r and lower nozzle 
in the fuel assembly also had double-walled, s ta t ic-s team insulating gaps^. 
The four-plate fuel elements were assembled by vacuum-brazing at 2150 F , 
using Coast Metals 60, a chrome-nickel brazing alloy. The central super­
heater fuel assemblies contained 430 g of U " ' in the form of 93 w /o -
enriched UO2 par t ic les dispersed in the cermet fuel plate mat r ix of 
Type 304-B stainless steel . Since coolant steam flowed past one side only, 
the two outside fuel plates contained 53.6% as much U " ' as the two center 
plates . The outside plates contained 11.4 w/o UO2 in the matr ix , and the 
central plates 20.8 w/o . 

The cladding mate r ia l used on the superheater fuel plates was 
Type 304-L stainless steel, which is susceptible to chloride s t ress co r ro ­
sion Chloride s t ress corrosion was inhibited by the maintenance of less 
than 0 04 ppm of Cl" in the reactor water and steam by means of the makeup 
water , reactor water , and condensate demineral izer systems and continuous 
chloride monitoring. 
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ACCESS AND INSTRUMENTATION NOZZLES 

HOLD-DOWN GUSSETS 

POISON-INJECTION NOZZLE 

REACTOR VESSEL 

1 0 3 - 3 7 1 - B 

BOILING FUEL ASSEMBLIES 

CORE SUPPORT ?LATE 

SUPERHEATED-STEAM INLETS 

HOLD-DOWN GRID. 
SUPERHEAT FUEL 
ASSEMBLIES 

HOLD-DOWN SPRINGS, 
SUPERHEAT FUEL 
ASSEMBLIES 

FEEDWATER SPARGER 

CONTROL RODS 

SUPERHEAT FUEL ASSEMBLIES 

Fig. 1. Reactor with Central Superheater 
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-FUCL ELLMCNT (uOt) 
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I D - 1 0 3 - A 3 3 2 2 
F i g . 2. Boi l ing F u e l Rod 



ID-103-3466 

Fig. 3. Fuel Rod and Cutaway Section of Boiling Fuel Assembly 



/«f X BOtOthSTmULCSS STCCI, 

secrioj TMeu eoo 

ID-103-A3323 
Fig. 4. Boron-s ta inless-s teel Poison Rod 
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4X4 IN. FUEL CELL 

MODERATOR GAP 

3.495 IN MEAT 
HIGHLY ENRICHED 
UO, DISPERSED 
IN SS 304B 

0.030 IN. yy- 0O30 IN. FUEL PLATES 
INSULATING GAP 0.014 IN. MEAT THICKNESS 

0.008 IN. CLAD SS 304L 
- 0.062 IN. PLATE SPACING 

ID-103-A3234 
Fig. 5. Cross Section, Central Superheater 

Fuel Assembly 

ID-103-3776 
Fig. 6. Central Superheater 

Fuel Assembly 
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The superheater fuel element had good shutdown radiation and con­
ductive cooling propert ies across the s ta t ic-s team insulating gap to the 
moderator water . Even with no steam flow and a total reactor power of 
0.8 MWt, the maximum design fuel surface temperature of 1200°F could 
not be exceeded. In addition to the design of the superheater fuel element, 
BORAX-V had a superheater vent valve system that opened automatically 
on any normal shutdown or scram to assure continued flow of cooling steam 
produced by decay heat in the boiling zone. A schematic diagram of the 
BORAX-V process systems is shown in Fig. 7. 

RCACTOR 
WATER 

OeMNCRALIZCR 

ID-103-A3015 
Fig. 7. Flow Diagram 

Because of the postulated high rate of fission product carryover in 
the steam from a ruptured superheater fuel element, steam line radio­
activity sc rams and a la rms , plus sensitive fission product monitors sam­
pling both saturated and superheated steam, were provided on BORAX-V 
The condenser air ejector exhaust system had a special after-cooler and 
demister to remove moisture from the gas. The exhaust gases were then 
passed through an AEC-type high-efficiency filter and an activated-charcoal 
gas scrubber before being diluted with clean air , monitored, and ejected up 
a stack. 
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III. REACTIVITY MEASUREMENTS 

A. Zero-power Reactivity Measurements 

1. Loading 

After the central superheater core s tructure, control rods, 
and control rod drives had been installed and checked out, the loading of 
fuel assemblies began. The core was completely loaded with boiling fuel 
assemblies , each containing four flow rods and forty-five 4.95 w/o-
enriched fuel rods, in a reverse sequence to that used in unloading boiling 
core B-2. Then central superheater fuel assemblies were substituted for 
boiling fuel assemblies in the central 12 positions. A diagram of the final 
loading in core B-2 containing 40 boron-s ta inless-s teel poison rods is 
shown in Fig. 8. The progress of the loading was followed by the customary 
curves of inverse count rate vs number of assemblies for selected con­
figurations of the nine control rods. 

\ 

o o o o o o o 
ooooooo 
oo®o®oo 
ooooooo 
oo®o®oo 
ooooooo 
ooooooo 

"oo.. .- ":••_.'. • -JOO 
OO • ' • • '"'OO 
O O ^ • •: »00 
CO- ••-•0 
00̂ >t « ^ »oo 
OO , , ooo 
o o o o o o o •LiOOOOO* 

oo
oo
oo
c?
"
 

§8
§8

§8
8 

oo
oo

oo
o 

oooooo 
OOOOOr r 
oo®oeo 
0000 001" 
00®0®0 

booooo* 
ooooooo 
oo»o®oo 
ooooooo 
oo®o»oo 
ooooooo 
"0"'" JJO 

ooooooo ooooooo 
00®u®00 
ooooooo ooeo®oo ooooooo 

oo 
^ juOOO 
ooooooo ooeoeoo ooooooo ooeo«oo ooooooo 
oooooor 

o
o
o
o
o
o
o
 

o
o
o
o
o
o
 

£
)
O
O
O
O
C
 

o 
o ® ®o 
OOuOOOO 
ooooooo 

O 4.95 " /o ENRICHED FUEL RODS 
• B-S S POISON RODS 
9 FLOW RODS 

ooooooo 
ooooooo 
ooeosoo 
ooooooo 
oo»o»oo 
ooooooo 
ooooooo 

'boooooo 
ooooooo 
ooeo®oo 
ooooooo 
ooeo«oo 
ooooooo 
*oooooo 

ooooooo 
ooooooo 
oo®oeoo 
ooooooo 
oo®o®oo 
ooooooo 
ooooooo 
"ooooooo 
ooooooo 
oo®o®oo 
ooooooo 
oo®o®oo 
ooooooo 
ooooooo 

•ooooo* ©oooooo oo«o®oo 

oc®ceoo ooooooo oo®o»oo 
0030000 
ooooooo JOOOOOO ooooooo 
0080800 ooooooo oo®o»oo ooooooo 
-lOOOOO* 

•oooooo 
©OOOOOO 
00®0®00 

JOOOOOO 
ooooooo 
oo®o®oo 
ooooooo 
oo»o®oo 
ooooooo 
ooooooo 

fcoooooo 
ooooooo 
oo®o®oo 
ooooooo 
oo®o®oo 
ooooo O 

Oo JOQO 

ooooooo 

TDOOOOOO 
ooooooo 
oo®o®oo 
ooooooo 
oo»o»oo 
ooooooo 
ooooooo 

o
o
 
O
J
 
D*
 

88
88

88
8 

o
o
o
o
o
o
o
 

ooooooo 
ooooooo 
ooeo®oo 
ooooooo 
oo®o«oo 
ooooooo 
oooocoo 
"boooooo 
ooooooo 
oo®o®oo 
ooooooo 
oo®o®oo 
ooooooo 
ooooooo 

o
o
o
o
o
o
o
 

o
o
o
o
o
o
o
 

o
o
®
o
®
o
o
 

o
o
o
o
o
o
o
 

p
o
o
o
o
o
o
 

o
o
o
o
o
o
 

T300000 
ooooooo 
00®0®00 
ooooooo 
oo®oeoo 
ooooooo 
ooooooo 

ooooooo 
ooeo®co 
ooooooo 

•oooooo |7:oooooo 

oo®oeoo 
OOOOOOO ooaoeoo 

boooooo 
ooooooo 
oo»o®oc 
ooooooc 
oo®o®oo 
ooooooc 
ooooooo 

o
o
o
o
o
o
ĉ
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Fig. 8. Final Loading, Boiling Core B-2 
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The central superheater core support s t ructure gave the same 
positioning of fuel assemblies as the boiling core s t ructure , except that 
boiling fuel assemblies placed in the central 12 superheating fuel assembly 
positions rested on top of the core support plate instead of fitting into it. 
Therefore, they were 3~ in. higher than normal . Before boiling core B-2 
was unloaded, adapters were installed on three of the 12 central boiling 
assemblies in one quadrant to ra ise them 3 i in. higher than normal for 
similar positions in the superheater core s t ruc ture . The reactivity effect 
of these higher assemblies was found to be negative. 

To ensure that the reactor was well subcrit ical during loading, 
count ra tes were measured from three fission counters located in reflector 
thimbles adjacent to the core . The count rates observed during unloading 
the boiling core were compared with those found during the loading of the 
central superheater core . Also, control rod positions for reactor cri t icali ty 
were found for loadings of 60, 35, and 20 fuel assembl ies . These were also 
compared with the values found during unloading. Table II shows the loading 
sequence of core CSH-1 and the principal crit ical measurements made dur­
ing the loading operation. 

In Loading No. 118, the core was completely loaded with boiling 
fuel assemblies and 40 boron-s ta in less-s tee l poison rods. The central 
12 assemblies were raised 3^ in., and the nine-control-rod-bank position at 
room temperature was 10.100 in. In core B-2, with 40 poison rods and no 
fuel assemblies raised, the nine-control-rod-bank position was 9.053 m. 

The reactivity worth vs water, at room tempera ture , of a single 
superheater fuel assembly in core position 56 was measured to be 0.71% by 
comparing Loadings Nos. 122 and 123. 

After the superheater fuel assemblies were loaded, all poison 
rods were removed in two steps and replaced with 4.95 w/o-enriched fuel 
rods Crit ical experiments were conducted at room temperature to verify 
that the reactor would not go cri t ical on the complete withdrawal of any 
single control rod alone. 

2. Adjustment of Fuel- to-water Ratio 

Several experiments were conducted at room temperature m 
which the fuel-to-water ratio in the boilmg fuel assemblies was varied by 
changing the number and arrangement of water-filled flow rods m the a s ­
semblies . A flow rod, as shown m Fig. 9, had the same outside geometry 
and dimensions as a boiling fuel rod, but the in-core portion was made of 
X-8001 aluminum tubing, 3/8-in. OD x 0.20-in. wall thickness perforated 
on each end to insure flooding with reactor water . The use of flow rods to 
increase the moderator fraction of the core prevented bypass of coolant 
water through a vacant fuel rod location. The objective of these experiments 
was to increase the available excess reactivity and reduce the value of the 
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LQADUR SEVraiCE, COBE CSH-1 

Loading 
Ho. Configuration Remarks 

Control Rod Critical Poeltlona 
Core CSH-1 Loading Core B-2 Unloading 

116 

\ 
l i s 

J 1 

1 s 
®l ' 

I 6 | « 

14 1 8 

S 1 T 

4 1 6 

13 | » 

12 1 19 

II y 18 

10 1 IT 

lit poison rods 
20 •boiling assemblies 

Assemblies in positions 
No. 6, 10 11, 17, and 
l8 were BI In. high. 

Rod No. 2: 23.345 in. 
Remainder: 16.000 in. 

Rod No. 2: 23.730 in. 
Remainder: 16.000 In. 

Boiling assemlilles 
No. 6, 10, and 11, 
3i in. high. 

117 

a. 32 poison rods 

35 boiling assemtlies 

b . Additional assemlilles, 
positions No. 21, 22, 
23, 25. 26, 31, and 32, 
were 3-J- in . high. 

Rod No. 2: 21.660 in . 
Rods No. 
5 and 9: 15.000 in . 
Remainder: 0.000 in . 

Rod Ko. 2: 22.1*15 in. 
Rods No. 
5 and 9: 15.000 In. 
Remainder: 0.000 In. 
Boiling asserablleB 
No. 6, 10, and 11, 
3i in. hlf^. 

lis 

\ 

p 
sp 

^ p 
^ 
^m 
^ 
fe^ 

80lw 

^J^^^^MM 

aelsT 

^ ! 301 92 1 

^ ^ j e j s o l 

3«IMI 

ko poison rods 
60 boiling assemtlies 

Assemblies in super­
heater positions are 
3¥ in. high. 

Rod No. 1: 10.098 in. 
Remainder: 10.100 in. 

All rods: 9.053 in. 
No asaemblles above 

normal. 



Table II 

(Continued) 

Loading 
No^ Conf igura t ion Remarks 

Con-trol Rod 
C r i t i c a l P o s i t i o n s 

Reactl-rtty Change 
frail' Previous 
Configuration, ji 

119 

36 poison rods 
1 superheater assembly 
59 boiling assemblies 

Rod No. 1: 
Remainder: 

10.600 in. 
10.100 in. 

(^W No.l = °-32*/̂ -

-0.16 

120 

21* poison rods 
k superheater assemblies 
56 boiling assemblies 

Rod No. 1: 
Remainder: 

9.T6O in . 
10.100 in . 

( i W No.l = °-335Vin. 

+0.275 

121 

21* poison rods 
8 superheater assemblies 

52 boiling assemblies 

Rod No. 1: 
Remainder: 

llt.lTO in . 
10.100 in . -1.20 

^A^Rod No.l 0.21^/in. 



teble I I 

(Continued) 

Loading 
No. Configuration Remarks 

Control Rod 
C r i t i c a l Pos i t i ons 

React iv i ty Change 
fran Previous 
Configuration, j6 

122 

2k poison rods 
11 superheater assemblies 
^6 boiling assemblies 

Position L is -water. 

All rods: 12.410 in. 

(^'Rod No.l = °-139*/in. 

123 

2k poison rods 
12 superheater assemblies 
48 b o i l i n g assemblies 

a . A l l r o d s : 11.705 i n . 

(^) 
'•Ah'9-rod bank = 

1.135t/in. 

b . No. 1 rod: 8.278 I n . 
Remainder: 12.410 i n . 

(^) ^Ah'̂ Rod No. l 0. l885(/in. 

+0.71 
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Fig. 9. Flow Rod 
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t e m p e r a t u r e and void coef f i c ien t s of r e a c t i v i t y . It w a s a l so p o s s i b l e to 
f l a t t en t he n e u t r o n flux d i s t r i b u t i o n and to modify the n e u t r o n e n e r g y 
s p e c t r u m wi th in e a c h boi l ing fuel a s s e m b l y . The d e t a i l e d f lux p l o t s s h o w ­
ing the f l a t t e r p o w e r d i s t r i b u t i o n wi th in the boi l ing fuel a s s e m b l i e s a r e 
shown in F i g . 49 . The r e s u l t s of t h e s e e x p e r i m e n t s a r e shown in Tab le III. 
At e a c h s t e p , c h e c k s w e r e m a d e to d e t e r m i n e if the r e a c t o r would go c r i t i ­
ca l on the w i t h d r a w a l of any s ing le c o n t r o l r od a l o n e . B e c a u s e of a t e m p o ­
r a r y s h o r t a g e of flow r o d s , w a t e r h o l e s or w a t e r t u b e s (made of 1 /4- in . OD 
X 0 . 0 2 8 - i n . - w a l l 3003 a l u m i n u m ) w e r e s u b s t i t u t e d for s o m e of the flow r o d s 
in s o m e of the e x p e r i m e n t s . No p o i s o n r o d s w e r e m the c o r e dur ing t h e s e 
e x p e r i m e n t s . 

The change in a v a i l a b l e e x c e s s r e a c t i v i t y for e a c h s t ep i s not 
l i s t e d b e c a u s e an a c c u r a t e d e t e r m i n a t i o n could no t be m a d e wi thou t a c o m ­
p l e t e c o n t r o l r o d c a l i b r a t i o n . H o w e v e r , it w a s e s t i m a t e d f r o m c o n t r o l r od 
p o s i t i o n s and d i f f e ren t i a l c o n t r o l r od r e a c t i v i t y w o r t h s tha t the change in 
a v a i l a b l e e x c e s s r e a c t i v i t y a t r o o m t e m p e r a t u r e f r o m the f o u r - to the f i v e - , 
s i x - , or e i g h t - c o n c e n t r a t e d - f l o w - r o d con f igu ra t i ons w a s n e g l i g i b l e . The 
change to the e i g h t - d i s t r i b u t e d - f l o w - r o d conf igura t ion r e s u l t e d in a s i g ­
n i f ican t i n c r e a s e in a v a i l a b l e r e a c t i v i t y , but t h i s con f igu ra t i on w a s not u s e d 
b e c a u s e subs t i t u t i on of s o m e po i son r o d s in p l a c e of fuel r o d s would have 
been r e q u i r e d to p r e v e n t c r i t i c a l i t y on the w i t h d r a w a l of any one of i n t e r ­
m e d i a t e c o n t r o l r o d s No. 2, 4 , o r 6. The d e c i s i o n w a s m a d e not to u s e 
po i son r o d s in c o r e C S H - 1 , and the e i g h t - c o n c e n t r a t e d - f l o w - r o d conf igura t ion 
w a s u s e d in the r e f e r e n c e load ing . F i g u r e 10 shows the r e f e r e n c e z e r o -
p o w e r fuel loading for t h i s c o r e , and F i g . 11 is a p h o t o g r a p h of the r e a c t o r 
l o a d e d for the z e r o - p o w e r , r o o m - t e m p e r a t u r e e x p e r i m e n t s . 

F o r the z e r o - p o w e r , o p e r a t i n g - t e m p e r a t u r e m e a s u r e m e n t s a t 
600 p s i g , 489°F c o n d i t i o n s , s ix f l u x - w i r e t h i m b l e s w e r e i n s t a l l e d in the 
s o u t h e a s t q u a d r a n t of the c o r e . A s h e a t h e d t h e r m o c o u p l e , 0 .040- in . d i a m , 
w a s i n s t a l l e d in a b o i l e r coolan t channe l and a n o t h e r in a s u p e r h e a t e r 
coolan t channe l for a c c u r a t e t e m p e r a t u r e m e a s u r e m e n t s T h e s e i t e m s 
had a neg l ig ib l e r e a c t i v i t y effect . A p h o t o g r a p h . F i g 12, of the r e a c t o r 
wi th th i s load ing , d e s i g n a t e d c o r e C S H - I A , shows the f l e x i b l e - m e t a l - h o s e 
exi t s u p e r h e a t e d - s t e a m m a n i f o l d s i n s t a l l e d . 

3. C o n t r o l Rod C a l i b r a t i o n 

The c o n t r o l r od a r r a n g e m e n t for the C S H - 1 c o r e can be s e e n in 
F i g . 10, and i s the s a m e as tha t of the p r e v i o u s l y r e p o r t e d boi l ing c o r e s , 
B - 1 and B-2 . (3 ,4 ) xhe c o n t r o l r od w a s c a l i b r a t e d in the s a m e fa sh ion - t ha t 
i s , the r e m o v a l of a v a i l a b l e e x c e s s r e a c t i v i t y by the add i t ion of b o r i c a c i d to 
the r e a c t o r w a t e r . T h i s m o d e r a t o r p o i s o n i n g , a t d i f fe ren t b o r o n c o n c e n t r a ­
t i o n s , p e r m i t t e d the e s t a b l i s h m e n t of a c r i t i c a l p o s i t i o n at s e v e r a l c o n t r o l 
r od h e i g h t s , and c o r r e s p o n d i n g l y , d i f f e r e n t i a l - c o n t r o l - r o d - r e a c t i v i t y - w o r t h 
m e a s u r e m e n t s a t t h e s e s e v e r a l p o s i t i o n s . R e a c t i v i t y c a l i b r a t i o n of the c o r e 
CSH-1 c o n t r o l r o d s w a s p e r f o r m e d by th i s m e a n s f r o m a p p r o x i m a t e l y 11 i n . 



Table I I I 

EXPEEIMinS WITH VARIED FUEL-IO-WATER RATIO 

Loading 

Ho. 

125 

Configuration 

126 

127 

129 

132 

Remarks 

4 Flow Rods 
45 Fuel Rods 
(Ref. loading core B-2) 

Equl-valent of: 
5 Flow Rods, 44 Fuel Rods 
(H.W. core quadrant only, 
remaining quadrants: 
4 Flow Rods) 

Equl-valent of: 
6 Flow Rods, 43 Fuel Rods 
(full core except for 
1-tem (a) -which was N.W. 
quadrant only) 

Equi-valent of: 
8 Flow Rods (Concentrated) 
41 Fuel Rods 
(Ref. loading core CSH-1) 

Equivalent of: 
8 Flow Rods (Dispersed) 
41 Fuel Rods 

a. 
b . 

Control Rod C r i t i c a l Pos i t ions 
( i n j 

9-Rod Bank 
No. 1 Rod: 
No. 2 Rod: 

10.365 
10.370, Remaiider: 10.360 
25.000, Remainder: 4.320 

a. 9-Rod Bank: 10.330 

b . Ho. 2 Rod: 25.000, Remainder: 3-200 

a . No. 2 Rod: 
b . Ho. 1 Rod: 
c . Ho. 2 Rod: 

25.000, Remalrd.er: 2.760 
10.268, Remainder: 10.300 
25.000, Remainder: 3.684 

9-Rod Bank: 
Ho. 2 Rod: 
Ho. 
Ho. 
Ho. 
Ho. 
Ho. 
Ho. 
No. 
Ho. 
Ho. 

Rod: 
Rod: 
Rod: 
Rod: 
Rod: 
Rod: 
Rod: 

8 Rod: 
7 Rod: 

10.366 
25.000 

8.479, Remainder: 
25.000 
18.215, Remainder: 
25.000 
8.090, Remainder: 

25.000 

7.760, 
25.000 
8.480, Remainder: 

0.000 

0.000 

Remainder: 0.000 

0.000 

9-Rod Bank: IO.16O 
No. 1 Rod: 25.000 
No. 2 Rod: 17.390, Remainder: 0.000 
No. 8 Rod: 25.000 
No. 7 Rod: 2.550, Remainder: 0.000 
Slightly supercritical on each of 
Rods No. 2. 4, or 6 at 25.000, 
remaining 0 rods at 0.000. 

Control Rod Differen­
tial Reactivity Worth 

«/ln.) 

9-Rod Bank: 1.43 
Nb. 1 Rod: O.195 
No. 1, 3-9 Rods 

Banked: 0.205 

Ho. 1, 3-9 Rods 
Banked: 0.16<: 

Ho. 1, 3-9 Rods 
Banked: 

9-Rod Bank: 
Ho. 1, 3-9 Rods 

Banked: 

9-Rod Bank: 

Ho. 3 Rod: 

Ho. 2 Rod: 

Ho. 3 Rod: 

No. 7 Rod: 

Ho. 7 Rod: 

9-Rod &uik: 

0.131 
1.400 

0.182 

1.41 

0.113 

0.368 

0.111 

0.110 

0.120 

1.460 
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Fig. 11 

Zero-power, Room-tempera ture 

Loading, Core CSH-1 

ID-103-3886 

Fig. 12 

Zeio-power , Operat ing-

temperature Loading, 

Core CSH-IA 

ID-103-3887 
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withdrawn to 22 in. withdrawn, and was accomplished in two temperature ranges: 
room temperature (76-79°F), and operating temperature (487-489°F). Gener­
ally, the operating-temperature reactivity-worth measurements required 
careful control of electrical and nuclear heating to maintain temperature. 
The values given here were obtained during periods when the temperature 
distribution was fairly stable. Samples of boric acid solution were always 
analyzed at room temperature, and all concentrations are reported for this 
condition. 

Slight changes in control rod critical position occurred as a re­
sult of the repair welding on the superheater fuel assemblies, discussed in 
Section VIII.A. The reactivity measurements reported here were made be­
fore the weld repairs. The effect of this welding is discussed in Sec­
tion III.A.5. 

Differential reactivity worths for the nine-control-rod bank, 
both at room and operating temperatures, with the superheater coolant 
channels drained and boric acid in the reactor water, are shown in Fig. 13. 
The curves in the figure are a least-squares quadratic fit to the data and 
result in the following equations: 

— = (3.32764-0.20348h + 0.0029226h^) %/in. (1) 

Ah76-79°F 

for 10.95 in. £ h £ 26 in . , and 

4 ^ = ( 3 . 6 1 9 6 9 - 0 . 2 0 4 5 0 h + 0.0025170h^) % / i n . (2) 
^ 4 8 7 - 4 8 9 ° F 

for 14.76 in. = h = 26.00 in., where h is the height of the nine-control-rod 
bank above the bottom of the core. The differential reactivity worth is 
assumed to be zero at h = 26 in. 

Figures 14 and 15 show the differential-reactivity-worth curves 
measured at operating and room temperature, respectively, -with superheater 
drained and boric acid in the reactor water, for the central control rod 
(No. 1), an intermediate rod (No. 2), and the four T-shaped rods in the outer 
bank (Nos. 3, 5, 7, and 9). These rods were calibrated by withdrawal above 
the nine-control-rod-bank critical position. The curves, again, represent 
a least-squares fit to the data. 

The relative differential reactivity worths of the control rods in 
Figs. 14 and 15, at the same height and with no boric acid in the moderator 
water, are compared as follows: 

, , , „ J Room Temp Operating Temp 
No. 1 Rod rrrr. —= = 

0.74 0.90 
No. 2 Rod 

O u t e r Bank 
No. 2 Rod 

1.34 1.48 
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Boric Acid Concentration, g (HjBOjj/gal (H2O), at Critical Posltlco, 76 - 79°F 

0 I Z I l> 5 b 7 8 9 ^ ^ ] ^ 

I I I I I 

Boric Add ConoentratlCE, g (HjBOjj/gal (HjO), at Cr i t ica l Posl tKu, 
liQ'j _ U89°F (Analysed at Rocm Teniperature) 

3 ll 5 6 7 

—1 

1,87 . li89°F 

Note: 

Superheater Drained 

17 18 19 

Bod Position, in. 

ID-103-A3325 
Fig. 13. Differential Reactivity Worth vs Nine-control-rod-bank 

Position, Cores CSH-1 and CSH-IA 
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1 -16 -

t •I't — 

s 
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I 
h 
0) 

s 

.21* 

22 

.20 

18 

.16 

.lit 

12 

10 

08 

.06 

.Ok 

02 

0 

V Outer Rod Bank 

~ o \ 
- \ 

- \ 

~ Rod # 2 \ 

~ Rod # 1 N ^ V ^ \ 

1 1 

Xo 

1 

Bote: 

Superheater Drained 

o'^^s. 

1 1 ^ s . . 
ll» 16 18 20 22 

Rod Postt lcn, In. 

2k 26 

ID-103-A3326 

Fig. 14. Differential Reactivity Worth of Control Rods 
No. 1, 2, and Outer Bank at 487-490°F, 
Core CSH-IA 
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.32 

.30 

.28 

.26 

Outer Rod Bank 

Bod #2 

Note; 

Superheater Drained 

.18 

.16 
Rod #1 

.06 

.Ok 

10 12 Ik 16 18 

Rod Position, In. 

ID-103-A3327 
16. Differential Reactivity Worth of Control Rods No. 1, 2, 

Fig. 
and Outer Bank at 73-83°F, Core CSH- 1 

At operating temperature , without boric acid in the moderator 
and with the superheater coolant channels drained, a determination was 
made of the differential reactivity worth of the central control rod (No. 1) 
as a function of its position relative to the remaining eight control rods 
banked. The differential reactivity worths measured for the central rod 
above, in, and below the bank are plotted in Fig. 16. 

4. Available Excess Reactivity 

To obtain available excess reactivity at any position, h, of 
the nme-control - rod bank, equations (1) and (2) were integrated to yield 
the following equations: 



36 

P76-79°F = ( 3 4 . 8 6 4 9 - 3 . 3 2 7 6 h + 0 . 1 0 1 7 4 h ^ - 0 . 0 0 0 9 7 4 2 h ^ ) % (3) 

for 10.95 in . S h ^ 26 in . , and 

P487-489°F = (39.7372 - 3 .6 l97h + 0 .1023h^-0 .000839h^) % (4) 

for 14.76 in. S h S 26 in . 

-It -

^Measured values; remainder interpolated. 

Temperature: lt89°F 
Superheater Drained 
No Boric Acid 

J I I I \ L 

0.060 

0.068* 

0.128 
0 .U2 

0.152 
0.158 

0.163 

0.167 
0.170 

0.173 
0.175 

0.178 

0.181* 

f 
0 

•5 5-

Cd 

CS 0 

4J CC 

OJ <4H 

r •H 

8 10 12 lit 16 13 

8-Rod-Bank Posi t ion, i n . 

20 22 2k 26 

ID-103-A332E 

Fig. 16. Critical Position and Differential Reactivity 
Worth of Control Rod No. 1 with Respect to 
Eight-control-rod Bank, Core CSH-1 

At room temperature , before the superheater fuel assembly 
weld repairs discussed in Section VIII.A., the available excess reactivity 
fore core CSH-1 was 9.3%; at operating temperature for core CSH-IA, it 
was 5.8%, for a loss in reactivity due to temperature of 3.5%. Figure 17 
shows the curve of available excess reactivity vs nine-control-rod-bank 
position for both temperature conditions. 

The room-temperature shutdown margin, with superheater 
coolant channels flooded and no boric acid, was estimated roughly by 
assuming that the nine-control-rod-bank differential reactivity worth 
peaked at the critical position and the differential worth at this point was 
double the average. The fact that the differential control rod reactivity 
worth did not go to zero at the bottom of the core was ignored, as was the 
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U 

10 

9 

8 

7 

6 

5 

k 

3 

2 

1 

Boric Acid Concentration, g (HoBOjj/gal (HaO), at Critical Position, 76 - 79°F 

0 1 2 

1 I I 

k 5 

T—r 
10 

T 

10 

I D - 1 0 3 - A 3 3 2 9 

Boric Acid Concentration, g (H,B03)/gal (HgO), a t C r i t i c a l Posi t ion, 
1(87 - k89°F (Analyzed a t Roan Temperature) 

12 13 Ik 15 l6 17 18 19 

Rod Position, in. 

25 26 27 

Fig , 17. N i n e - c o n t r o l - r o d - b a n k P o s i t i o n vs R e a c t i v i t y , C o r e s CSH-1 and C S H - I A 



p r e c i s e s h a p e of the d i f f e r e n t i a l - w o r t h c u r v e . The n i n e - r o d - b a n k d i f f e r ­
ent ia l r e a c t i v i t y w o r t h w a s 1.44%/in. at the c r i t i c a l p o s i t i o n of 10.5 in . The 
e s t i m a t e d shutdown r e a c t i v i t y m a r g i n was 7.6%. 

5. T e m p e r a t u r e R e a c t i v i t y Effec ts 

D i f f e r en t i a l r e a c t i v i t y w o r t h s w e r e m e a s u r e d at s e v e r a l i n t e r i m 
t e m p e r a t u r e s wh i l e the r e a c t o r w a s h e a t e d e l e c t r i c a l l y f r o m r o o m t e m p e r a ­
t u r e to o p e r a t i n g t e m p e r a t u r e . M e a s u r e m e n t s of t e m p e r a t u r e vs n i n e - r o d -
bank p o s i t i o n t a k e n b e f o r e and a f te r s u p e r h e a t e r fuel a s s e m b l y r e p a i r welding 
with no b o r i c ac id in the m o d e r a t o r w a t e r and wi th the s u p e r h e a t e r coolan t 
channe l s bo th f looded and d r a i n e d , a r e shown in F i g . 18. The s ign i f i can t in­
c r e a s e in the n i n e - c o n t r o l - r o d - b a n k pos i t i on at a l l t e m p e r a t u r e s , a f t e r the 
r e p a i r we ld ing , canno t be exp l a ined by the s m a l l d i m e n s i o n a l c h a n g e s r r ieas-
u r e d on the r e p a i r e d s u p e r h e a t e r fuel a s s e m b l i e s , a s d i s c u s s e d l a t e r in 
Sect ion VIII.A. 

A plot of a v a i l a b l e e x c e s s r e a c t i v i t y vs t e m p e r a t u r e for the 
C S H - I A c o r e wi th s u p e r h e a t e r f looded i s shown in F i g . 19- This plot was 
obta ined by i n t e g r a t i n g d i f f e r e n t i a l n i n e - c o n t r o l - r o d - b a n k r e a c t i v i t y - w o r t h 
c u r v e s b a s e d on equa t i ons ( l ) and (2) for r o o m - and o p e r a t i n g - t e m p e r a t u r e 
cond i t ions , and l e a s t - s q u a r e s - f i t t i n g to d i f f e ren t i a l r o d w o r t h po in t s m e a s ­
u r e d at i n t e r i m t e m p e r a t u r e s b e f o r e t he s u p e r h e a t e r a s s e m b l y weld r e p a i r s . 
The o v e r a l l t e m p e r a t u r e coef f ic ien t of r e a c t i v i t y f r o m r o o m t e m p e r a t u r e to 
o p e r a t i n g t e m p e r a t u r e wi th the s u p e r h e a t e r d r a i n e d w a s - 0 . 0 0 8 4 % / ° F , and 
w i t h t h e s u p e r h e a t e r f looded, it was - 0 . 0 0 7 4 % / ° F . 

6. B o r i c Acid Effec ts 

N i n e - c o n t r o l - r o d - b a n k c r i t i c a l p o s i t i o n s a s a funct ion of b o r i c 
acid c o n c e n t r a t i o n , b e f o r e s u p e r h e a t e r fuel a s s e m b l y r e p a i r we ld ing , a r e 
shown in F i g . 20 for bo th r o o m - t e m p e r a t u r e and o p e r a t i n g - t e m p e r a t u r e con­
d i t i ons . Th i s f igure a l s o shows s o m e i n s t a n c e s of the m e a s u r e d r a n g e of 
b o r i c ac id c o n c e n t r a t i o n s a s s o c i a t e d wi th a s ing le c o n t r o l r od c r i t i c a l 
pos i t ion m e a s u r e m e r j t , and v ice v e r s a . Since a l l the s a m p l e s of m o d e r a t o r 
conta ining b o r i c ac id so lu t ion t a k e n at o p e r a t i n g t e m p e r a t u r e w e r e cooled 
to r o o m t e m p e r a t u r e for a n a l y s i s , the t r u e b o r i c ac id c o n c e n t r a t i o n a t 
o p e r a t i n g t e m p e r a t u r e was about 20% l e s s than tha t shown in t h i s r e p o r t 
and was a p p r o x i m a t e l y p r o p o r t i o n a l to the change in m o d e r a t o r d e n s i t y 
with t e m p e r a t u r e . 

The v a l u e s of a v a i l a b l e e x c e s s r e a c t i v i t y p lo t ted a g a i n s t b o r i c 
ac id c o n c e n t r a t i o n a r e shown in F i g . 2 1 . The r e a c t i v i t y w o r t h of b o r i c ac id 
can be s e e n to be a p p r o x i m a t e l y l i n e a r wi th c o n c e n t r a t i o n . The s lope for the 
r o o m - t e m p e r a t u r e c u r v e y i e lded a r e a c t i v i t y coef f ic ien t for b o r i c ac id of 
-0.77%/g(H3BO3)/gal(H2O), and the o p e r a t i n g - t e m p e r a t u r e coef f ic ien t w a s 
-0.86%/g(H3BO3)/gal(H2O), wi th the s a m p l e s a n a l y z e d at r o o m t e m p e r a t u r e 
but the coeff ic ient c o r r e c t e d for o p e r a t i n g t e m p e r a t u r e . The c o n c e n t r a t i o n 



10.lt 10.6 10.3 11.0 11.2 11."* U.6 11.8 12.0 12 
Rod Position, tn 
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I D - 1 0 3 - A 3 3 3 0 
F i g . 18. N i n e - c o n t r o l - r o d - b a n k P o s i t i o n vs T e m p e r a t u r e , C o r e C S H - I A 
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Superheater Flooded 
No Boric Acid 

J I \ I [ \ L _ L J I I \ I I I L 
70 90 110 130 150 170 190 210 230 250 270 290 310 330 350 370 390 i+lO 430 lt50 lt70 1*90 510 

Temperature, °F 

ID-103-A3331 

F i g . 19. T e m p e r a t u r e vs R e a c t i v i t y , C o r e C S H - I A 

12 

S 7 

t 
1 6 
>» 
£ 5 

^ k 

i 3 
2- o 

Designates Range of Boric 
Acid Analysis Associated 
with a Single Critical 
Hlne-Rod-Eank PositloQ. 

Deslgpates Range of 
Nine-Rod-Bank Critical 
Position with a Single 
Boric Acid Analysis. 

Designates a Single 
Hine-Rod-Bani Critical 
Position with a Single 
Boric Acid Analysis. 

Rod Position, in. 

ID-103-A3332 

Fi 20. N i n e - c o n t r o l - r o d - b a n k P o s i t i o n s vs B o r i c Acid 
C o n c e n t r a t i o n , C o r e s CSH-1 and C S H - I A 



4 1 

I D - 1 0 3 - A 3 3 3 3 

F i g . 2 1 . 

3 1. 5 6 7 8 9 

g(H,BO,)/gal (HgO) (Analyzed at Rotm Temperature) 

R e a c t i v i t y v s B o r i c A c i d C o n c e n t r a t i o n , 

C o r e s C S H - 1 a n d C S H - I A 

of b o r i c a c i d i n t h e m o d e r a t o r w a t e r , w h i c h w o u l d h a v e r e m o v e d a l l a v a i l ­

a b l e e x c e s s r e a c t i v i t y w i t h c o n t r o l r o d s c o m p l e t e l y w i t h d r a w n w a s c o m ­

p u t e d t o b e 1 2 . 2 g ( H 3 B 0 3 ) / g a l ( H 2 0 ) a t r o o m t e m p e r a t u r e , a n d 6 .7 g ( H 3 B 0 3 ) / 

g a U H z O ) a t o p e r a t i n g t e m p e r a t u r e . T h e l a t t e r v a l u e w a s t e m p e r a t u r e -

c o r r e c t e d . 

7 . S u p e r h e a t e r F l o o d i n g M e a s u r e m e n t s 

O n e of t h e u n i q u e p o t e n t i a l h a z a r d s of a s m a l l , i n t e g r a l , b o i l i n g -

n u c l e a r s u p e r h e a t i n g r e a c t o r s u c h a s B O R A X - V i s a c c i d e n t a l f l o o d i n g 

of t h e s u p e r h e a t e r d u r i n g o p e r a t i o n . In a c o r e w i t h t h e s i z e a n d c o m p o s i ­

t i o n of B O R A X - V , s u p e r h e a t e r f l o o d i n g y i e l d s a p o s i t i v e r e a c t i v i t y a d d i t i o n . 

T w o m o d e s of s u p e r h e a t e r f l o o d i n g w e r e p o s s i b l e : (1) o p e n i n g a s u p e r ­

h e a t e r f l o o d v a l v e a n d f l o o d i n g f r o m b e l o w , a n d (2) r a i s i n g r e a c t o r w a t e r 

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

r i s e r s . 

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

o p e r a t i o n r e q u i r e d t h e l i f t i n g of a s w i t c h g u a r d o n t h e c o n t r o l s t o t h e 

s o l e n o i d - t r i p p e d f l o o d v a l v e , o r t h e r e m o v a l of a p a d l o c k o n t h e r e m o t e 

o p e r a t o r f o r t h e m a n u a l f l o o d v a l v e . T h e " f l o o d - v a l v e - o p e n " s c r a m 
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interlocks would have had to be bypassed. To prevent an accident even if 
these precautions failed, a f low-restr ict ing orifice was installed in the 
superheater flood line to increase the flooding t ime. 

Flooding the superheater from above was potentially more 
hazardous because of a possible higher flooding ra te . To add reactivity 
by raising the reactor water level rapidly and flooding over the top of 
the inlet superheater fuel assembly r i s e r s would have required mal-
operation of the feedwater pumps, failure of the reactor water- level 
control system, failure or ignoring of the h igh-reac tor -water - leve l a larm, 
and failure of two independent high-r .eactor-water-level sc ram circui ts . 
To lengthen the flooding t ime, the r i s e r on one of the six inlet superheater 
fuel assemblies was 2 in. shor ter than the remainder . The postulated 
sequence in flooding from above was as follows: Rising reactor water 
first flooded over the short r i s e r inlet superheater fuel assembly, flowed 
down through this assembly, and filled the interpass plenum and paral le l -
connected lower superheated steam main before it began to flood the 
remaining 11 assemiblies from below. Before the flooding level reached 
the top of the core, the rising reactor water level reached the top of the 
other five standard inlet-assembly r i s e r s , flooded down through these 
assemblies, and speeded up the remaining bottom flooding of the six 
outlet assemblies . 

Because of the potential reactor hazard involved in measuring 
the reactivity addition rate of superheater flooding dynamically while critical, 
and because of the doubtful feasibility of direct subcrit ical dynamic meas ­
urements, the experiments \vere performed in tv/o stages: F i rs t , the r eac ­
tivity worth of the flooded central superheater was measured statically by 
critical experiments; then the rate of flooding was measured with the reactor 
shut down. The resul ts of these two experiments were then correlated to 
give reactivity addition ra t e s . 

a. Static Reactivity Measurements 

The reactivity effect of flooding the superheater coolant 
channels in the center of the core with demineralized water was evaluated. 
Two general conditions in both the room- and operat ing-temperature ranges 
were studied, one with demineralized moderator water, the other with the 
moderator water containing boric acid. To measure the reactivity effect, 
control rod critical positions were determined for the given superheater-
flooded condition with all nine control rods banked, and then with the cen­
tral rod completely withdrawn and the remaining eight control rods banked. 
Differential control rod reactivity worths for both types of rod banks were 
measured at each flooded condition, from which the reactivity worth was 
calculated. Flooded states were achieved by draining the superheater r e ­
gion to the desired level for each static reactivity measurement . 

file:///vere
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(l) Flooding from Below 

In the room-tempera ture range, simulating flooding 
from below through the superheater flood-valve system, five flooded states 
were investigated: completely drained, 6 in. of fuel region flooded, 12 m. 
of fuel region flooded, 18 in. of fuel region flooded, and superheater com­
pletely flooded. Demineralized water was used to flood the superheater in 
all cases . In the operat ing- temperature range, only the completely flooded 
and completely drained conditions were reliably measurable . Integration 
of the differential control rod worth curves in both the superheater-drained 
and -flooded conditions yielded the reactivity worth of flooding the super­
heater . The resul ts of these measurements are summarized in Table IV. 
The measurements taken with boric acid solution in the moderator water 
of both boiler and superheater a re not considered reliable because of the 
difficulty of holding constant boric acid concentrations and because of the 
slow leakage of boric acid solution into the water flooding the superheater 
coolant channels. 

Table IV 
REACTIVITY EFFECTS OF FLOODING SUPERHEATER, 

CORE CSH-1 

Temperature, 
op 

70-83 

70-83 

70-83 

70-83 

489 

489 

489 

489 

(S 

Control Rod Position 
uperheater Flooded), in. 

9-rod bank at 10.38 

8-rod bank^ at 9.25 

9-rod bank at 18.99 

8-rod bank^ at 18.51 

9-rod bank at 13.77 

8-rod bank^ at 12.87 

9-rod bank at 20.04 

8-rod bank'^ at 19.48 

10 

10 

7 

7 

Moderator Water 
Condition 

Demineralized 

Demineralized 

.88 g(H3B03)/gal(H20) 

.88 g(H3B03)/gal(H20) 

Demineralized 

Demineralized 

.93 g(H3B03)/gal(H20) 

.85 g(H3B03)/gal(H20) 

Reactivity, % 

0.86 

1.16 

-0.60-0.80 

-0.71 

1.27 

1.48 

-1.01 

-1.05 

aNo. 1 control rod at 25.00 in.; other eight control rods banked. 

Figure 22 is a plot of change m available excess 
reactivity vs water level in the superheater coolant channels measured at 
room temperature with all nine control rods banked. Figure 2 3 is a 
similar plot with the outer eight control rods banked and the central con­
trol rod fully withdrawn. These measurements were made with all 12 
superheater fuel assemblies flooded from the bottom. 
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1* 5 6 7 

Water Level In Superheater, ft 

F i g . 22. R e a c t i v i t y vs S u p e r h e a t e r Wa te r L e v e l , 
N i n e - c o n t r o l - r o d Bank, C o r e CSH-1 
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1.1* 

0.8 

0 . 6 

o.k 

Temperature; 73 
No Boric Acid 

83"F 
•8 

I 

± _L _L I J_L 
U 5 6 7 8 

Water Level In Superheater, ft 

ID-103-A3335 
Fig. 23. Reactivity vs Superheater Water Level, 

Eight-control-rod Bank, Bottom Flooding, 
Core CSH-1 

(2) Flooding from Above 

In the case of flooding the superheater from above by 
raising the reactor water level above the superheater inlets, a different 
sequence of flooding would occur. To simulate the top-flooding sequence, 
the reactivity measurements were made at room temperature with only 
the shor t - r i se r - in le t superheater fuel assembly (C-7, core position 53) 
and interpass plenums flooded. Then measurements were made with the 
flooding level in the remaining 11 assemblies raised to the base of the 
core (3 0 ft), 6 in. above the base (3.5 ft), at the core midplane ^4.0 ft). 



46 

18 in. above the core base (4.5 ft), at the core top (5.0 ft), and at the normal 
reactor water level of 11.3 ft. Figure 24 is a plot of the flooding-from-the-
top case with the eight-control-rod bank. The intermediate points between 
flooded and drained conditions do not agree with those in Fig. 23 due to the 
flooded short-inlet assembly, but the total flooding reactivity worths com­
pare well. 

The resul ts of these measurements made with the 
central control rod withdrawn are incorporated with flooding-time meas ­
urements and presented in Fig. 25, which is discussed below. 

0 1 2 

ID-103-A3336 

U 5 6 7 
Water Level In Superheater, ft 

Fig. 24. Reactivity vs Superheater Water Level, 
Eight-control-rod Bank, Top Flooding, 
Core CSH-1 
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F i g . 25 . R e a c t i v i t y vs T i m e , F looding C e n t r a l 
S u p e r h e a t e r f rom Top, C o r e CSH-1 

b . F looding T i m e M e a s u r e m e n t s 

The t i m e r e q u i r e d to flood the c e n t r a l s u p e r h e a t e r w a s 
m e a s u r e d , bo th for the c a s e w h e r e flooding o c c u r r e d f rom below, us ing the 
f l o o d - a n d - d r a i n s y s t e m , and for the c a s e of flooding f rom above , in the 
event the r e a c t o r w a t e r l eve l was r a i s e d too high. T h r e e s u p e r h e a t e r 
a s s e m b l i e s , the s h o r t - r i s e r - i n l e t a s s e m b l y (C-7) , a s t a n d a r d in le t a s s e m ­
bly , and an out le t a s s e m b l y , w e r e each i n s t r u m e n t e d with two Tef lon-
i n s u l a t e d w i r e s runn ing ax i a l l y in coolan t c h a n n e l s . One w i r e in e a c h 
a s s e m b l y had u n i n s u l a t e d s e n s i n g po in t s a t the bo t t om, midpo in t , and top 
of the fuel r e g i o n , and the o t h e r w i r e had u n i n s u l a t e d s e n s i n g po in t s at 
the 1/4 and 3 /4 p o i n t s . T h e s e w i r e s w e r e connec ted to a 6 .3-Vol t ac 
power supply t h r o u g h an 0 . 5 - o r 1 -megohm r e s i s t o r . The r e t u r n c i r c u i t 
was t h r o u g h the fuel e l e m e n t and w a t e r . The ac s igna l deve loped a c r o s s 
the r e s i s t o r w a s r ec t i f i ed and r e c o r d e d on an o s c i l l o g r a p h . Wa te r c o v e r i n g 
the s e n s i n g po in t s p r o d u c e d s t eps in the s igna l l eve l r e c o r d e d . Some 
diff icul ty w a s e x p e r i e n c e d in the u s e of the i n s t r u m e n t a t i o n in the f looding-
f r o m - a b o v e t e s t s , but r e p e a t e d r u n s gave da t a tha t could be s a t i s f a c t o r i l y 
i n t e r p r e t e d . 
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The time measured for flooding the reactor from below was 
30-32 sec, very close to the calculated value of 30 sec; the t ime for flooding 
the central superheater over the top is shown in Fig. 25 for feedwater addi­
tion ra tes of 150 and 375 gpm. At time "zero ," the water hit the top of the 
fuel in the short- inlet assembly, C-7. At these feedwater addition ra tes , the 
fueled region of the 11 remaining superheater fuel assemblies was flooded in 
about 5 sec, which was a greater time than was calculated. The major rea­
son for the discrepancy in flooding t imes was the effect of air bubbles rising 
through the falling column of water in the short-inlet superheater-fuel-
assembly r i s e r . 

If it is assumed that the effect of steam bubbles rising 
through the falling column of water is the same as for air bubbles, the flood­
ing time under 489°F, 600-psig, zero-power operating conditions should be 
5-10% less than at room tempera ture , due to changes in the density and 
viscosity of the water. At power conditions when the superheater fuel plates 
are at high tempera ture , flooding would be considerably retarded by steam 
generation and expulsion of the flooding water . 

c. Reactivity Addition Rates from Superheater Flooding 

By combining the static reactivity measurements and the 
flooding time measurements , the reactivity addition ra tes resulting from 
flooding the superheater coolant channels at room temperature were calcu­
lated. The maximum reactivity addition rate from opening the solenoid-
tripped flood valve and flooding from below would have been 0.03%/sec. 

The reactivity addition from flooding the superheater fuel 
assemblies over the top is shown in Fig. 25. Because one of the six inlet 
superheater fuel assembl ies , C-7, was 2 in. shor ter than the other five, 
the superheater flooding occurred in two stages. The first flooding, includ­
ing the short-inlet assembly and one interpass plenum chamber, occurred 
in 7.8 sec at the 375-gpm feedwater flow rate and would have caused a 
reactivity increase of 0.14%. At the end of the first stage, the reactor 
would have been on a 25-sec period if superheater flooding at room tempera­
ture had occurred, ignoring the reactivity compensation by the resulting 
change in power. 

The 375-gpm curve in Fig. 25 indicates that the principal 
reactivity effect would have occurred at the end of the second stage, at 
which time the remaining 11 superheater fuel assemblies would have been 
flooded. At this point, approximately 1.0% reactivity would have been 
added, of the 1.16% total. The flooding in the second stage occurred in 
about 5.1 sec, and the maximum reactivity addition rate would have been 
approximately 0.2%/sec. At the point where the water level was at 25% of 
the fuel height, the reactor would have been on a period shorter than 10 sec, 
again ignoring the feedback due to the reactor responses . This level was 
reached 7.8 sec after flooding began and 1.3 sec after the flooding of the 
remaining superheater assembl ies began. 
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The excursion that would have resulted from the inadvertent 
flooding of the superheater coolant channels at zero-power, room- or 
operat ing- temperature conditions would have been slow enough to be easily 
terminated by the automatic period and power-level trip sc ram c i rcu i t s . 
Superheater flooding at power would have been even slower. 

8. Reactivity Worth of Fueled Oscillator 

A fueled oscil lator rod was located in reflector thimble C for 
transfer-function measurements on core CSH-IB, as shown later in Fig. 67. 
Although transfer-function measurements were not made on this core be­
cause of the early curtailment of power operation, the static differential 
reactivity worth of the oscillator was measured. 

The rotor of this oscillator was 2 | i in. OD and 26 in. long (25 in. 
fuel length), with a l / l6 - in . - th ick , 170° arc of Zr-U containing a total of 
IOO g of U " ^ and with the opposite side of the rotor made of 0.030-in.-thick 
hafnium in an a rc of 180°. The rotor housing was made of Zircaloy-2 and 
contained one hundred fourteen 5/8- in.-diam holes for cooling the fueled 
rotor at power. The X-8001 aluminum thimble C was also perforated to 
admit cooling water to the rotor . 

The static differential reactivity worth of the oscillator, mea­
sured by rotating the oscil lator 180° from an orientation of fuel- toward-the-
core to an orientation of fuel-away-from-the-core, was 0.05% with the 
reactor water containing no boric acid at 78°F. The nine-control-rod-bank 
cri t ical position changed from 10.649 to 10.683 in., as a result of the 180 
rotation. 

9. Additional Fuel- to-water Ratio Experiments 

After the termination of power operation on core CSH-IB and 
before the changeover to the peripheral superheater core was started, a 
ser ies of zero-power experiments was performed at tempera tures from 
70 to 180°F to determine the optimum number of flow rods per boiling 
fuel assembly. The purpose of the experiments was to achieve smaller 
negative tempera ture and void coefficients of reactivity to reach higher 
power. The resul ts of these measurennents were used m planning the 
per ipheral superheater core, PSH-l.*. ' 

Changes were made f irst in one quadrant only of the boiler 
zone, without poison rods. The reactivity effect was measured by the change 
in position and reactivity worth of the intermediate control rod m the oppo­
site quadrant. Very small changes were observed. Table V summar izes 
the resul t s of these measu remen t s . 



ADDITIONAL FUEL-TO-WATER-RATIO EXPERIMENTS^ CORE CSH-IB 

Change in Reactivity 
Relative to CSH-IB Core 

Loading No, 

152 

ooooooo 
ooooooo 
oo»»»oo 
oo»o»oo 
oo»«»oo 
ooooooo 
ooooooo 

Flov Rod Arrangement 

8 Concentrated 
(Reference loading 

core CSH-1) 

1 Quadrant 
No Poison 

Rods 

-

Full 
No Poison 

Rods 

-

Core 
k Poison'' 
Rods 

-

Change in Reactivity 
Heating from 70-l80° F 

i 

-0.05° 

153 

ooooooo 
ooo«ooo 
oo»o»oo 
o»ooo«o 
oo«o«oo 
ooowooo 
ooooooo 

Dispersed +0.089 +0.47 -0.03 -0.05" 

151* 

ooooooo 
ooo»ooo 
oo»o»oo 
o«o»o»o 
oo»o«oo 
ooo»ooo 
ooooooo 

9 Dispersed +O.OTU 

156,157 

ooooooo 
oo«o»oo 
o«o*o«o 
oo«o»oo 
o»o*o«o 
oo»o«oo 
ooooooo 

12 Dispersed 
(Reference loading 

core PSH-1) 
+0.063 -0.18 +0.03 

155 

ooooooo 
0»090«0 
oo»o«oo 
o»o«o«o 
oo«o»oo 
o«o»o«o 
ooooooo 

13 Dispersed +0.038 

Extrapolated from experimental data for core CSH-IA for heating from 79 to 129 F 
with no poison rods. 

b Four poison rods in boiler, adjacent to inner corner of intermediate control ix)ds, 
to prevent criticality on -withdrawal of one intermediate control rod alone. 
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A system with eight dispersed flow rods per boiling fuel a s s e m ­
bly appeared to provide the maximum available excess reactivity at room 
tempera tu re . A system with 12 dispersed flow rods was calculated to have 
the maximum available excess reactivity at operating tempera ture . The 
reactivity effect of changing from room temperature to I80°F was de ter ­
mined for both ar rangements of flow rods in the full boiler zone. The 
12-flow-rod arrangement , designated core CSH-IC, was believed to be the 
one that would yield the greatest power, because the anticipated gain m 
reactivity due to the lower temperature and void coefficients more than 
offset the small reduction in reactivity available at room tempera ture . 

10. Experimental Techniques and E r r o r 

Before starting control rod calibrations, the performance 
charac ter i s t ics of all nuclear instrumentation were examined carefully. 
Previous difficulties with nonlinearity in period measurements were t raced 
to nonlinear fission-counter c i rcu i t s . Replacement of the counters resolved 
this problem. 

With the antimony source rod in place in the beryllium, a high 
neutron-source level resulted. Therefore, to operate at a power level 
corresponding to a preset indicated current of the linear channel, the 
nine-control-rod bank was inserted to reduce the multiplication of the 
source neutrons. For a l inear-channel level of 10"'^ Amp, which was the 
starting point for control rod calibrations at room tempera ture , the 
reactivity change was -1.2%. Indeed, this source effect was significant, at 
room tempera ture , m the range of lO'^^ to lO"'" Amp. Therefore, the 
source rod was withdrawn by means of a remotely operated source drive 
during reactivity measurements at these low power levels . This effect was 
negligible at a l inear indicated level of lO'^ Amp, and at operating t empera ­
ture the antimony rod was was left m the beryll ium. In the power ^ 
range used for cri t ical i ty measurements at operating tempera ture , 10 Amp, 
the maximum source reactivity effect was less than 0.02% and the source 
was left inser ted. Thus, when the nine-control-rod bank was withdrawn 
0.1 in. for period measurements , this resulted in a 20% underest imate of 
differential reactivity. 

The method used to calibrate control rods in the BORAX-V 
reactor involved the incremental addition of a soluble neutron poison 
(boric acid) to the modera tor water . Specifically, the differential r e ac ­
tivity worth of a set of control rods (one to nine rods in the set) was mea­
sured by first establishing a cr i t ical configuration of the control rods and 
then measuring the positive asymptotic reactor period corresponding to a 
small change in rod positions. Then the boric acid concentration was 
changed so that the control rods could be moved to new positions and cal i ­
brated there by this same "posit ive-period" technique. A theoretical 
curve of excess reactivity vs positive asymptotic reactor period was used 
to obtain the reactivity calibration.V^) 
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B o r i c ac id h a s b e e n u s e d for con t ro l r o d c a l i b r a t i o n in s e v e r a l 
o ther w a t e r - m o d e r a t e d r e a c t o r s as wel l , inc luding such A r g o n n e r e a c t o r s 
a s e a r l i e r BORAX s y s t e m s , the EBWR, and the A L P R . It p r o v i d e s a con ­
venient me thod of ob ta in ing c a l i b r a t i o n s wi thout i n t roduc ing l a r g e p e r t u r b a ­
t i ons . While it i s r e c o g n i z e d that t h i s me thod , too , p e r t u r b s the s y s t e m and 
i n t roduces s o m e e r r o r , t h e s e u n c e r t a i n t i e s a r e s m a l l in m a g n i t u d e . A 
s e r i e s of o n e - g r o u p c o n t r o l - c e l l p r o b l e m s with v a r y i n g b o r i c ac id conten t 
w e r e run to e x a m i n e the po ten t i a l e r r o r ex i s t i ng in t h i s m e t h o d . While 
these did not t ake into accoun t such f a c t o r s a s the effect on the d i s a d v a n t a g e 
fac tor , ef fects for a b o v e - t h e r m a l n e u t r o n s , e t c . , an e s t i m a t e of 15% m a x i ­
m u m e r r o r in to ta l c o n t r o l rod "worth was ob ta ined . F u r t h e r , the r e a c t i v i t y 
wor th of b o r i c ac id r e m a i n e d n e a r l y cons t an t up to a c o n c e n t r a t i o n of 
10 g(H3B03)/gal(H20). 

The s i t ua t ion i s dep i c t ed in F i g . 26, w h e r e r e a c t i v i t y , p , i s 
plotted aga ins t c o n t r o l r od he ight , h, and b o r i c ac id c o n c e n t r a t i o n , C g . 
H e r e , the j u s t - c r i t i c a l po in t s l ie in the C g - h p lane (a r e p r o d u c t i o n of the 
r o o m - t e m p e r a t u r e c u r v e of F i g . 17), and p a p p e a r s a s r e a c t i v i t y added to 
the s y s t e m a s r o d s a r e w i t h d r a w n and is r e l a t e d to a v a i l a b l e e x c e s s r e a c ­
tivity, as fol lows: 

P a v a i l ^ ^ x - P(h) = Pava i l (h ) . 

If it i s a s s u m e d tha t the p-h ( C g = 0) c u r v e i s c o r r e c t , it i s 
appa ren t tha t to r e p r o d u c e a s lope m e a s u r e m e n t (d i f fe rent ia l c o n t r o l rod 
worth) at p ' (s lope of t angen t a ' - b ' ) at or n e a r p (s lope of a-b) in the plane 
p a r a l l e l to the C g - 0 p l ane , the path p ' - p m u s t be a s t r a i g h t l ine ; i . e . , 
(Sp /c )C3)h = c o n s t a n t . It is f u r t h e r a p p a r e n t tha t the shape of the C j j - h 
(p = 0) c u r v e i s the s a m e a s that of the a v a i l a b l e e x c e s s r e a c t i v i t y c u r v e 
if op/c3 C g is a c o n s t a n t . A n e c e s s a r y condi t ion for c o n s t a n t b o r i c ac id 
wor th i s , then , tha t the s lope of the p - C g l i n e s be equal at the v a r i o u s 
points of m e a s u r e m e n t , as p o s s i b l y migh t be r e v e a l e d by a s e r i e s of b o r i c 
acid di lu t ion m e a s u r e m e n t s . Howeve r , it i s difficult to a c h i e v e a c c u r a t e 
r e s u l t s with d i lu t ion m e a s u r e m e n t s b e c a u s e of the r e l a t i v e l y l a r g e r e a c ­
tivity effect a s s o c i a t e d with a s m a l l e r r o r in b o r i c ac id c o n c e n t r a t i o n . 

The effect of c o n t r o l rod he ight on the w o r t h of b o r i c ac id i s 
not known at th i s t i m e . A s i m p l e c o n s i d e r a t i o n of c o n t r o l rod w o r t h in 
t e r m s of the s m a l l change in diffusion l eng th , L, c a u s e d by b o r i c ac id 
might be suff icient for a t h e r m a l l y b l a c k rod in a h o m o g e n e o u s r e a c t o r . 
H e t e r o g e n e i t i e s i n t r o d u c e a n o t h e r p r o b l e m , h o w e v e r , and a r e not d i s ­
cussed h e r e . 

The t echn ique u s e d to obta in r e p r e s e n t a t i v e r e a c t o r w a t e r 
s a m p l e s for the a n a l y s i s of b o r i c ac id c o n c e n t r a t i o n was p r o b a b l y a c a u s e 
of e r r o r a s a r e s u l t of changing so lu t ion c o m p o s i t i o n with t i m e . This 
va r i a t i on was c a u s e d p r i m a r i l y by diffusion of b o r i c ac id so lu t ion of h ighe r 
concen t r a t i on into s t a t i c r e g i o n s of the s y s t e m w h e r e the c o n c e n t r a t i o n was 
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l e s s . Examination of data reveals that with an apparent constant t empera­
ture the nine-control-rod-bank cri t ical position decreased as rapidly as 
0.01 in . /h r , for a maximum reactivity change of 0.014%/hr. However, 
about half of this change occurred over a 24-hr period with Cg = C 
probably due to slight tempera ture heterogeneities in the reactor water. 
The measurements reported in this report are those taken as near the 
boric acid sampling t ime as possible. The e r ro r in the cri t ical control 
rod position measurement vs boric acid concentration should thus be less 
than 1%. 

ĉ ' 

ID-103-A3338 
Fig. 26. Relationship between Reactivity (p). Soluble Poison 

Concentration (Cg), and Control Rod Height (h) 

B. High-power Reactivity Measurements 

Because of the briefness of the power operation on core CSH-IB, 
the planned reactor transfer-function measurements were not made 
Therefore, the value of the power coefficient of reactivity was not obtained. 
Also, planned measurements of the reactivity effects of xenon, samarium, 
and burnup were not made. Figure 27 shows a graph of nine-control-rod-
bank position vs power for this core . 
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Ik 16 

Rod Position, in. 

ID-103-A3339 

Fig. 27. Power vs Nine-control-rod-bank Position, 
Core CSH-1 



55 

IV. NEUTRON FLUX MAPPING 

Core physics calculations made during the design of BORAX-V pro­
duced smooth neutron flux plots for the central superheater core by using 
homogenized number densit ies in various computer codes, and flux-peakmg 
factors within fuel assembl ies were obtained from PDQ cell calculations. 
However, since the centra l superheater core of BORAX-V was far from 
homogeneous, it was desirable to determine experimentally the local axial 
and radial variat ions in the neutron flux within a fuel assembly, from a s ­
sembly to assembly, and between the boiler and superheater zones- These 
measurements provided information on power distribution for the heat en­
gineering analysis, peak-to-average power rat ios, fractional power pro­
duction in the boiler and superheater zones, and verification of the 
calculational techniques used. 

Neutron flux measurements were made at zero power only and in­
cluded coarse flux distributions, both at room and operating tempera ture , 
cadmium rat io measurements , fine radial power distribution measurements 
at room tempera ture , and a core symmetry check. All data were obtamed 
from flux-wire activations. 

A. Coarse Neutron Flux Distributions 

1. Measurement Techniques 

Four different detector mater ia l s were used in the coarse neu­
tron flux-mapping experiments . They were: 

a. Gold wire, 0.032-in, diam. 

b. Gold-5 w/o iron alloy wire, 0.032-in. diam. 

c. Uranium-zirconium wire, 3.379 w/o uranium, 93.13% 
enrichment, 0.031-in. diam. 

d. Copper wire, 0.032-in. diam. 

These wires were i r radiated in both continuous and segmented arrangements . 
Segmented wires were used for all radial and for some axial measurements , 
and continuous wires were used for the remainder of the axial t r ave r se s . 

For the room-tempera ture i rradiat ions, the flux wires in the 
boiler region were held in special wire holders inserted into coolant chan­
nels of the fuel assembl ies . These holders were made of aluminum tubing, 
0 125-in. diam x 0,020-in. wall, with a support and guides for reproducible 
positioning. The reproducibility of wire positioning vert ically was assured 
bv the upper shoulder of the holder which res ted on the upper grid of the fuel 
assembly, as shown in Fig. 28. Both continuous and segmented wires could 
be loaded in these holders. Aluminum spacer wires were used to position 
the wire segments axially. 
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FLUX-WIRE HOLDER 

Fig. 28 

Flux-wire Holder in 
Boiling Fuel Assembly 

y=^ 
ID-103-A3252 

Room-temperature irradiations in the superheater region were 
made using the equipment shown in Fig. 29- Teflon str ips, 0.050 in. thick, 
were cut to fit in the coolant channels in a superheater fuel assembly, and 
a l/32-in. x l /32-in. groove was cut axially on each str ip to hold the flux 
wires. The strips were inserted from the bottom into the coolant passages 
of special superheater fuel assemblies with removable lower nozzles. 
Axial positioning was accomplished by pushing the str ips into the coolant 
channels until their ends were at the same elevation as the bottom of the 
lower flow vanes. 
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F o r the i r r a d i a t i o n s at o p e r a t i n g t e m p e r a ­
t u r e and p r e s s u r e , long w i r e s f a s t ened to s t a i n l e s s -
s t e e l c a r r i e r w i r e s w e r e i n s e r t e d in s ix 5 / 3 2 - i n . -
OD X 0 . 0 2 0 - i n . - w a l l s t a i n l e s s - s t e e l p r e s s u r e 
t h i m b l e s l oca t ed a s shown l a t e r in F ig . 67. T h e s e 
t h i m b l e s ex tended t h r o u g h a r e a c t o r head nozz l e 
and top sh ie ld , which p e r m i t t e d m a n u a l i n s e r t i o n 
and w i t h d r a w a l of the flux w i r e s . 

The induced ac t i v i t y in the flux w i r e s was 
g a m m a - c o u n t e d , us ing s o d i u m iodide s c i n t i l l a t i o n 
c r y s t a l s and the c i r c u i t shown in F ig . 30. Count 
n o r m a l i z a t i o n for p u r p o s e s of da t a c o m p a r i s o n was 
a c c o m p l i s h e d by i r r a d i a t i n g a m o n i t o r of e a c h w i r e 
m a t e r i a l be ing u s e d a t the s a m e a x i a l and r a d i a l 
pos i t i on in e a c h i r r a d i a t i o n . Counting to a p r e s e t 
n u m b e r , us ing t h e s e m o n i t o r w i r e s p r o v i d e d a u t o ­
m a t i c n o r m a l i z a t i o n and d e c a y c o r r e c t i o n . 

The w i r e s e g m e n t s w e r e counted in a s t a n ­
d a r d l ead pig a r r a n g e m e n t , and the long w i r e s w e r e 
counted in a l i n e a r f l u x - w i r e s c a n n e r . The long 
w i r e s w e r e f a s t ened in a g roove in an a l u m i n u m 
rod and t r a v e r s e d under a v e r t i c a l , c o U i m a t e d 

s c i n t i l l a t i o n head in s u c c e s s i v e s t e p s . 

ID-103-A3066 
Fig. 29 

Flux-wire Holders in 
Superheater Fuel Assembly 
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ID-103-A3253 
Fig. 30. Block Diagram of Flux-wiie Counting System 
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2. Radial Neutron Flux Distributions 

Several coarse radial flux measurements were made to deter­
mine the effect of control rod configuration on the power split between the 
boiler and superheater regions. Figures 31 and 32 show plots, obtained 
from gold wire activation, of the radial flux shapes measured in diagonal 
and t ransverse directions, respectively. The data were obtained at a plane 
6 in. above the bottom of the fuel, with no boric acid in the system, and in­
dicate that movement of the central control rod has some influence on the 
power split between the boiler and superheater regions. 

2 8 
< 

- i 1 1 1 r 

X ROD 2 AT 9.78 in., 

o ROD I AT 10.17 in., 

D ROD I AT 16.20 in. 

1 1 1 1 1 1 1 1 

RODS 1,3-9 AT 10.50 in.,S.H.FLOODED 

RODS 2 - 9 AT 11.08 in , S. H. DRAINED 

.RODS 2 - 9 AT 10.39 in , S.H.DRAINED 

i ROD I AT 5 . 0 0 in., RODS 2 - 9 AT 11.82 in. 

NOTES: 

TEMPERATURE: 7 4 - 7 6 ° F, NO BORIC ACID 

S. H. DRAINED 

\ 
FLUX-WIRES IRRADIATED 
DETECTOR M A T E R I A L : Au 

6 in. ABOVE BOTTOM OF FUEL 

SUPERHEATER BOILER 

ONS 

6 7 8 9 10 II 12 13 14 
DISTANCE FROM CORE CENTER, in. 

16 17 18 19 20 

ID-103-A3340 

Fig. 31. Diagonal Radial Neutron Flux Distributions, Core CSH-1 
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9 10 U 12 13 1"* 

Distance Frcn Core Centerline, In. 

ID-103-A3341 
Fig. 32. Transverse Radial Neutron Flux Distributions, Core CSH-1 

Figure 33 shows radial flux distributions at various axial planes 
for the centra l control rod above, and even with, an eight-rod bank. These 
data indicate an interesting but unexplained phenomenon in the superheater 
region, specifically in core position 54. This phenomenon is the apparent 
influence of the central control rod on the diagonal corner of the super­
heater fuel assembly away from the central control rod. In all measu re ­
ments taken, including several not shown here, the following pattern existed: 

a. For measurements taken on a plane below the bottom of the 
poison section of the central control rod, the magnitude of the coarse neu­
tron flux showed a minimum at about the center of the assembly, with a 
gradual, continual r ise in the directions of each diagonal corner . 
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Fig 33. Influence of Control Rod Position on Radial 
Neutron Flux Distribution, Core CSH-1 
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b. Measurements taken on a plane level with the bottom of the 
central control rod indicated that the magnitude of the coarse neutron flux 
remained nearly constant. 

c. Measurements on a plane above the bottom of the central 
control rod exhibited a trend just opposite to that described in "a" above. 
The gross neutron flux in the assembly was at a maximum near the a s s e m ­
bly center, and the flux dropped in both directions as the corners were ap­
proached. Although this apparent control rod influence in the outer corner 
of core position 54 seems anomalous, in no case was this trend violated. 
No logical explanation is known at this t ime. 

A core symmetry check taken in radial directions along a core 
diagonal indicated that the core exhibited symmetry to within 3%. Fur ther 
assumptions regarding symmetry cannot be made. 

3. Axial Flux Distributions 

Several axial neutron flux distribution measurements made in 
core CSH-1 are shown in Figs. 34 to 38. Figures 34 and 35 show axial flux 
distributions plotted on a relative count basis for the central control rod 
above, below, and level with, an eight-control-rod bank. Figures 36 and 37 

Core Center ~v 
Zero Power 
No Boric Acid 
Superheater Drained 
Temperature: 7I+ - 76°F 
Detector Material: Au 

O Rod 1 at 5.00 i n . ; Rods 2-9 at 11.82 in . 
a Rod 1 at 16.20 In . ; Rods 2-9 at 10.39 in . 
O Rod 1 at 10.29 In . ; Rods 2-9 at 11.21 In. 

9 12 15 l8 

Distance Fran Bottcin of Fuel, in . 

+ Flux-Wire Location 
• Flow Rod 

ID-103-A3343 

Fig. 34- Axial Neutron Flux Distributions, Core Position 54, Core CSH-1 
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Fig. 35. Axial Neutron Flux Distributions, Core Position 63, Core CSH-1 
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Fig. 36. Axial Neutron Flux Distributions in Thimbles, Core CSH-IA 
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9 12 15 18 

Distance Fran Bottan of Fuel, in . 

ID-103-A3347 

Fig. 38. Axial Neutron Flux Distributions in Thimbles, Core CSH-1 

show axial plots in the thimble locations with the reactor at operating tem­
perature and 8.0 g(H3B03)/gal(H20) in the system; Fig. 38 shows axial flux 
shapes for the reactor at room temperature with no boric acid m the system. 

4. Cadmium Ratio Measurements 

Cadmium ratio measurements were made in the central super­
heater core to obtain an indication of the neutron flux spectrum at various 
core locations and to continue investigation into the use of cadmium ratios 
for in-core void determinations. 
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a. Reference Core 

The resul ts of an irradiation of both bare and cadmium-
covered gold wire are shown in Fig. 39. The cadmium thickness was 
0.020 in. Bare and cadmium-covered wire segments, 3/8 in. long, were 
placed in radially symmetric core locations, and the resul ts were treated 
as though the wires were in the same core location. Gold is not a good 
material for cadmium-rat io measurements in regions of diss imilar mod­
eration because of its large absorption resonance slightly above the cadmium 
cutoff, but the resul ts gave an indication of a much harder neutron spectrum 
in the superheater region than in the boiler region. The data also show the 
increased thermalization caused by the arrangement of the flow rods about 
the central fuel rod of the boiler assemblies . 

Figure 40 shows the axial cadmium-rat io variation at room 
temperature in the pressure thimble locations. Copper was used as the de­
tector. In this case, there was no reliance on symmetry, and normalization 
was accomplished by monitor foils. 

b. Core with IZ Flow Rods Dispersed 

Results of cadmium-rat io measurements made in core CSH-
IC, the experiments discussed in Section III.A.9. above with 12 flow rods 
dispersed in each boiling assembly, are shown in Figs. 41 and 42. These 
results indicate that the radial variation of the cadmium ratio is so great in 
the boiler region that the use of cadmium rat ios to accurately determine 
void fraction distributions in the BORAX-V cores is not feasible. 

B. Fine-power-distribution Measurements 

The original physics calculations for the central superheater core 
were based on a boiling fuel assembly that contained no flow rods. To de­
termine the fine-power distribution in core CSH-1 for use in heat- transfer 
analysis, measurements in the boiling fuel assemblies with flow rods and 
in the superheater fuel assemblies were necessary . Because the techniques 
used in the measurements blocked the flow passages and utilized mater ia ls 
that were temperature- l imited, the fine-power-distribution measurements 
could be made only at zero-power, room-tempera ture conditions. 

1. Measurement Techniques 

The fine-radial-power-distr ibution measurements in the boiler 
region were obtained in modified fuel assemblies as shown in Fig. 43. Two 
boiling fuel assembly boxes were modified by removing replaceable sec­
tions of the box sides. Polyethylene blocks, 3-|- in. sq x 1/2 in. thick, were 
prepared with forty-nine S/S-in. holes on l /2- in . centers so that fuel rods 
could pass through the blocks. Two holes, l /32 in. diam x l /4 in. deep. 
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ID-103-3668 

Fig. 43. Modified Boiling Fuel Assembly 
for Fine-flux Mapping 

were drilled diagonally across and as close as possible (about 10-15 mils) 
and paral lel to each of the fuel rod holes. These small holes were used to 
position and hold securely the 3/8-in.-long x 0.031-in.-diam Zr-3.379 w/o U 
(93% U"5) wires . Each polyethylene flux-wire tray was loaded with 62 flux 
wires , two adjacent to each of the 31 fuel-rod holes. The flux-wire t rays 
were positioned near the midplane of the active length of the core. All the 
measurements were made with a boric acid concentration of 10.8 gtHaBO,)/ 
gaUHjO) in the reactor water. 

The fine-power-distribution measurements in the superheater 
fuel assembl ies were made in a somewhat similar manner, using the equip­
ment shown in Fig. 29. Teflon s t r ips , 0.050 in. thick, were cut to the width 
of the steam-coolant channels in the superheater fuel element, and a groove 
l /32 X 1/32 in. was cut across the str ip at a height corresponding to the 
location of the flux wires in the boiler region. Flux wires, similar to those 
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used in the boiler, but 1/8 in. long, were then placed end-to-end in the 
groove (nine in each of the two edge coolant channels, and eight in the middle 
one) so that an entire coolant channel, with the exception of the spacer wires, 
was covered. Corresponding coolant channels in each of the five fuel e le­
ments in one fuel assembly were so equipped in each irradiation, so that 
15 Teflon strips were inserted into an assembly for one irradiation. Mea­
surements were made only in one octant of the core on the assumption that 
symmetry existed. 

After each day's irradiation, the wires were counted in the 
equipment discussed in Section IV.A. 1. above. One flux wire from each run 
was used as a monitor. Three wires , the monitor wire and two others, were 
counted simultaneously, using three counting heads, and the counting time 
was determined by the time required for a preset number of counts (e.g., 
20,000) to be obtained on the monitor wire. The resul ts were thus auto­
matically decay-corrected. All the wires from each day's irradiation in 
one fuel assembly were counted, using the same counting channel, and each 
wire was counted twice. 

2. Normalization 

Normalization of the resul ts of the four fine-flux irradiations 
had been planned through the use of monitor wires located in the same posi­
tions in the core on each irradiation run, but these monitors were inad­
vertently omitted. It was discovered before the fourth irradiation that no 
monitor had been used in the same core position on each run and that it 
would be impossible to correlate the daily i rradiat ions. Consequently, an 
additional irradiation was performed in which flux wires were placed in the 
positions occupied by the wires used as daily monitors so that the daily 
irradiations could be compared. 

Data from the four irradiations are presented in Figs. 44 through 
47. The data in each figure were obtained in the following manner: 

a. Measurements in Boiling Fuel Rod Locations 

The counts for the two wires adjacent to each fuel rod were 
averaged, corrected for varying flux-wire weights by normalizing to a wire 
weight of 31.0 mg, corrected for the daily difference between the two 
counting channels, normalized to a preset count of 20,000 on the daily moni­
tor, and multiplied by a factor to account for the lack of a common monitor 
in the four separate irradiat ions. 

b. Measurements Adjacent to Superheater Coolant Channels 

The two counts for each superheater flux wire were aver­
aged, corrected for variations in wire weight by normalizing to a wire weight 
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Fig. 44. Pre l iminary Normalized Fine-flux Data, Irradiation No. 1, Core CSH-I 
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Fig. 45. Pre l iminary Normalized Fine-flux Data, Irradiation No. 2, Core CSH-1 
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Fig. 46. Pre l iminary Normalized Fine-flux Data, Irradiation No. 3, Core CSH-1 - J 
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â 
SEHSSSSaSSSSSiSS ggJSSSasIa 

aJSgMMgjS 8^§8§£Sg SgiSagaSH 

1 t I i I i t . . 1 . . . 1 a 
^HfaSSSS iSSSSSSS SSSIĴ flSSS 
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Fig. 47. Pre l iminary Normalized Fine-flux 
Data, Irradiation No. 4, Core CSH-I 

of 10.6 mg, normalized to 40,000 counts on the monitor wire, multiplied by 
the proper counting-channel factor, and then multiplied by the factor that 
normalized the four individual monitor wires. Then, to bring the super­
heater wires into a common basis with the boiling wires, all superheater 
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f l u x - w i r e c o u n t s w e r e m u l t i p l i e d by 2 0 , 0 0 0 / 4 0 , 0 0 0 (to accoun t for the dif­
f e r e n c e in the p r e s e t count on the m o n i t o r w i r e s ) and by 3 1 . 0 / l 0 . 6 (to 
a c c o u n t for t he d i f f e r ence in w i r e w e i g h t s ) . 

c. A v e r a g e A c t i v a t i o n in Boi l ing F u e l A s s e m b l i e s 

The n u m b e r in the u p p e r r i g h t c o r n e r of the boi l ing fuel 
a s s e m b l i e s in F i g s . 4 4 - 4 7 r e p r e s e n t s a we igh ted a v e r a g e of the n u m b e r s 
a p p e a r i n g wi th in the 31 bo i l ing fuel r od l o c a t i o n s , and a s such, i s the n u m b e r 
tha t would a p p e a r in an a v e r a g e b o i l e r fuel r od for that a s s e m b l y . The 
a v e r a g e was ob t a ined by adding the n u m b e r s f r o m the four c o r n e r r o d s and 
the c e n t e r r o d to the p r o d u c t of 3 6 / 2 6 t i m e s the s u m of the r e m a i n i n g 26 fuel 
r o d s con ta in ing n u m b e r s , and d iv id ing t h i s t o t a l by 41 , the n u m b e r of fuel 
r o d s in e a c h bo i l ing fuel a s s e m b l y . 

As a r e s u l t of the above n o r m a l i z a t i o n , a l l the d a t a shown in 
F i g s . 4 4 - 4 7 shou ld be d i r e c t l y c o m p a r a b l e . E a c h n u m b e r in the four f i g u r e s 
should be the n u m b e r of coun t s (in h u n d r e d s ) a flux w i r e a t the g iven p o s i t i o n 
would y ie ld , c o m p a r e d to an i d e n t i c a l flux w i r e loca ted in w a t e r c h a n n e l 
No. I, c o r e p o s i t i o n 73, which y ie lded 20,000 c o u n t s . Unfor tuna te ly , how­
e v e r , such w a s not the c a s e and f u r t h e r n o r m a l i z a t i o n was n e c e s s a r y . 

F i g u r e s 4 4 - 4 7 i n d i c a t e that the four s e t s of da t a a r e not 
c o m p l e t e l y c o m p a t i b l e . The a v e r a g e f l u x - w i r e r e a d i n g for the bo i l ing fuel 
a s s e m b l i e s d o e s not b e h a v e a s e x p e c t e d . T a b l e VI shows the a v e r a g e f lux-
w i r e r e a d i n g for the v a r i o u s c o r e p o s i t i o n s . The low va lue of the a v e r a g e 
f l u x - w i r e r e a d i n g for c o r e p o s i t i o n 61 a p p e a r s to be too low. An e v e n m o r e 
n o t i c e a b l e d i s c r e p a n c y a p p e a r s in the da t a for the s u p e r h e a t e r flux w i r e s . 
The d a t a for the s u p e r h e a t e r flux w i r e s in i r r a d i a t i o n No, 2 a p p e a r to be too 
low c o m p a r e d to d a t a for i r r a d i a t i o n s Nos , 1 and 3, p a r t i c u l a r l y for c o r e 
p o s i t i o n 53. 

T a b l e VI 

BOILING F U E L ASSEMBLY A V E R A G E F L U X - W I R E ACTIVATION, 
C O R E CSH-1 

C o r e P o s i t i o n 51 52 61 62 63 71 72 

A v e r a g e F l u x - w i r e R e a d i n g 161 204 H Z 173 243 129 181 

H o w e v e r a d d i t i o n a l da t a on flux d i s t r i b u t i o n wi th in a c e n t r a l 
s u p e r h e a t e r fuel a s s e m b l y w e r e a v a i l a b l e . C r i t i c a l e x p e r i m e n t s wi th the 
B O R A X - V c e n t r a l s u p e r h e a t e r fuel had b e e n c a r r i e d out p r e v i o u s l y m the 
Z P R - V I I r e a c t o r a t A r g o n n e , I l l i n o i s . In the c o u r s e of t h e s e e x p e r i m e n t s , 
n u m e r o u s flux t r a v e r s e s t h r o u g h a f o u r - p l a t e fuel e l e m e n t w e r e m a d e 
( p e r p e n d i c u l a r to the fuel p l a t e s ) , and the c o n c l u s i o n was d r a w n by 
P l u m l e e e t a l . t ha t "it a p p e a r e d tha t the t r a v e r s e s p lo t t ed in the d i r e c t i o n 
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normal to the fuel plates were independent of la teral position except for a 
scaling factor, and that the la teral t r ave r se s from edge to edge ac ross the 
fuel plates were similar in shape regard less of position (inner or outer) in 
the insulating box. This is shown by comparison of many flux profiles in 
the direction normal to the fuel plates (see Fig. 13)...".(°) Figure 13 of 
ANL-6691 is reproduced here as Fig. 48. This figure indicates that flux 
wires within the two outer coolant channels in any fuel element should have 
the same relative activation, and flux wires in the center coolant channel 
should have 93.2% of this activation. 

NORMALIZED ACTIVITY PROFILE 

Q f OFISSION PRODUCT ACTIVITIES 
OCU FOIL ACTIVITIES 

- ,̂̂ĝ^ yfi RANDOM TRAVERSES 

NORMALIZED ACTIVITY PROFILE 

Fig. 48 

Foil Activity Depression 
through Insulating Box, 
Central Superheater 
Fuel Element 

a b c d e f g - < - A P P R O X . L O C A T I O N OF COMPONENTS 

AND CHANNEL D E S I G N A T I O N S 

103-446 

Based on the above work, the following procedure "was 
carried out for further normalization of the data: 

(l) The counts of the 26 wires in each coolant channel 
were averaged. 

(2) A ser ies of rat ios was established, by comparing the 
above average for each of five coolant channels in one irradiation in one 
assembly to those for corresponding coolant channels in another irradiation 
or superheater assembly. 

(3) The data from irradiation No. 3 for core position 54 
were arbitrari ly selected as the datum level. 

(4) The data from irradiation No. 1 for core position 54 
were multiplied by the average of five of the ratios obtained in step (2) 
above (namely, 1.127) to make the averages for the 26 wires in both outer 
coolant channels of each of the five elements in the assembly in core 
position 54 equivalent. 
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(5) The data from irradiat ion No. 2 for core position 54 
were multiplied by the average of another five of the rat ios obtained in 
step (2) and by 0.932 (the combined factor was 1.334) so that the activities 
of wires in the five center coolant channels in core position 54 were, on the 
average, 0,932 of the two outer coolant channels in each element. By 
steps (4) and (5), the data for core position 54 were brought into agreement 
with the data from Plumlee et al. (6) 

(6) The average rat io of the averages found in step (2) for 
i rradiat ion No. 3, core position 53, to i rradiat ion No. 3, core position 54, 
was 1.166. The average rat io of the averages found in step (2) for i r r ad i a ­
tion No. 1, core position 53, to irradiat ion No. 3, core position 53, was 
1.132. Therefore, to get core position 53 on a comparable basis with core 
position 54, the data from irradiat ion No. 3, core position 53, were mult i ­
plied by 0.985 to make these data 1.149 t imes as great as those for i r r ad ia ­
tion No. 3, core position 54. 

(7) The data for i rradiat ion No. 1, core position 53, were 
multiplied by 1.142 to make the averages found in step (2) for the two out­
side coolant channels in core position 53 equivalent. 

(8) The data from irradiat ion No. 2, core position 53, 
were multiplied by 1.898 to make these 93.2% of the values for the outside 
coolant channels in core position 53. 

(9) The data from irradiation No. 4 for both core posi­
tions 53 and 54 were multiplied by 1.057 to get the averages [as arr ived at 
in step (2)] for core position 53 in i rradiat ions Nos. 2 and 4 to be equivalent, 
since the flux wires in the two irradiat ions were located in the same chan­
nels in core position 53. 

The above adjustments were made to bring the data from 
the flux wires in the superheater fuel assemblies into agreement with 
P lumlee ' s data.(6) Why such adjustments were necessary is not c lear . 
The most reasonable explanation is that the counting equipment was not 
properly adjusted each day (there were daily variations in the discr iminator 
and gain settings on the three counting channels), but the channel factor that 
was a part of the regular normalization procedure should have accounted 
for such var ia t ions . In any event, such adjustments were necessary; and 
since they were made for the superheater , corresponding adjustments were 
made in the boiler flux wires . The same factor was applied to boiler wires 
as to superheater wires , which were counted on the same day m the same 
counter. Table VII summar izes the correct ion factors that were used on 
the data from Figs . 44-47 to put them in the form presented in Fig. 49, the 
final normalized data. 
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Table VII 

FINAL NORMALIZATION FACTORS, CORE CSH-1 

Irradiation Core 

Item No. Position Factor Explanation 

1 3 54 1.000 Arbi t rary datum level 

2 1 54 1.127 Made outer channels of 
core position 54 equivalent 

3 2 54 1.334 Made core position 54 inner 
channels 0.932 of outer channels 

4 3 53 0.985 Made core position 53 comparable 
to core position 54 for both 
i r radiat ions Nos. 1 and 3 

5 1 53 1,142 Made outer channels of 
core position 54 equivalent 

6 2 53 1.898 Made core position 53 inner 

channels 0.932 of outer channels 

7 4 53 1.057 Made item 7 equivalent to item 5 

8 4 54 1.057 Conformed with item 7 

9 1 51 1.142 Counted on same day in 
same channel as item 5 

10 I 52 1.127 Counted on same day in 
same channel as item 2 

11 2 61 1.898 Counted on same day in 
same channel as item 6 

12 2 62 1.334 Counted on same day in 
same channel as item 3 

13 3 71 0.985 Counted on same day in 
same channel as i tem 4 

14 3 72 1.000 Counted on same day in 
same channel as item 1 

15 4 63 1.057 Counted on same day in 
same channel as item 7 
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Fig. 49. Final Normalized Fine-power Map, Core CSH-1 

3. Results 

Figure 49 presents the normalized data for all of the boiling 
fuel assemblies and for one set of coolant channels in the superheater fuel 
assembl ies . The numbers at the fuel locations represent relative activa­
tions of identical flux wires at the locations. The effect of the eight flow 
rods in each boiling assembly can readily be seen, as the peak power pro­
duction occurred in the center boiling fuel rod in each case. The number 
in the upper right corner of each boiling assembly is the average for the 
41 fuel rods in that assembly, so an in t ra-assembly local- to-average fuel 
rod power production is obtainable. Only one set of superheater flux-wire 
data is presented, since the remaining outer channels have been made 
equivalent to the data presented, and the inner channel data have been 
adjusted to 9 3% of the outer channel data. 



The relative activities of the two flux wires adjacent to a given 
fuel rod were averaged to obtain the number located within the fuel rod 
locations in Figs. 44-47 and Fig. 49. There was generally a systematic 
difference in the activities of the two wires due to the relative presence of 
water at the flux-wire location. This difference is il lustrated in Fig, 50, 
in which the counts of the individual wires as well as the averages within 
the fuel rod are shown for core position 52. The numbers represent the 
finally normalized data of irradiation No. 1 and correspond to those shown 
in core position 52 in Fig. 49. 

( 2 6 5 ) f 228 j ( =30 j f 21.5 j ( ^ ' ' M ( ^ ^ M ( sH j 

25V ^ 21V— -^ a J ^ 230 2 3 2 ^ — ^ 2 ^ — ^ 223^ ^ 

0 
2kl^ 

0 
0" 

228̂  ^ 

0 
( ^^ ) 

266^ 

0 
2 1 0 ^ — ^ 

1 220 1 

212^ 

0 
0 
0 
0 

0 
237 

(8) 
^ 

^ 

0 
(3 

2 2 0 ^ — ^ 

y—"-^ 

268" 

^ 

0 
^ 

0 
0" 

2 1 2 ^ — 

0 
^ 

( ^ 

^ 
y—x^^ 

( 211* j 

207^—^ 

0 
229^ ^ 

0 
0 
( 2lil. j 

270"", -^ 

0 
240 ^ 

I 2 0 0 1 

202"̂ - ^ 

0 

0 
0 

2ll> ^ 0 
219^— -^ 0 
0 
0 

Note: 

Roan Temper at UJ 

ID-103-A3353 

Fig. 50. Relative Flux-wire Activities and Average for a 
Fuel Rod (Circled), Core Position 52, Core CSH-1 

4. Analysis 

Superheater coolant-channel local-to-average fission ratios 
were obtained in the direction parallel to the fuel plates for core positions 53 
and 54. The profiles for ten coolant channels in each of the two superheater 
fuel assemblies were averaged, and the resul ts are shown in Fig. 51. The 
two curves are similarly shaped but slightly different. The fission ratio was 
highest in the region of the superheater adjacent to the boiler. 
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In the direction perpendicular to the fuel plates, the ratio was 
fairly uniform. The average rat io of fission rate in a given coolant channel 
in one element to that in a corresponding coolant channel in the center e le­
ment for core position 53 was 1.023, 0,991, 1,000, 1,000, and 1,061, working 
from the element farthest from the control rod channel to that closest to 
the control rod channel. Corresponding rat ios in core position 54 were 
1.046, 1.000, 1.000, 0.983, and 1.018, with resulting peak-to-average ratios 
of 1,04 for both assemblies . 

The normalized fine-power-distribution data in Fig, 49 were 
used, together with ear l ier experimental data, to determine the relative 
power produced in various core positions and the fraction of the total core 
power produced in the superheater. 

In an ear l ie r exponential experiment with BORAX-V boiling fuel 
rods. Kirn and Hagen(7) found that the average fission rate ac ross a boiling 
fuel rod was 91% of the fission rate in a flux wire on the surface, 
Plumlee et_aj ,̂,(^) as shown in Fig, 48, determined that the average fission 
rate in the two outside fuel plates was equal to 0,95, and in the two inside 
fuel plates was equal to 0.89, based on a figure of 1,00 at the moderator 
side surface of the insulating tube around a superheater fuel element. On 
the same basis, the average fission rate at a detector in the outer coolant 
channels was equal to 0,91, and in the center coolant channel, 0,86. 

To determine the relative power production in a fuel assembly, 
it was necessary to consider the fuel loading as well as the local fission 
rate. For a boiler fuel assembly containing 41 fuel rods, each rod with 
16.3 g of U''̂ ,̂ a normalized power-production t e rm is given by (4l)(l6.3) 
(0.91) (average normalized fission rate in the assembly), or 608 (average 
normalized fission rate) . A superheater fuel-assembly power-production 
term was somewhat more difficult to derive. An outside fuel plate con­
tained 53.6% as much fuel as an inner plate and had a relative flux of 0.95. 
A fully loaded inside fuel plate had a relative flux of 0.89. Therefore, the 
normalized average flux in all the fuel was equal to 0.91, which coinci-
dentally was the relative flux measured by a detector in the outer coolant 
channels. Since an average flux-wire activity had been obtained for each 
superheater coolant channel, the average of the ten outside coolant channels 
in an assembly was readily obtainable, and this was the normalized average 
fission flux for the assembly. Each superheater fuel assembly contained 
430 g of U^^', so a normalized power-production t e rm is given by (430) t imes 
(average fission rate in the assembly). Table VIII indicates the procedure 
used in determining the relative power produced in the various core posi­
tions and the superheater region. The local- to-average power rat ios for 
the individual fuel assemblies are also shown in Fig, 52. The power fraction 
in the superheater at room tempera ture , zero power, was thus about 17%, 



Table VIII 

LOCAL-TO-AVERAGE FUEL ASSEMBLY POWER PRODUCTION, 
CORE CSH-1 

Posit ion 

51 
62 
53 
54 
61 
62 
63 
71 
72 

Average 
Flux-wire 

Reading 

183 
230 
236 
206 
197 
214 
257 
127 
181 

Normaliz 
Production 

608 Times 
Average 

Flux Wire 

111,000 
140,000 

120,000 
130,000 
156,000 
77,000 

110,000 

,ed Power 
in Assembly 

430 Times 
Average 

Flux Wire 

101,000 
89,000 

Number of 
Similar 

Assemblies 
in Core 

8 
8 
8 
4 
8 
8 
4 
8 
4 

Normalized 
Power 

Production 
in Similar 

Assemblies 

888,000 
1, 120,000 

808,000 
356,000 
960,000 

1,040,000 
624,000 
616,000 
440,000 

Local - to-
average 
Power 

Production 

0.97 

1.22 
0.89 
0.77 
1.05 
1.14 
1.37 
0.68 
0.96 
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Fig . 52. L o c a l - t o - A v e r a g e R a t i o of P o w e r P r o d u c e d 
in Indiv idual F u e l A s s e m b l i e s , C o r e CSH-1 

One pu rpose of i r r a d i a t i o n No.4 was to d e t e r m i n e the effect of 
rotat ing the s u p e r h e a t e r fuel a s s e m b l y in c o r e pos i t ion 54 by 90°. The ef­
fect can be o b s e r v e d in F i g s . 44 and 47. The r e l a t i v e ac t iv i ty of flux w i r e s 
from co re pos i t ion 53 to those in c o r e pos i t ion 54 was 1.132 in i r r a d i a t i o n 
No. 1, and was 1.065 in i r r a d i a t i o n No. 2, a d i f fe rence of 7%. As can be 
seen f rom F ig . 10, tu rn ing the fuel a s s e m b l y in c o r e pos i t ion 54 by 90° p r o ­
vided an u n i n t e r r u p t e d r ow of s u p e r h e a t e r e l e m e n t s th rough c o r e p o s i ­
t ions 53, 54, 55, and 56. The r e s u l t a n t i n c r e a s e d p o s s i b i l i t y of n e u t r o n 
s teaming m a y have been the c a u s e of the 7% d e c r e a s e in r e l a t i v e power 
product ion in c o r e pos i t ion 54. 
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5. Flux Distribution in 12-flow-rod Boiling Fuel Assembly 

As one of the final experiments with the central superheater 
core after initial power operation was completed, a room-tempera ture ex­
periment was conducted to determine the local- to-average power dis t r ibu­
tion in a boiling fuel assembly containing 12 flow rods dispersed regular ly 
through the assembly, designated core CSH-IC, in contrast to the core 
CSH-1 reference loading with eight flow rods concentrated about the center 
fuel rod. Core position 57, adjacent to a superheater assembly and sym­
metr ica l with core position 52, was used. The resul ts are shown in Fig. 53. 
The greater number and the d ispersa l of the flow rods resulted in a lower 
peak-to-average flux, a maximum of 1.17 in this case, compared to 1.49 
with the eight bunched flow rods . This experiment indicated that at a given 
reactor power level the peak heat flux in the boiler would be reduced, using 
assemblies with 12 flow rods, to 87% of that using eight flow rods. 
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V. IN-REACTOR-VESSEL INSTRUMENTATION MEASUREMENTS 
AND DEVELOPMENT 

A. Reactor Data 

Measurements were made using permanent in-vessel instruments 
and instrumented fuel assemblies during all major power operation periods 
of the reactor with core CSH-IB. The measurements a re listed below, 
along with the techniques used to obtain the data. Locations of most instru­
ments are indicated later on Fig. 67. 

1. Boiling Fuel Rod Temperatures 

Data were obtained from w / w - 2 6 w/o Re thermocouples in­
stalled in the axial center of UO^ pellets in boiling fuel thermocouple rods. 
Fuel rod locations 25, 33, 37, 43, and 49 in instrumented boiling fuel assem­
bly I - l , shown in Fig. 67, were monitored in core position 33, and individual 
fuel rods 7 and 25 in core position 36. Variations in the axial positions of 
thermocouples in fuel rod location 25, at core positions 33 and 36, gave 
some measure of the power production at these two elevations in core po­
sitions that were radially symmetr ica l . Figures 54, 55, and 56 i l lustrate 
the temperatures measured in the two fuel assemblies as functions of 
reactor power. 

The er ra t ic fuel- temperature indications found during i r rad ia ­
tion of instrumented boiling fuel assembly 1-2 in core B-2 were not observed 

. • (4 8) 
during the brief po"wer operation with this core.^ ' ' 

2. Superheater Fuel Plate and Steam Tempera tures 

Two instrumented superheater fuel assemblies were mounted 
in core locations 44 and 45, as shown in Fig. 67. In each assembly, 20 
thermocouples with flattened tips were brazed into the edge of selected 
fuel plates with the technique i l lustrated in Fig. 5 7 and located throughout 
the assembly as shown in Fig. 58. The thermocouples penetrated into the 
UO2-stainless-steel cermet meat of the plates a minimum of 0.115 in. Two 
thermocouples each, in the r i se r and nozzle of the assembly, were used to 
measure superheated steam tempera tu res . All of these 0.040-in. diam, 
stainless-steel-sheathed, Chromel-Alumel* thermocouples were monitored 
by means of a 40-position selector switch for display on a c i rcular chart 
recorder. Except for two second-pass exit steam te inpera tures , steam 
temperatures were recorded on a multipoint instrument. One second-pass 
exit steam temperature was recorded on a c i rcular chart r ecorder , and the 
second was made available on the 40-point selector switch in place of a failed 
fuel plate thermocouple. 

*Hoskins Manufacturing Co. t rade name. 
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The selector switch was wired so that the first 20 tempera­
tures corresponded with l ike-numbered points in Fig. 58, and the next 20 
(21 through 40) were wired in sequence to points 1 through 20 on the 
second-pass fuel assembly, except for point 27 which measured exit steam 
temperature from the second pass . 

Temperatures obtained during the 5 days in which power runs 
were made are summarized in Table IX. Many fuel plate thermocouples 
in the first pass showed no recognizable pattern of temperature changes 
with variations in reactor power, and in many cases read approximately 
saturation tempera ture . These inconsistent data points were deleted from 
the table. Second-pass temperature points 25, 27, and 29 were observed 
to give intermittent readings, but the values appeared generally consistent. 

Table IX 

SUPERHEATER FUEL AND STEAM TEMPERATURES. CORE CSH-IB 

Reading 

No. 

1 
2 
3 
4 
5 
6 

8 
9 

10 
11 
12 
13 
14 
15 
16 

Date 

119631 

10/10 

lom 

10/14 

10/15 

10/16 

No. 

Time, 
h r 

2005 
2010 
2100 
2130 
2142 
1448 
1540 
1555 
1500 
1550 
1300 
1218 
1315 
1437 
1515 
1620 

6 

16 

DM-1* 
Flow, 
gpm 

12 
12 
12 
12 
12 

16.5 
6 

-10 
10 
10 
10 
10 
10 

Date 

(19631 

10/11 

10/15 

Power, 
MWt 

1.4 
1.4 
4.8 
3.7 
3.7 
4.1 
5,8 
6.9 
5.5 
5.8 
2,1 
6.9 

-5.2 
-7,3 
-7,3 
10.2 

Time, 
tir 

2005 

2010 

2130 

1448 

1500 
1550 

1300 
1218 
1315 

1437 

1620 

-D M - r 
Flow, 

gpm 

12 
12 
12 
12 
12 

16.5 
6 

-10 
10 
10 
10 
10 
10 

Second-pass 

Temp, °F 

In let Outlet 

663 

648 
692 
650 
667 

600 
578 
620 
593 
618 
613 
607 
618 
608 

785 

760 
760 
770 
820* 

790 
805 
775 
725 
690 
755 
775 
770 
770 

Power 

MWt 

1.4 
1,4 
4.8 
3.7 
3,7 
4.1 

5.8 
69 
5.5 
5.8 
2.1 
6,9 

-5.2 
-7,3 

-7,3 
10,2 

22 

650 

645 

660 
655 
660 
665 

665 

690 
670 
660 
625 
600 
675 
670 
670 

23 

660 

m 
665 
670 
670 
690 

685 

700 

750 
690 
660 
625 
675 
680 
675 
680 

First -pass 

Temp, °f 

Inlet 

507 
511 
506 
51? 
510 
493 
489 
491 
486 
495 
487 
491 
491 
493 
491 
493 

24 

770 
710 

745 
745 
770 
780 
775 

795 
790 
765 
690 
680 
750 
775 
760 
790 

Outlet 

650 
632 
625 
600 
633 
654 
647 

675 
590 
628 
627 
641 
639 
650 
637 
637 

25 

850 

780 

800 
770 
750 
770 
750 

770 
850 
765 
825" 

4 

475 
475 
485 
495 
505 
505 
500 

500 
505 
480 
500 
495 
500 
500 
500 
505 

First-| Hss Fuel 

Temp, °F 

9 10 

560 500 
560 510 

560 505 
550 505 

560 520 
590 520 
570 505 

580 505 
550 500 
515 480 

560 520 
565 490 
570 495 
570 500 

570 495 

570 500 

14 16 

595 480 

585 485 
590 510 
585 505 

610 525 
620 505 

595 500 
605 505 
610 510 
595 490 

590 475 
570 490 
575 500 

600 500 
580 500 

1 600 505 

Second-pass Fuel Temp, °F 

26 28 

650 905 

650 800 
655 750 
655 750 
670 750 
695 810 
690 780 

700 790 
750 800 
705 780 
675 730 
640 730 
675 775 
675 780 
670 780 
675 790 

29 

820 
735 

725 
730 
740 
780 
760 

765 

1140" 

625 
1000 
725 
900 
800 

30 32 33 

700 700 770 

670 745 680 
715 690 710 
770 680 695 
790 685 700 
760 660 750 
745 650 740 

750 655 745 
730 660 710 
720 675 730 
675 620 640 
710 650 720 
725 650 710 
740 650 715 
730 655 715 
750 655 730 

17 

505 
515 
540 
540 
550 
53U 
525 

535 
500 

520 
525 
530 

34 

720 
655 

680 
680 
680 
700 
700 

/U5 
670 
690 
630 
680 
675 
675 
675 
680 

36 

700 

650 
690 
695 
725 
720 
735 

/5U 
690 
715 
640 
730 
720 
730 
730 
760 

37 

750 
690 

725 
730 
745 
760 

/8U 
730 
755 
660 
750 
740 
755 
770 
780 

39 

670 

640 

655 
675 
675 
675 

645 
660 
610 
660 
660 
660 
660 
670 

40 

725 

650 

650 
655 
680 
680 

660 
675 
615 
650 
650 
630 
635 
640 

^ D M - 1 : Reactor-water ttemineralizer. 

' 'Thermocouple gave intermit tent readings. 
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Calculation of fuel plate temperatures based on entrance and 
exit steam temperatures indicated that the measured values were about 
100°F too low. Such e r r o r s might be attributed to thermal conduction out 
the edge of the fuel plate via the thermocouple, loss of fuel due to the 
thermocouple slot, and creation of a "cooling fin" on the plate due to the 
bulge (about 0.002 in. total plate thickness increase) caused by swaging 
the thermocouple slot. Reproducibility of individual fuel plate the rmo­
couples was found to be about ±10°F at 489°F. 

E r r o r s due to wet thermocouple conductors might also have 
been possible during this period of core CSH-1 operation. A known in­
stance of such e r r o r s , and prevention of future occurrences , a re discussed 
in Section VII.B.3. below. 

3. Reactor Water Subcooling 

The reactor water subcooling tempera ture differentials were 
obtained using l /S- in . OD, s ta in less-s tee l -sheathed, Chromel-Alumel 
thermocouples installed as a removable group in core positions 61, 62, and 
63. Two thermocouples at each core inlet and exit location were monitored, 
and the reactor vessel steam dome thermocouple was also used. The cool­
ant water- temperature thermocouples, installed as part of instrumented 
boiling fuel assembly I - l , did not give sufficient reproducibility to permit 
their use. The exit wate r - tempera ture thermocouples were not used either 
because of the difficulties of correct ing for calibration changes. The seven 
subcooling thermocouples were all intercal ibrated at zero reactor power 
conditions while at 600 psig, and the calibration e r r o r s determined were 
later applied to the data. Calibration e r r o r s as great as 10°F were found. 

Subcooling data were derived by taking the average temperature 
differences between each inlet water thermocouple and the steam dome 
thermocouple at various reactor power levels . These values were then 
compiled and averaged to get the subcooling rate in the reactor core at the 
different power levels. The curve shown in Fig. 59 is based on these aver­
age values. 

The unusual shape of the curve is attributed to the effect at low 
powers of the reac tor -wate r -deminera l ize r re turn-water flow and feed-
water injection through the control rod drive sea ls , the downcomer probe 
cooling system, and the circulating pump seal . These sources introduce 
relatively large quantities (20-30 gpm maximum) of cool water into the 
vessel. At higher powers, the relative mass flow rate of water injected 
becomes small compared to that of recirculated water in the downcomer. 



95 

i 

> 

Legend: 

^ _ - o Lower Dofmoomer Density Probes - Elevation 
72-1/4 and 84-1/4 in. From Vessel Bottom 

Average Inlet Subcooling 
Assemblies 61, 62, and 63 

4 — 

3 — 

1 — 

If 

I 

/ t 
/ ^ 

1 

/[ 

v . ^ 

> -
^ ^ - ^ 

T 
8 10 

10 

— 4 

0 

0 2 4 6 

Reactor Power, MWt 

I D - 1 0 3 - A 3 3 6 0 

F i g . 59. D o w n c o m e r Void F r a c t i o n and C o r e In le t Subcool ing vs R e a c t o r 

P o w e r , C o r e C S H - I B 

4. C o r e In l e t W a t e r Ve loc i ty 

The in le t t u r b i n e - t y p e f l o w m e t e r on i n s t r u m e n t e d bo i l ing fuel 
a s s e m b l y I - l was u t i l i z ed to ob ta in the da ta p r e s e n t e d in F i g . 60. Note 
t he i n d i c a t i o n of the t r e n d t o w a r d c o n s t a n t in le t v e l o c i t y a s a funct ion of 
p o w e r in the r e g i o n of 10 MWt. 
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Data were obtained in the form of volumetric flow rate and 
converted to velocity through the 3-in.-diam meter throat. 

5. Core Exit Void Fract ion 

Data from the inlet flowmeter were combined with those from 
the exit flowmeter on the instrumented assembly to provide exit void f rac­
tion. The values were determined on the basis that 

a = (Vout - ^in) A 

where 

and 

out' 

a. = void fraction, 

Vout = ^^^^ water velocity, 

Vĵ  = entrance water velocity. 

The two velocities were directly related to the flow ra tes displayed and 
recorded by the m e t e r s . The void fraction calculation was performed 
electrically by a bridge circuit , and the resul ts were displayed and r e ­
corded continuously. Figure 61 shows the data obtained in this manner . 

6. Downcomer Void Fract ion 

Figure 59 also i l lus t ra tes the limited data obtained from one 
set of s t a t i c -p res su re probes installed to measure downcomer c a r r y -
under. The probes sensed density of the fluid in the downcomer region 
and therefore gave a measurement of the volumetric percentage of s team 
in the downcomer. 

The s t a t i c -p res su re probes were jacketed in a third tube which 
conducted cooling water from the feedwater system past the tubes. This 
was necessa ry to establish subcooled water in the s t a t i c -p ressure probes 
for reference against the downcomer water density. Data from the other 
pair of downcomer density probes a re not shown because no evidence of 
carryunder was seen on the recorder char t s . The downcomer void f rac­
tion data shown in Fig. 59 a re questionable in view of resul ts obtained 
with the density probes during later operation with core P S H - H > Scatter 
in the data of ±5% of full scale was found to be common. 
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7. Calibration and Use of the Downcomer Stauscheibe Tube 

A mock-up of the water-veloci ty-sensing Stauscheibe probe, 
duplicating the one installed in the reactor vessel downcomer, was cali­
brated in the BORAX ai rwater test loop. The probe was constructed of 
7 /8- in . -diam bar stock, 4 in. long, with two taps spaced 180° apart and 
centered on the probe length. All tes ts were made with 70°F water at 
atmospheric p r e s su re . 

Several t r ave r se s were made to determine the water-velocity 
profile in the loop test section. When mounted 3/4 in. from the wall to the 
centerline of the probe (simulating the reactor installation), the flow cal i­
bration coefficient was found to be 2.69, based on average s t ream velocity. 
At the point of average s t r eam velocity, the coefficient was 1.88. The co­
efficient is defined as 

h = Cvy2g. 

C = calibration coefficient; 

h = measured differential p r e s su re , ft of flowing fluid; 

V = velocity, f t / sec ; 

where 

and 

g local accelerat ion due to gravity, ft/sec^ 

Data obtained from the probe during reactor operation were 
found to exhibit variat ions of about the same magnitude as the anticipated 
velocity signal. During the short period of reactor operation with core 
CSH-IB, no meaningful data were provided by the probe. 

8. Measurement of Reactor-water Level 

The true water level (or, actually, the steam-boiling water mix­
ture interface level) in a boiling-water reactor is difficult to measure ac­
curately with conventional ou t -of - reac tor -vesse l techniques. Most such 
devices rely on measurement of the differential p re s su re produced by the 
column of fluid in the vesse l . Since the differential p re s su re is related to 
fluid density, a vesse l containing saturated water will indicate an entirely 
different level from one filled to the same level with a s team-water 
mixture . 
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Dur ing o p e r a t i o n wi th the B-2 c o r e , a m o v a b l e s t e a m s a m p l i n g 
probe was u s e d to d e t e c t the s t e a m - b o i l i n g - w a t e r i n t e r f a c e e l e v a t i o n a t 
va r ious c o r e p o w e r s . ( ^ ) The l e v e l - m e a s u r e m e n t e r r o r s d e t e r m i n e d th rough 
use of the p r o b e can be of the o r d e r to 26 in. at 15 MWt if the d i f f e r e n t i a l -
p r e s s u r e d e v i c e s a r e not p r o p e r l y c o m p e n s a t e d . The s a m p l i n g p r o b e w a s 
accord ing ly used aga in wi th c o r e C S H - I B to se t r e a c t o r w a t e r - l e v e l s c r a m 
t r ip points to i n s u r e a g a i n s t a c c i d e n t a l f looding of the s u p e r h e a t e r . 

An a c o u s t i c w a t e r - l e v e l p r o b e w a s a l s o u s e d to d e t e r m i n e the 
s t e a m - b o i l i n g - w a t e r i n t e r f a c e e l e v a t i o n d u r i n g o p e r a t i o n of the c e n t r a l 
s u p e r h e a t e r c o r e . Both the a c o u s t i c d e v i c e and the s t e a m s a m p l i n g p r o b e 
w e r e i n s t a l l ed to m e a s u r e the l e v e l of po in t s a t a r a d i u s of 16 in. f r o m the 
v e r t i c a l ax is of the v e s s e l . A g r e e m e n t of ± l / 2 in. w a s found b e t w e e n the 
acous t ic and s t e a m s a m p l i n g p r o b e s . Tab le X i l l u s t r a t e s the da ta ob ta ined 
from the acous t i c p r o b e and the n o r m a l w a t e r - l e v e l m e a s u r i n g i n s t r u m e n t s . 

T a b l e X 

R E A C T O R W A T E R - L E V E L M E A S U R E M E N T S , 
CORE C S H - I B 

E l e v a t i o n of I n t e r f a c e 
b e t w e e n S t e a m and 

Reac tor P o w e r , W a t e r Leve l W a t e r - s t e a m M i x t u r e W a t e r Leve l 
MWt ( L R - 1 ^ ) (Acous t i c P r o b e ) (Acous t i c P r o b e ) 

5.2 12 ft, 10 in. 13 ft, 0 in 
7.32 12 ft, 8 in. 12 ft, l l i 

10.2 12 ft, 9 in. above 13 ft, 

^Opera t ing i n s t r u m e n t . S a t u r a t i o n p r e s s u r e - c o m p e n s a t e d , d i f f e r e n t i a l -
p r e s s u r e s e n s o r , and c i r c u l a r c h a r t r e c o r d e r . 

"E leva t ion at which w a t e r - s t e a m m i x t u r e d e n s i t y a p p r o a c h e d tha t of 
s a t u r a t e d w a t e r , a s e v i d e n c e d by c o n s t a n t r e a d i n g s on a c o u s t i c p r o b e 
ind ica to r . 

"-Upper l i m i t of p r o b e t r a v e l . 

B. Acous t i c W a t e r - l e v e l P r o b e 

The a c o u s t i c w a t e r - l e v e l p r o b e was d e s i g n e d and deve loped by 
A e r o p r o j e c t s Company of Wes t C h e s t e r , P e n n s y l v a n i a , and a d a p t e d to a 
mechan ica l d r ive and p r e s s u r e s e a l p r o v i d e d by BORAX p e r s o n n e l . The 
unit is shown s c h e m a t i c a l l y in F ig . 62, and a p h o t o g r a p h of the l o w e r end 
is shown in F ig . 63. 

in. 
2 in.'^ 

12 ft, 6 in. 
12 ft, i in. 

above 13 ft, 2 in 
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Position 
Transmitter Motor 

^^MLVViKxy 2 Spur Gear 
Drive Train 

y_A 

Ultrasonic Driving 
Transducer 

Coupler 

Sensing Crystals 

Keyed Lead Screw 
And Containment Tube 

Packing Gland 
and Flange 

Reactor Vessel 
Head Nozzle 

Spacer 

Pressure Seal Weld 

Vibrating Rod (5/8 in. Diam) 

Coupler 

Vibrating Plate 

Overall Length: Approx. 15 feet 
Useful Range of Measurement: 28 in. (For Core CSH-IB) 

I D - 1 0 3 - A 3 3 6 3 

F ig . 62. S c h e m a t i c D i a g r a m of Acous t i c W a t e r - l e v e l P r o b e 
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The device was basically an acoustic impedance meter which 
sensed the boundary conditions at the end of an acoustic t ransmiss ion line 
through phase measurements on the standing wave in the line. Operation 
at elevated p r e s s u r e s was accomplished by sealing the t ransmiss ion line 
(a 5 /8- in . -diam Type 304 s ta in less -s tee l rod) into a containment tube at 
a vibration node. The tube was then moved by the lead screw-and-nut 
t ravers ing mechanism through a p re s su re seal on the reactor vessel head, 
and the s team-boil ing-water interface was detected by noting the large 
change in acoustic coupling indicated by a panel meter on the equipment. 

The equipment was first tested in a 600-psi, 489°F autoclave 
where the position of the probe and the conditions of the steam-boiling-
water interface could be observed through sight g lasses . Variations in 
the resonant frequency of the probe assembly were noted during heating and 
cooling of the autoclave, but this factor was compensated for by adjusting 
the oscillator frequency to give minimum acoustic t ransmiss ion when the 
probe was fully withdrawn from the water. Water-level determination by 
means of the probe was as accurate as visual observation of its contact 
with the water surface would allow - about l / l 6 in. Change of the indicat­
ing meter for water or steam immers ion of the sensing plate ranged from 
50% full scale, at room tempera ture , to 58% full scale at 600 psig, 489°F. 
A maximum range of 34% full-scale change in meter indication was noted 
for immers ion of the probe in nonboiling or boiling water at 600 psig, in­
dicating the possible use of this technique to determine fluid density or 
void fraction. 
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VI. WATER CHEMISTRY M E A S U R E M E N T S AND 
CATALYTIC RECOMBINATION E X P E R I M E N T 

A. Water C h e m i s t r y M e a s u r e m e n t s 

The m e a s u r e m e n t s ob ta ined in r o u t i n e m o n i t o r i n g of c h e m i c a l p a ­
r a m e t e r s dur ing the b r i e f p e r i o d of p o w e r o p e r a t i o n of c o r e C S H - I B a r e 
s u m m a r i z e d in Tab le XI. The d i f f e r e n c e s in r e s i s t i v i t y and pH b e t w e e n 
r e a c t o r w a t e r and s a t u r a t e d s t e a m a r e b e l i e v e d to be due to COj which 
s t r ip s out into the s t e a m . The d i f f e r e n c e s in t h e s e p a r a m e t e r s b e t w e e n 
sa tu ra t ed s t e a m and s u p e r h e a t e d s t e a m a r e a l s o b e l i e v e d to be due to 
CO2. It i s p o s t u l a t e d tha t the CO2 i s r e d u c e d to CO on the s u p e r h e a t e r 
p l a t e s . The CO does not give a conduc t ive so lu t ion in s a m p l e s of condensed 
s team; hence , an a p p a r e n t d i f f e r ence in s t e a m p u r i t y i s i n d i c a t e d . A check 
on s t e a m r a d i o a c t i v i t y at the e n t r a n c e and exi t to the s u p e r h e a t e r showed 
no d i f ferences b e f o r e the d e t e c t i o n of the f i r s t f i s s i o n p r o d u c t s . 

Tab le XI 

WATER CHEMISTRY M E A S U R E M E N T S , 
CORE C S H - I B 

S a t u r a t e d S u p e r h e a t e r 
R e a c t o r W a t e r S t e a m S t e a m 

Res i s t iv i ty , m e g o h m - c m 2 . 0 - 2 . 8 0 .9 -1 .2 1.1-1,6 

pH 6 .5 -7 .0 5 .2 -5 .6 5 .9 -6 .2 

Cl", ppm 0 .02-0 .04 <0.04 

Suspended s o l i d s , av, p p m 0.13 

O2, ppm 0 .1 -0 .3 23 -30 8 in i t i a l ly , 
21 -41 l a t e r 

The d i f f e r ences in oxygen c o n c e n t r a t i o n b e t w e e n r e a c t o r w a t e r and 
s a t u r a t e d s t e a m w e r e a s e x p e c t e d , due to the s t r i p p i n g a c t i o n of the s t e a m . 

The change in oxygen c o n c e n t r a t i o n wi th t i m e in the s u p e r h e a t e d 
s t e a m is be l i eved to be due to one or bo th of two p o s s i b l e p r o c e s s e s : 
(1) The r ad io ly t i c g a s e s w e r e r e c o m b i n i n g on the f r e s h s u p e r h e a t e r c l a d ­
ding s u r f a c e s ; or (2) the oxygen w a s be ing r e m o v e d by a c o r r o s i o n 
m e c h a n i s m . 

The c h l o r i d e and s u s p e n d e d so l id s c o n c e n t r a t i o n s w e r e as e x p e c t e d 
f rom p r e v i o u s o p e r a t i o n wi th c o r e B-2 and p r e s e n t e d no p r o b l e m s . ( 4 ) 
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B. Steam Dome Tests 

A test with core CSH-IB demonstrated a method of determining how 
the gas in a steam dome changes in concentration with axial position from 
below the boiling wate r - s team interface to the top of the steam dome. 

Figure 64 is a schematic drawing of the movable steam-sampling 
probe used in BORAX-V. It could be positioned from well below the boil­
ing surface to a point close to the top of the steam dome. Figure 65 shows 
a plot of resist ivi ty, pH, and oxygen concentration data obtained at varying 
levels in the p re s su re vessel while holding static conditions at 600 psig and 
489°F. The drast ic change of conditions at 12 ft-4-|- in. shows the effect of 
moving the sample probe from the boiling water into the steam space. The 
drop in pH and resist ivi ty is due to CO2 in the steam. Also shown is the 
increase in O2 concentration from samples taken higher in the steam dome. 

i 

JO*V*«" .Ma'ZW 

£>£-A*ysr£'^ 

m?/^ a^ oy/'i^yy^y^ 

ID-103-A3283 
Fig. 64. Movable Steam Probe, Core CSH-IB 

A study was made of low-concentration H3BO3 carryover in the 
reactor vessel steam dome at 600 psig, 489°F, and s tat ic-s team conditions 
Carryover values were obtained at a boric acid concentration of 8 g(H3B03)/ 
gal(H20) from just above the boiling wate r - s team interface to the top of the 
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steam dome, using the movable steam probe. This concentration in the 
reactor water resulted in a concentration of 78-80 ppm at all positions 
of the steam probe from the interface to the top of the steam dome. 

The concentrations obtained from samples of condensed steam taken 
from the top of the steam dome and correla ted with boric acid concentra­
tions in reactor water are shown in Table XII. 

Table XII 

BORIC ACID CONCENTRATION IN 
STEAM DOME, CORE CSH-IB 

Reactor Water, Steam Dome, 
g(H3B03)/gal(H20) ppm of H3BO3 

3.75 28 
4.03 31 
4.3 35 
6.05 53 
8.61 85 

C. Radiolytic Gas Recombination Experiment 

The presence of about 20-30 ppm of radiolytic oxygen in the steam 
from the boiler of an integral boiling-nuclear superheating reactor was 
believed to have a deleterious effect on both the oxidation rate and the 
chloride s t r e s s corrosion of austenitic stainless steels used for cladding 
the superheater fuel elements in BORAX-V. Therefore, it was desirable 
to significantly reduce the oxygen content of the steam entering the 
superheater . 

Experiments designed to determine the feasibility of recombining 
the radiolytic oxygen and hydrogen were undertaken. Figure 66 is an 
abridged schematic diagram showing roughly the major components of 
the test equipment. 

The purpose of these experiments was to find a catalyst suitable 
for use in the internal steam dryer of BORAX-V which would cause r e ­
combination of the hydrogen and oxygen present in the saturated steam. 
Cri ter ia established for suitability of the catalyst were that it would 

1. Allow full flow of steam at 10,000 lb /hr / f t^ with a p re s su re 
drop of 1 psig or less through a 4-in. bed depth. 
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2. Recombine a large percentage of the radiolytic gases. 

3. Retain physical integrity and catalytic activity for at least 
one year. 

rci .v^isi)/.ass 

esc/iPCi/iDr/a// 

ID-103-A3285 
Fig. 66. Abridged Schematic Diagram, Radiolytic Gas 

Recombination Test Apparatus 

The catalysts were tested under the following conditions: 

Temperature: 489°F 
Pressure : 600 psig 
Oxygen concentration: 20-30 ppm 
Hydrogen concentration: Stoichiometric 
Steam flow rate: 9000 Ib/hr/ft^ 
Bed depth: 4 in. 

Six catalysts were tested, as follows: 

1. Low-surface-area copper mesh. 

2. Platinized, low-surface-area copper mesh. 

3. Palladium oxide on activated alumina pellets (Girdler T-308*). 

4. 0.7% palladium on low-surface-area alumina pellets 
(Girdler T-66I*). 

*Girdler Catalyst Dept., Chemetron Corp., Louisville, Ky. 
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5. Platinum oxide on activated alumina pellets (Girdler T-309*)-

6. 0.5% palladium on activated alumina pellets (Girdler T-961*). 

The f irst five catalysts tested gave no detectable recombination. Gird­
ler T-961, however, gave 22-27% recombination. This catalyst was tested 
for 30 hr and showed no sign of changing efficiency. The p re s su re drop 
across the 4-in. bed of T-961 was about 16 in. of 70°F water. 

After 7 hr of testing, a sample of T-961 was removed and analyzed 
spectrographically. The analyses showed that the catalyst had taken up 
some t races of copper and zinc from the b ras s catalyst holder. Of further 
importance was the evidence that the 7-AI2O3 (gamma alumina) had hydrated 
to form a-Al20(OH)2, or Boehmite. The new samples of unused catalyst 
contained no crystal l ine palladium; however, after the 7-hr test, the amor­
phous palladium had apparently changed to a crystall ine form. 

Planned testing of other catalysts was not performed because of 
early project termination. 
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VII. PLANT PERFORMANCE 

A. General 

In preparation for central superheat operation, the boiling core fuel, 
the control rods, and the boiling core s tructure were removed from the 
reactor vessel . The central superheater core s t ructure was then installed, 
and the superheater flood-and-drain piping was welded into position, hydro-
tested, and test-operated. Control rods were then reinstalled and their 
operation tested. Reloading of the boiling fuel proceeded as described in 
Section III.A.l. and 2. 

During the first tests of central superheater fuel assemblies for 
leak-tightness, an excessive leakage rate was found. On six fuel assemblies , 
the static-steam insulating tubes were found to be leaking moderator water 
into the steam space at the point where they were welded to the flow vanes. 
These leaks were repair-welded and the assemblies made sufficiently leak-
tight to proceed with the remainder of the zero-power experiments . At 
the completion of the zero-power experiments at operating temperature , 
all superheater fuel assemblies were removed from the reactor vessel for 
further repair work. The repair work and experience with the superheater 
fuel assemblies are discussed in detail in Section VIII. 

After the superheater fuel was reloaded, a test of leakage rate 
showed the system to be satisfactory. The reactor was then brought to 
operating temperature, using electric p rehea te rs . Flooding, draining, and 
venting were tested to assure that these systems were in proper operating 
order before power operation. 

The following items were installed in the reactor in preparation for 
power operation: one instrumented boiling fuel assembly; two instrumented 
superheater fuel assemblies; two individual boiling fuel thermocouple rods; 
six stainless-steel flux-wire thimbles in boiler coolant channels; five, 
3/8-in.-OD, miniature, ion chamber thimbles in place of flow rods; 12 sub­
cooling thermocouples, six below the core and six above; and a fueled 
oscillator rod. The location of these i tems is shown in Fig. 67, the loading 
diagram for core CSH-IB. 

An internal steam separator was also installed in the reactor at 
this time. Steam from the steam dome passed through a 4-in.-thick 
Inconel Yorkmesh Demister* pad before entering the inlet superheater 
assemblies. The steam separator , a bottom view of which is shown in 
Fig. 68, fitted closely over the top of the inlet superheater r i s e r s and was 
supported by thenn and by four pads which rested on the hold-down grid. 

*Otto H. York, Inc., trade name. 
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The d e m i s t e r pad was he ld b e t w e e n w i r e s c r e e n s . Holes l ined with s l e e v e s 
w e r e p r o v i d e d t h r o u g h the d e m i s t e r so tha t a c c e s s to the c o r e was p e r ­
m i t t e d f r o m the n o z z l e s in the r e a c t o r v e s s e l h e a d . B e c a u s e of the b r i e f 
p e r i o d of p o w e r o p e r a t i o n , no m e a s u r e m e n t was m a d e to d e t e r m i n e the 
e f f ec t i venes s of th i s s t e a m s e p a r a t o r . A p h o t o g r a p h of the top of the 
r e a c t o r , wi th c e n t r a l s u p e r h e a t e r c o r e C S H - I B loaded for power o p e r a t i o n , 
i s shown in F i g . 69. 
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ID-103-3913 

Fig. 68. Bottom View of Internal Steam 
Separator, Core CSH-1 
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Fig. 69. Power Loading, Core CSH-IB 
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On O c t o b e r 10, 1963, p o w e r o p e r a t i o n began and w a s t e r m i n a t e d on 
Oc tobe r 16 b e c a u s e l eakage of m o d e r a t o r w a t e r into the s u p e r h e a t e r s t e a m 
p a s s a g e s w a s found to be e x c e s s i v e (50 g a l / h r ) and a low l eve l of f i s s ion 
p r o d u c t s w a s d e t e c t e d in the s u p e r h e a t e d s t e a m . 

The p r e s e n c e of f i s s i o n p r o d u c t s w a s f i r s t noted on the f i s s i on 
p roduc t m o n i t o r s a m p l i n g s u p e r h e a t e d s t e a m . This i n s t r u m e n t , which 
had a s c i n t i l l a t i o n d e t e c t o r m o n i t o r i n g a s m a l l i o n - e x c h a n g e co lumn , w a s 
d i s c r i m i n a t e d for the e n e r g y of g a m m a r a y s p r o d u c e d by iodine i s o t o p e s . 
The r e a d i n g s f r o m th i s m o n i t o r a r e s u m m a r i z e d in Tab le XIII. No e v i ­
dence of f i s s ion p r o d u c t s w a s found in the m o n i t o r s a m p l i n g s a t u r a t e d 
s t e a m f r o m the b o i l e r . 

Table XIII 

DATA FROM SUPERHEATED-STEAM FISSION-PRODUCT MONITOR, 
CORE CSH-IB 

Date 

10/10/63 

I0/ll/63 

10/l4/63 

10/15/63 

Time, 
hr 

1415 
2030 

1400 
1500 
1545 

1500 
1700 
1800 
2300 

0900 
1000 
1010 
1100 
1200 
1300 
1330 
1352 

Power 
Level, 
MWt 

0.0 
3.0 

4.0 
4.0 
4.0 

5.6 
0.0 
0.0 
0.0 

0.8 
0.8 
0.8 
0.8 
2.5 
2.5 
2.5 
0.0 

Superheater Flooded and 

Monitor 
Reading. 
counts/min 

30 
30 

70 
380 
450 

50 
148 
100 
63 

200 
125 
560 
70 
425 
600 
750 
450^ 

Drained 

Date 

10/15/63 

Monitor 

10/15/63 

10/l6/63 

Time, 
hr 

1446 
1450 
1456 

-ion-exch, 

1530 
1540 
1600 
2348 

1050 
1131 
1300 
1330 
1415 
1420 
1508 
1557 
1600 
1620 
1630 

Power 
Level, 
MWt 

0.8 
0.8 
0.8 

ange Resin 

0.0 
0.0 
0.0 
0.0 

0.8 
0.8 
1.8 
5.2 
5.2 
7.3 
7.3 
7.3 
10.3 
10.3 
0.0 

Monitor 
Reading, 
counts/min 

400 
lOOOb 
1700 

Changed 

1200 
1000 
220 
60 

350 
300 
550 
600 
660 
900 
1000 
1700 
1700 
1700 
1600 

^False scrann. 
bAlarm. 

After the shutdown on O c t o b e r 16, the count r a t e on the f i s s ion 
p r o d u c t m o n i t o r d e c a y e d with a ha l f - l i f e of ~7hr . l'^^ has a ha l f - l i f e of 
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6.7 h r . An iodine c h e m i c a l s e p a r a t i o n was m a d e on a s a m p l e of the r e s i n 
from the m o n i t o r , and a g a m m a - r a y s p e c t r o m e t e r a n a l y s i s i n d i c a t e d the 

( T 1 3 1 

p r e s e n c e ol 1 

A m a x i m u m power of 10.3 MWt was r e a c h e d a t a n i n e - c o n t r o l - r o d -
bank pos i t ion of 19.67 in . a s c o m p a r e d wi th the f u l l - t r a v e l p o s i t i o n of 25 in . 
During the 7 days of power o p e r a t i o n , the i n t e g r a t e d p o w e r , d u r i n g five h e a t -
ups with the s u p e r h e a t e r f looded, was 7.3 M W - h r , and was 47.75 M W - h r 
with s t e a m flowing th rough the s u p e r h e a t e r . V a r i o u s p a r a m e t e r s and power 
levels m e a s u r e d dur ing the b r i e f o p e r a t i n g t i m e , to ta l ing 15 h r , a r e s u m m a ­
r ized in Table XIV. 

Tab le XIV 

POWER OPERATION, CORE C S H - I B 

P o w e r , MWt 

5.2 

487 

632 

755 

640 

785 

50 

14.8 

7.3 

487 

635 

760 

660 

790 

50 

15.0 

10.3 

485 

640 

760 

725 

820 

75 

15.2 

Satura ted s t e a m t e m p e r a t u r e , °F 

F i r s t - p a s s s u p e r h e a t e r fuel a s s e m b l y , 
exit s t eam t e m p e r a t u r e , °F 

Second-pass s u p e r h e a t e r fuel a s s e m b l y , 
exit s t eam t e m p e r a t u r e , °F 

Steam l ine t e m p e r a t u r e , 62 ft f r o m r e a c t o r , °F 

Maximum s e c o n d - p a s s fuel t e m p e r a t u r e , °F 

Steam line r ad ioac t i v i t y , 42 ft f rom r e a c t o r , m R / h r 

Power p roduced in s u p e r h e a t e r , % of to ta l in c o r e 

As can be seen f rom Table XIV, the p e r c e n t of power p r o d u c e d in the 
s u p e r h e a t e r , r e l a t i v e to the to ta l c o r e p o w e r , i n c r e a s e d s l i gh t ly wi th i n c r e a s ­
ing power . B e c a u s e of e a r l y t e r m i n a t i o n of power o p e r a t i o n , the p lanned 
e x p e r i m e n t s on the changes p r o d u c e d in the s u p e r h e a t e r - b o i l e r p o w e r d i v i ­
sion by con t ro l rod m a n i p u l a t i o n s w e r e not p e r f o r m e d . H o w e v e r , one t e s t 
was made at l ower p o w e r . To r a i s e the ou t le t s t e a m t e m p e r a t u r e , the 
cen t r a l con t ro l rod was r a i s e d to the fu l l -ou t pos i t i on , wi th the r e m a i n d e r 
of the con t ro l r o d s banked at 16.7 in . Of the r e s u l t i n g to ta l power of 3.5 MWt, 
15.2% was p r o d u c e d in the s u p e r h e a t e r . 

The r e a c t o r and s u p e r h e a t e r s t a r t u p and shutdown p r o c e d u r e s func ­
tioned as des igned and w e r e s a t i s f a c t o r y . The s u p e r h e a t e r s t e a m - c o o l a n t 
channels w e r e d r a i n e d and f looded t en t i m e s wi th the r e a c t o r at about 
oOO ps ig . Dra in ing was a c c o m p l i s h e d on s t a r t u p by c l o s i n g the s u p e r h e a t e r 
flood va lves that i n t e r c o n n e c t e d the r e a c t o r v e s s e l w a t e r wi th the s u p e r ­
h e a t e r s t e a m - c o o l a n t r e g i o n , and then opening the d r a i n va lve , wh ich c a u s e d 
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, J . u th^ r e a c t o r v e s s e l p r e s s u r e t h r o u g h the s u p e r -
the w a t e r to be d r i v e n by the r e a c t o r vc ^ ^ n^..^„r,h thp 

• , . , i^ ^ r . n d e n s e r . By v e n t i n g s t e a m t h r o u g h the 
h e a t e r d r a i n l i ne to the m a m c o n d e n s e r , uy & 

1. 4. * 1 o ^ „ r l n p the t i m e r e q u i r e d to r e g a i n o p e r a t i n g 
s u p e r h e a t e r ven t va lve dur ing t-nc 1.1̂ 1.̂  -1 o „ , ; „ . - , ; , . o r l 

r J • • <-v,o = i i n e r h e a t e r fuel t e m p e r a t u r e s w e r e m a i n t a i n e d 
p r e s s u r e a f t e r d r a i n i n g , the s u p e r n e a t e i luci. f 
below a m a x i m u m of I050<'F. With the s t e a m s y s t e m at o p e r a t i n g t e m p e r a ­
t u r e and the r e a c t o r at 600 p s ig , m a i n s t e a m flow w a s t h e n s t a r t e d and the 
s u p e r h e a t e r ven t va lve was c l o s e d . D u r i n g shu tdown, the r e a c t o r p o w e r 
was r e d u c e d by l o w e r i n g c o n t r o l r o d s , and a s p o w e r l e v e l w a s r e d u c e d , 
s t e a m flow was r e d u c e d by a u t o m a t i c c l o s i n g of the b a c k - p r e s s u r e c o n t r o l 
va lve . S u p e r h e a t e r fuel t e m p e r a t u r e s d e c r e a s e d wi th the r e a c t o r p o w e r 
leve l , and v e r y l i t t l e s t e a m v e n t i n g w a s r e q u i r e d to m a i n t a i n t h e m be low 
1050°F. The s u p e r h e a t e r flood va lve cou ld be opened i m m e d i a t e l y a f t e r 
the c o n t r o l r o d s w e r e fully i n s e r t e d . 

F i n a l l y , the s u p e r h e a t e r fuel , bo i l i ng fuel, and c e n t r a l s u p e r h e a t e r 
c o r e s t r u c t u r e w e r e u n l o a d e d in p r e p a r a t i o n for i n s t a l l a t i o n of the c o r e 
with p e r i p h e r a l s u p e r h e a t e r . 
B . Specia l O p e r a t i n g E x p e r i e n c e s 

1. P o w e r O s c i l l a t i o n s wi th a P a r t i a l l y F l o o d e d S u p e r h e a t e r 

a. O b s e r v a t i o n s 

On t h r e e o c c a s i o n s , r e g u l a r o s c i l l a t i o n s in power l e v e l 
o c c u r r e d whi le v e r y - l o w - p o w e r m e a s u r e m e n t s w e r e be ing m a d e at 600 p s i g , 
489°F, with the l i n e a r n e u t r o n flux c h a n n e l at about 0 . 2 x 1 0 Amp 
( -80 W c o r e p o w e r ) . In e a c h c a s e , the s u p e r h e a t e r s t e a m - c o o l a n t c h a n n e l s 
w e r e p a r t i a l l y f looded and the r e a c t o r w a t e r l e v e l w a s in the n o r m a l r a n g e 
of 10-11 ft. The r e c o r d e d t r a c e s a r e r e p r o d u c e d in F i g . 70 A, C, and U. 

With the r e a c t o r a t 489°F , 600 p s i g , p o w e r - l e v e l o s c i l l a t i o n s 
w e r e n e v e r o b s e r v e d whi le the s u p e r h e a t e r w a t e r l e v e l w a s e i t h e r be low o r 
above the a c t i v e fuel r e g i o n . P o w e r - l e v e l o s c i l l a t i o n s of t h i s kind w e r e 
n e v e r o b s e r v e d wi th the r e a c t o r at r o o m t e m p e r a t u r e , r e g a r d l e s s of s u p e r ­
h e a t e r w a t e r l e v e l . The p e r i o d of the power o s c i l l a t i o n s w a s a l w a y s 
10 + 1 s e c , wh i l e t he a m p l i t u d e v a r i e d f r o m 3.8 to 7.5% of the p o w e r , p e a k -
t o - p e a k . The o s c i l l a t i o n s o c c u r r e d d u r i n g p e r i o d m e a s u r e m e n t s a s we l l 

v e r r u n s and did not s e e m to be af fec ted by the power l e v e l 
- • • ' • ' ' - ' r 

porary 

However, the sensitivity and response of the sup 
indicating system was inadequate for the magnitude and frequency of the 
apparent water- level oscillations observed. Thus, the linear - u t r o n flux , 
channel gave the only clear indication of the oscillatory disturbance, but 
the relat ively insensitive log flux recorder also indicated some dis turbances 
during the osci l la t ions. 
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Superheater Water Level lt.05 ft 
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_l L _ I I • I J L I • I I _L J L I • . • 
Notes: 

Temperature 1+86T^ Recorder -
Superheater Water Level l|-.89 ft Range 
Control Rod Positions: No. 1 at 25.00 in. Change 

No. 2-9 at 13.00 In. 

10 Sec 

ID-103-A3366 

Fig. 70. Oscillations with Partially Flooded Superheater, Core CSH-IB 

b. Analysis 

A study and analysis were made in an attempt to determine 
the cause of the power oscillations. Although the cause has not been proved. 
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it is suspected to be cyclic variat ions in the superheater water level, i.e., 
the two superheater flow passes oscillating together as a unit, or separately 
and 180° out of phase. As may be seen in Fig. 7, two separate "U"-tubes are 
present in the reactor system: (1) The superheater, lower superheated 
steam main to the subreactor room, and connecting flood-and-drain piping 
from two sides of a U-tube, assuming both passes of the superheater are 
lumped into one region and oscil late in phase; and (2) the first and second 
passes of the superheater form two sides of a U-tube, connected through the 
interpass plenum. If the la t ter U-tube oscil lates, the assumption was made 
that the six assembl ies in each pass oscillate as a whole, the passes being 
180° out of phase. 

For this analysis , these two modes of oscillation were 
assumed. It was further assumed that the shapes of the curves of super­
heater flooding reactivity worth vs superheater water level at 600 psig, 489°F, 
were similar to the curves in Figs . 22 and 23 at room temperature . A 
curve of differential flooding reactivity worth vs superheater water level 
was then derived. (This curve is not shown.) 

Since the reactor was at very low power, power feedback 
was not responsible for the oscil latory behavior. Thus, the cause must 
have been an "external" mechanism driving a bare reactor, i.e., no feedback. 
The linearized zero-power reactor kinetics can be written as follows: 

An 
noAk 

(s) = Go(s) = 

£*s 1 + 
6 

I Pi 

Jl*{s+\) 

(5) 

where 

and 

An/no = peak-to-peak power oscillation, % of power; 

Ak = reactivity amplitude, f', 

Go(s) = zero-power t ransfer function; 

I,* = effective prompt neutron generation t ime; 

Pi = effective yield of i"^ group of delayed neutrons; 

Xi = decay constant of i*̂ ^ group of delayed-neutron emit ters ; 

s = Laplace t ransform pa rame te r . 

Thus, only the frequency of oscillation must be known in order to determine 
the required reactivity amplitude, since Go(s) is a known function of frequen­
cy. Figure 71 is a plot of the calculated zero-power transfer function |GO(S)| 
vs frequency for a generalized BORAX-V boiling core . 
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Fig. 71. Calculated Gain of Zero-power Transfer Function 
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Combining the information from the curve of differential 
flooding-reactivity worth, and noting that the observed frequency was 
always about O.I cps, resulted in the following relationship: 

P AZ 

A n / ] no 
F(Z), (6) 

where 

and 

Z = superheater water level, ft; 

AZ = change in superheater water level, ft; 

Po = total superheater flooding reactivity worth, %. 

If the above function is plotted against superheater water level, then the 
change in superheater water level required for a given power amplitude 
can be determined. (This plot is not shown.) The resul ts of this analysis 
for the three observed cases in which power oscillations occurred are 
summarized in Table XV. 

Table XV 

OSCILLATIONS WITH PARTIALLY FLOODED SUPERHEATER, 
CORE CSH-IA 

Date 

8/2/63 

8/6/63 

8/6/63 

Time, 
hr 

2058 

2025 

2105 

Fig. 
Ref. 

70 A 

70 C 

70 D 

Superheater 
Flooding 

Reactivity 
Worth. 

% 

1.18 

1.4 

1.4 

Control Rod 
Pos itions, 

m. 

All rods at 
14.60 

No. 1 at 25.00 
Nos. 2-9 at 13.39 

No. 1 at 25.00 
Nos. 2-9 at 13.00 

Super­
heater 
Water 
Level. 

ft 

3.56 

4.06 

4.89 

Peak-to-peak 
Oscillation, 
% of Power 

7.5 

3.8 

7.0 

i n . 

0.51 

0.30 

1.64 

AZ'.t' 
in. 

6.0 

2.2 

6.2 

^AZ = Peak- to-peak oscil lation of superheater water level required for power-level 
oscillation observed, assuming that the level var ies identically in all 
12 a s sembl i e s . 

bAZ' = Peak- to-peak oscillation of superheater water level required for power-Jevel 
oscil lation observed, assuming that the level in each pass oscil lates 180 
out of phase. 

Because of the large differential reactivity worth of 
flooding the CSH-1 superheater core, only small changes in superheater^^ 
water level would have been required if the level oscillated "as a whole." 
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However, if the s u p e r h e a t e r l e v e l o s c i l l a t e d wi th e a c h p a s s be ing 180° out of 
phase , then m u c h g r e a t e r l eve l v a r i a t i o n s would have b e e n r e q u i r e d . 

Al though s u p e r h e a t e r w a t e r - l e v e l o s c i l l a t i o n s a p p e a r to be 
the m o s t p robab l e r e a c t i v i t y o s c i l l a t o r , the r e a s o n s for an o s c i l l a t o r y d r i v ­
ing force a r e p o o r l y u n d e r s t o o d . It i s c l e a r , h o w e v e r , t ha t whi le the power 
f luctuations did not t r a c e p e r f e c t s ine w a v e s , on the o t h e r hand , n e i t h e r did 
they appea r to be the r e s u l t of a r a n d o m d r i v i n g p h e n o m e n o n . F i g u r e 70 D 
indica tes the p o s s i b i l i t y of bo th p a s s e s of the s u p e r h e a t e r o s c i l l a t i n g 180° 
out of phase with each o t h e r , s i n c e the p e a k s a r e a l t e r n a t e l y l a r g e and s m a l l . 
Note that the p e r i o d of o s c i l l a t i o n then b e c o m e s 20 i n s t e a d of 10 s e c . 

A c a s e in which power o s c i l l a t i o n s did not o c c u r wi th a 
pa r t i a l l y flooded s u p e r h e a t e r i s shown in F i g . 70 B, which w a s r e c o r d e d 
5 min before F ig . 70 C w h e r e o s c i l l a t i o n s a r e e v i d e n t . It is p o s s i b l e tha t 
some t ime is r e q u i r e d for o s c i l l a t i o n s to bui ld up a f t e r the n e c e s s a r y u n ­
stable condi t ions a r e r e a c h e d . 

A l i m i t e d qua l i t a t i ve a n a l y s i s w a s m a d e to d e t e r m i n e the 
probable m e c h a n i s m caus ing s u p e r h e a t e r w a t e r - l e v e l o s c i l l a t i o n s in the 
hot r e a c t o r . L e a k a g e of w a t e r f r o m the w a t e r m o d e r a t o r to the s u p e r h e a t e r 
region would c a u s e f lash ing of s o m e w a t e r to s t e a m in the s u p e r h e a t e r . 
Since sma l l l e aks w e r e p r e s e n t b e t w e e n the two r e g i o n s via the s u p e r h e a t e r 
a s s e m b l y s e a l s , w a t e r l e a k e d into the s u p e r h e a t e r by v i r t u e of the ne t head 
difference be tween the r e a c t o r w a t e r l e v e l (10-11 ft) and the s u p e r h e a t e r 
level (3-5 ft). C a l c u l a t i o n s show tha t a l e a k of r e a s o n a b l e s i z e would a l low 
the m e a s u r e d flow of 1.0-2.3 g a l / h r . A p p r o x i m a t e l y 0 . 1 % (by m a s s ) of 
th is s a t u r a t e d w a t e r would f lash to s t e a m , caus ing a m a x i m u m void f r a c t i o n 
of 4 v / o to ex i s t in the w a t e r of the p a r t i a l l y f looded s u p e r h e a t e r . T h u s , an 
osc i l l a t ion in s u p e r h e a t e r w a t e r l e v e l and effect ive d e n s i t y of t h i s w a t e r 
could develop due to changes in the p r e s s u r e d i f f e r ence a c r o s s the l e a k a g e 
a r e a , which in t u r n would c a u s e v a r i a t i o n s in the w a t e r l e a k a g e r a t e and 
void content of the s u p e r h e a t e r w a t e r . Void v o l u m e c h a n g e s in t he s u p e r ­
hea te r would thus c a u s e s u p e r h e a t e r w a t e r - l e v e l c h a n g e s . 

The above r e a s o n i n g i n d i c a t e s tha t o s c i l l a t i o n s in which 
each p a s s i s 180° out of p h a s e a r e m o r e p r o b a b l e . If the s u p e r h e a t e r l e v e l 
o sc i l l a t e s so tha t each p a s s i s 180° out of p h a s e , then m u c h g r e a t e r v a r i a ­
t ions in s u p e r h e a t e r w a t e r l e v e l would be r e q u i r e d than for the 1 2 - a s s e m b l y 
in -phase mode , to give the s a m e power o s c i l l a t i o n s , s i nce the r e a c t i v i t y 
effects in the two p a s s e s would be a t l e a s t s o m e w h a t c a n c e l l i n g . H o w e v e r , 
exact cance l l a t i on would be un l ike ly b e c a u s e of the r a p i d c h a n g e s and 
d i f fe rences in d i f f e ren t i a l f looding w o r t h v s l e v e l for p o s i t i v e and n e g a t i v e 
changes in the two p a s s e s . 

The above o b s e r v a t i o n s i n d i c a t e tha t an i n h e r e n t i n s t a b i l i t y 
ex i s t s s o m e w h e r e in the s y s t e m at z e r o - p o w e r o p e r a t i n g t e m p e r a t u r e and 



121 

pressure conditions with the superheater partially flooded. It should be 
recognized, however, that the superheater level may oscillate for other 
reactor conditions as well, but apparently is effective only for the specific 
set of conditions described herein . 

2. Short-period Scram 

During the control rod calibration experiments that were being 
conducted at 600 psig, 489°F, zero-power conditions with the superheater 
drained, an automatic shor t -per iod sc ram occurred in both period circui ts 
on the third decade of a period measurement . The positive period measured 
for the second decade was 30 sec; the period circuits scram on a 5-sec 
period. At the s tar t of the period, the superheater water- level indicator 
suddenly rose from 9 in. to 4 ft-6 in., where it remained until the super­
heater draining operation was performed about 4 min la ter . 

The cause of this shor t -per iod scram was investigated and the 
following i tems considered: 

Malfunction of the nuclear instruments was ruled out as a 
possible cause, since both duplicate period sc rams operated simultaneously. 
The possibility of maloperation of control rods was ruled out because both 
the log and the l inear flux instruments recorded the fact that the reactor was 
on a stable period, and no control rod movement was initiated or observed. 
The possibility of the superheater water- level indicator giving false infor­
mation (that i s , the water level in the superheater steam-coolant channels 
actually being somewhere in the core, rather than at the indicated level of 
9 in.) was not considered probable because the control rod positions r e ­
quired to produce cr i t ical on the two cri t icali ty measurements preceding 
the period sc ram were the same. A rapid temperature change was not a 
probable cause, since the p r e s su re and temperature recorders reported 
slowly decreasing p r e s su re (1 psi in 10 min) and near-constant t empera­
ture, respect ively. The reactor water level was rising slowly during the 
experiment. The reactor water- level recorder (LR-l) was at 9 ft-9 m. 
indicated value and about 9 f t - l l | in. corrected value. The boric acid 
concentration was changed 3 hr before the scram, but a rapid decrease in 
concentration was considered unlikely because samples taken a half-hour 
before the sc ram and 8 hr after the sc ram gave concentrations of 5.14 and 
5.25 g(H3B03)/gal(H20), respect ively. 

Water suddenly entering the superheater coolant channels was 
the most likely cause of the fast period. The superheater flood valves had 
not been opened. It was believed that condensate collecting in the steam 
lines close to the reac tor vessel somehow flowed into the second-pass 
superheater fuel assembl ies via the exit superheated steam manifolds (see 
Fig. 7). Steam t raps normally in service to dispose of this condensate were 
valved off. This was necessary to reduce heat losses to a point where the 
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electric preheaters could maintain the system at t empera ture . The delay in 
indication on the superheater water- level indicator was believed to be due 
to the time required for water to flow from the superheater to the lower 
superheated steam main, through the flow-restriction orifice present to 
limit the superheater flooding rate . 

At a later date, an experiment was run simulating the same 
reactor and system conditions, but with the reactor shut down. Even though 
the reactor pressure was cycled above and below 600 psig for 10 hr, the 
condensate that collected in the steam lines could not be caused to flow 
into the superheater. 

No proven explanation for the cause of the short -per iod scram 
is know at present. However, the period was long enough not to be hazardous. 
The procedure of placing all s team-line t raps in operation before draining 
the superheater was strictly adhered to thereafter . 

3. Effects of Moisture on High-impedance Thermocouple Extension 
Leads 

During the power operation of core CSH-IB, it was discovered 
that moisture on thermocouple conductors in high-impedance circui ts can 
produce large inaccuracies in temperature readings. 

a. Description 

Many thermocouples and other instruments were installed 
in the reactor to monitor the performance of core CSH-IB. Most of 
these devices were connected to external equipment through penetrations 
in the top head of the reactor vesse l . Electr ical termination and p re s su re 
sealing of extension leads from thermocouples in instrumented fuel a s sem­
blies were accomplished in the terminal box and packing gland arrangement 
shown in Fig. 72. The removable terminal-box covers a re not shown. The 
thermocouples in the superheater fuel were Type K, with a sheath of 
Type 304 stainless steel, a nominal OD of 0.040 in., and insulated with 
AI2O3. Conductor size was No. 34 AWG. Thermocouple wires were soldered 
to heavier wires at the ends of the sheaths, inade mechanically rigid by 
cementing and use of clamping blocks, and waterproofed with two coats of 
baked silicone varnish. The larger conductors were soldered to a high-
temperature, "MS"-type connector at the top of the terminal box. A diagram 
of external connections to potentiometer-type equipment or high-gain 
amplifiers is shown in Fig. 73. 

An exterior view of the reactor vessel top head, arranged 
for operation with the central superheater core loading, is shown in Fig. 74. 
The area above the head was covered during power operation by portable, 
high-density, concrete shielding slabs. The region around the reactor vessel 
head below the shielding slabs was normally ventilated by a forced-air 
exhaust system. 
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Fig. 72. Terminal Box for Instrumented 

Superheater Fuel Assembly 

-CHROMEL-W.UMEL ^HlGH-TEMPERATUHE p l M ' F REFEBENCE 
S. THERMOCOUPLE \ " M S " CONNECTOR / JUNCTION 

ID-103-A3289 

Fig. 73. Thermocouple Measuring 
Circuit Schematic Diagram 
for Superheater Fuel and 
Steam Temperatures 
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F ig . 74. R e a c t o r Head and Pi t I n s t a l l a t i o n , 
C o r e C S H - I B 

b . E x p e r i e n c e 

E r r o n e o u s t e m p e r a t u r e r e a d i n g s w e r e d i s c o v e r e d a f t e r 
the r e a c t o r had been o p e r a t e d at s u b s t a n t i a l power l e v e l s and w a s shut 
down at the end of a day shift . Ope ra t i ng p r e s s u r e and t e m p e r a t u r e 
(600 psig, 489°F) w e r e m a i n t a i n e d in the r e a c t o r v e s s e l by m e a n s of an 
auxi l i a ry e l e c t r i c hea t ing s y s t e m while the r e a c t o r was shut down. About 
I j hr af ter shutdown, a l a r g e a p p a r e n t i n c r e a s e in s u p e r h e a t e r fuel 
t e m p e r a t u r e s was noted over a 15 -min p e r i o d . Ins t ead of the s a t u r a t i o n 
t e m p e r a t u r e of 489°F in the flooded s u p e r h e a t e r , s o m e s u p e r h e a t e r fuel 
and s t eam t h e r m o c o u p l e s ind ica ted t e m p e r a t u r e s a s high a s 960°F. All 
nuc lea r i n s t r u m e n t s showed the r e a c t o r to be shut down, and the s t e a m 
plant i n s t r u m e n t s gave no ev idence of a b n o r m a l r e a c t o r c o n d i t i o n s . 
Indicated t e m p e r a t u r e s then s lowly d e c r e a s e d and r e t u r n e d to n o r m a l 
values after about 2 h r , co inc iden t wi th the beginning of a p lant cool-do'wn 
which was o r d e r e d b e c a u s e of e x c e s s i v e s t e a m l eaks t h rough s e a l s and 
packing glands on the r e a c t o r v e s s e l head p e n e t r a t i o n s . 

It was l a t e r found that the ind ica t ion of i n c r e a s e d t e m p e r a ­
tu re was a l so r e l a t e d to the i n a d v e r t e n t l o s s of ven t i l a t ing a i r flow \vhich 
allowed s t e a m leaking f rom head nozz le s e a l s to c o n d e n s e on the t e r m i n a l 

file:///vhich
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. .1. rr^nted "MS" connectors showed mois ture p resen t 
boxes. An inspection of the ma ^^^^^^^^^ It ^ ^ s de te rmined that m o i s -
in quantities sufficient to bridg external threads on the shell 
ture entered the connector bodies Dy way „iHf-one 

Klp which was potted to the connector m silicone and not by way of the cable, wnicn wa= JJ 
rubber. 

Tests 

To investigate the possibil i ty that water on the "MS" connec­
tor had caused the false tempera ture indications, laboratory tes t s were con­
ducted based on the assumption that the connector pins and conductors 
would function as electrochemical cells whose net effect would depend mainly 
on circuit load and pH of the e lectrolyte . Two groups of tes t s were run: 

(1) One thermocouple circuit of the reac tor instal lat ion 
was simulated using a thermocouple with a dummy load res i s tance of 
288 ohms (loop), an "MS" connector pair , a furnace for the heat source , and 
a potentiometer for reading voltage. The connector was subjected to var ious 
conditions of moisture while the voltage was monitored. 

(2) The output of a Chromel-Alumel e lectrochemical cell 
was measured as a function of conductor spacing, conductor a rea in solution, 
pH of electrolyte, and external load res i s tance . 

The first group of tes ts on the simulated installation (l) 
proved to be most valuable m duplicating the conditions experienced. Three 
runs were made, and in all cases the thermocouple hot junction was main­
tained at 500°F. In the first run, the connector was left at room tempera ture , 
which resulted in a true 500°F reading. In the second and third runs, the 
connector pair was placed in boiling water and steam, with the connectors 
initially at room tempera tu re . These last two runs produced equivalent 
outputs ranging from 120 to 900°F with no predictable pattern of behavior. 

The second group of tes ts (2) gave some indication of 
the outputs of various electrochemical cells formed by using Chromel and 
Alumel conductors. Voltages were monitored by a Keith ey Model 15IR 
microvoltmeter (10 megohms input res is tance) . Electrolyte pH and r e s i s ­
tivity were determined by Leeds & Northrup Model 7664 pH indicator and 
a Leeds & Northrup Model 4866-60 conductivity bridge, respect ively. 
Table XVI indicates some typical values of cell potentials measured . Note 
that cell potentials and polari t ies a re related to solution pH. These values 

.entative only for the samples used, since it was found that work-
na roenm, of the conductors, produced by bending or ^ P - ^ ' ^ ^ ^ ^ ^ J , ^f "^^'j " 
cally influence the r e su l t s . It is evident from both groups of tes ts that the 
presence of electrolytes can cause serious e r r o r s m tempera ture 

are repres 
hardening 

P 
measurement 
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T a b l e XVI 

E L E C T R O C H E M I C A L C E L L P O T E N T I A L F O R C H R O M E L - P * VS 
A L U M E L * AS A F U N C T I O N O F C O N D U C T O R S P A C I N G . L O A D , 

AND E L E C T R O L Y T E pH 

pH 

8.5 

8.0 

6.95 

6.9 

6.0 

4.0 

3.0 

2.5 

E l e c t r o l y t e 

R e s i s t i v i t y , o h m - c m 

0.345 X 10'' 

0 .334 X 10* 

0 .348 X lO* 

0.338 X 10* 

0.305 X 10* 

0.259 X 10* 

0.155 X 10* 

0.7 X 10= 

L o a d , o h m s 

1 0 ' 
9.1 X 10= 

9000 
1000 

10 

1 0 ' 
9.1 X 10= 

9000 
1000 

300 
10 

10 ' 
9.1 X 10= 

9000 
1000 

300 
ID 

1 0 ' 
9.1 X 10= 

9000 
1000 

10 

10 ' 
9.1 X 10= 

9000 
1000 

300 
10 

10 ' 
9.1 X 10= 

9000 
1000 

3D0 
10 

10 ' 
9.1 X 10= 

9000 
1000 

300 
10 

10 ' 
9.1 X 10= 

9000 
1000 

300 
10 

Output , 

F o r 2 . 5 - i n . 
S p a c i n g 

- 6 5 . 0 
- 5 1 . 0 

- 2 . 4 
- 0 . 2 4 
- 0 . 0 0 3 

- 4 0 . 0 
- 3 9 . 0 

- 5 . 6 
- 0 . 6 6 
- 0 . 1 7 
- 0 . 0 0 4 

30.0 
24.0 

0.90 
0.10 
0 .026 
0.0 

42 .0 
38.0 

1.5 
0.17 
0.05 
0.004 

84.0 
79.0 
18.0 

3.4 
1.1 
0 .04 

51.0 
47.0 
39.0 
23.0 
11.0 

0.5 

62.0 
62.0 
56.0 
38.0 
20.0 

1.1 

m V 

F o r 0 . 2 5 - i n . 
S p a c i n g 

- 3 6 . 0 
- 2 6 . 0 

- 0 . 6 2 
- 0 . 0 6 
- 0 . 0 0 3 

9.8 
9.6 
0.28 
0 .035 
0.0 

50 .0 
38.0 

1.2 
0 .12 

-
O.OOI 

125.0 
100.0 

12.0 
3.0 

-
0.048 

44 .0 
41 .0 
38.0 
23 .0 
12.5 

0 .55 

46 .0 
44 .0 
42 .0 
31 .0 
18.5 

1.1 

*Hosk ins M a n u f a c t u r i n g C o . t r a d e n a m e s . 
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„f No 16 AWG (0.053-in.-diam) were 
Conductors o ^-^^^ ^^^^^ t empera tu re ) . Immersed a r e a 

immersed 2 in. into tap wate ^ ^ ^ ^ ^ ^ ^ ^^^^ ^^^^_ varying solution pH 

per conductor was 0-335 sq i ' ^ ^_.^_ conductor spacing in the e l ec t ro -

i ; t : . ' ' ? h r C h r S p t n d u c t o ' r was connected to the (.) ins t rument t e rmina l 

throughout all tes t s . 

d. Conclusions 

From the tes t s and on-s i te observat ions, it was concluded 
that the problem in the reactor installation was due to the presence of 
condensate on the connectors of the terminal boxes. The mitial indicated 
temperature r ise was probably due to formation of condensate on the con­
ductors, and the later indicated t empera tu re decrease could have been 
caused either by condensate dilution of the electrolytic solution or by 
completion of the local chemical react ion based on the available cell ma­
terials (conductor metals and free ions m the electrolyte) . The effects were 
exaggerated by t races of brazing flux which were found at the soldered 
connections on the "MS" connectors . (A s i lver -cadmium hard solder was 
used along with fluoride-based flux to join conductors to the pms of the 
"MS" connector.) A ser ies of cleaning operations on all the solder joints 
apparently was not adequate. 

To cor rec t the problem, each "MS" connector was boiled, 
with wires attached, in severa l demineral ized water baths. Conductivity 
of the solution, with the connector immersed , was monitored during the 
cleaning operation. When the solution no longer showed an increase m 
conductivity, the connector was considered clean. The connectors and 
cables were thoroughly dried under heat lamps, and the origmal silicone 
rubber potting compound was retouched to insure against moisture entry 
along the cables. More self-curing silicone rubber was used to cover the 
ends of the thermocouple sheaths and their junction points, and was then 
applied to seal the cover plates to the terminal box. The two portions of 
the "MS" connector were assembled and potted m silicone gel. Each 
terminal-box cover plate was equipped with an air inlet fitting near the 
top and a small purge hole at the bottom. The '"--^^^^"^^^f,.^^,'" , , . 
maintained at 5 psig, using clean, dry instrument air The ^^'^'^^e 
sure and silicone gel kept mois ture from ^ - ^ ^ I ' ^ - f ^ ^ J f : ; , " ! ^ t n e c t o r s . 
assembly. The gel could be easily cut to allow breaKing 

C. Reactor Vessel 

1. Radiation Effects 

Iron, nickel, and titanium neutron flux wires ^ " ^ ^ ^ ^ f ^^^^^^^^ 
thimble next to the reactor vessel wall at ^ ^ ^ / ^ f / / ^ ^ ^ J ^ ^ ^ ^ l ! h ' e ! r B. 
nneration to serve as i r radiat ion monitors for the reacror 
operaiioii LU = , . , v̂..; =, r-r^-rp the wires were left 
cause of the l imited power production from this core, tne wi 
in place and not counted. 
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2. Temperature Distribution in Reactor Vessel Wall 

The satisfactory reactor vessel wal l - temperature distribution, 
a maximum differential of 35°F, which was attained during the operation of 
core B-2,'^) continued through the operation of core CSH-1. 

3. Reactor Vessel Water-level Measurement 

The use of a cold, rather than heated, reference water- level leg 
for reactor water-level measurement continued to give the most reliable 
performance obtained. 

The use of external steam-heated t r ace r s on the r eac to r -wa te r -
level gauge glasses was uniformly unsatisfactory. The gauge glasses could 
not be brought up to reactor tempera ture , and so full tempera ture compensa­
tion was not achieved. Also, the temperature distribution over the length of 
the glasses was nonuniform, so level correction factors could not be applied. 
Finally, the external (and nonuniform) heating of the gauges led to frequent 
glass and gasket failure. Gauge glass heating was discontinued. 

In-vessel water- level measurements were made by means of 
both an acoustic probe and a steam probe. The details of these experiments 
are presented in Section V.A.8. above. 

4. Belleville Spring 

The Belleville spring, between the reactor vessel head gussets 
and the core structure hold-down grid, performed its function of supplying 
the central superheater core s t ructure hold-down load in a satisfactory 
manner.\^/ An average room-temperature spring deflection of 0.128 in. 
gave a hold-down load of 10,500 lb. An additional average deflection of 
0.046 in. was measured at operat ing-temperature conditions due to differ­
ential thermal expansions between vessel and core s t ruc ture . This r e ­
sulted in a total hot deflection of 0.174 in. and 14,300 lb of core s t ructure 
hold-down load. 

Following power operation and removal of the reactor vessel 
head, the deflection of the Belleville spring was found to be uneven around 
the periphery. It is believed that the feedwater sparger hold-down bracket 
prevented the core s tructure struts on the north side from compressing 
normally, thereby causing added deflection to the Belleville spring on that 
side. This condition was rectified on the next installation. 
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D. Water and Steam Systems 

1. Steam Systems 

The steam systems and associated equipment were routinely 
'"'^ ^tea y ^ satisfactorily. The steam desuper-

operated and m general perioxinc j , ., • „.,„,,,! ^^nt-rnl 
, ,• % .̂..fnrmed its function properly while m manual control, 
heating equipment perlormea IL» i" .̂ , . • ^ ,. t tv,o a,,tr̂  
u * .-u u r ;;.,<, neriod did not permit final adjustment of the auto-
but the short operating periou. uiu n^^ i^ 
matic controls. 

Excessive steam leakage through the double-seated, main-
steam, back-pressure control valve during warming-up operations neces­
sitated the installation of a new steam vent valve in the low-pressure, 
main steam line in the turbine building. This valve was kept open until 
the steam line reached operating temperature and turbme-generator 
operation was to be started. It thereby kept the main steam-line pressure 
to the turbine system below 50 psig during the warming-up period. 

An interlock was added to prevent opening of the superheater 
vent valve if the superheater flood valves were open and there was water 
in the superheater. This interlock was added to prevent the loss of an 
excessive amount of reactor water or damage to the outlet steam piping. 
With the reactor at pressure, water could have been forced from the re­
actor vessel through the flood valves and superheater fuel assemblies to 
the steam piping system. 

2. Boron Addition and Batch Feed Systems 

The boron addition system was revised to provide a lO-min 
time delay between the opemng of the storage-tank steam-admission valve 
and the tank-to-reactor discharge valves. The boron tank could then be 
held at a temperature of about 200°F instead of 489°F. In the event of a 
need to add the boric acid solution to the reactor, the delay P^'""^^"/^ \ ^ / 
tank to be brought to reactor pressure before the dump Ph^^-;^"' ' ^ f ' t 
Since this change, the system has performed satisfactorily The d l̂̂ V " -
be manually bypassed by the control room operator should the need arise. 

The batch emergency feedwater system was not operated 

during the operation of core CSH-1. 

3. Turbogenerator System 

!.,„«- I'^l vr old) performed in a The antiquated turbogenerator plant (.3̂  yr oiu;t. ^„^^,tr.r 
*̂ ,;T,=.v,lp nn the turbogenerator satisfactory manner. The maximum vacuum attainable on ine s 

unit during CSH-1 core power operation was about 18 m. Hg. 
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The a i r e j e c t o r exhaus t s y s t e m , modi f ied to p a s s fu l l - d i l u t i on a i r 
flow th rough both a b s o l u t e and c h a r c o a l f i l t e r s , p e r f o r m e d in a s a t i s f a c t o r y 
m a n n e r . 

4 . F e e d w a t e r S y s t e m 

The f e e d w a t e r s y s t e m and a s s o c i a t e d e q u i p m e n t p e r f o r m e d 
s a t i s f a c t o r i l y . The newly i n s t a l l e d con t inuous b y p a s s o r i f i c e s at e a c h feed 

(41 pump worked wel l , a s did the f e e d w a t e r s t o r a g e t ank cool ing s y s t e m . ^ ' 

5. Aux i l i a ry Wate r S y s t e m 

P e r f o r m a n c e of the a u x i l i a r y w a t e r s y s t e m w a s good, wi th one 
except ion . The newly i n s t a l l e d c a r b o n - r i n g m e c h a n i c a l s e a l on the a u x i l i a r y 
wate r c i r c u l a t i n g pump fa i led e a r l y in s e r v i c e at 600 p s ig , 489°F a s did a 
r e p l a c e m e n t uni t . The r e a s o n for f a i l u r e was not e s t a b l i s h e d , a l though the 
p rob l em was i n v e s t i g a t e d wi th the m a n u f a c t u r e r . The s e a l s y s t e m w a s r e ­
moved and the packed stuffing box w a s r e i n s t a l l e d . P a c k i n g p e r f o r m a n c e 
was m o r e s a t i s f a c t o r y . 

6. S u p e r h e a t e r F l o o d - a n d - d r a i n S y s t e m 

Two m o d i f i c a t i o n s to the s u p e r h e a t e r flood s y s t e m w e r e m a d e 
before the power r u n s wi th the c e n t r a l s u p e r h e a t e r c o r e . F i r s t , a l o w - r a t e 
flood s y s t e m was i n s t a l l e d , in p a r a l l e l with the h i g h - r a t e s y s t e m , which p e r ­
mi t ted a s u p e r h e a t e r f looding t i m e of 9-10 m i n . The p u r p o s e of t h i s s y s t e m 
was to r e d u c e t h e r m a l shock to h i g h - t e m p e r a t u r e fuel p l a t e s on n o r m a l 
shutdown under h i g h - d e c a y hea t c o n d i t i o n s . Second, an o r i f i c e w a s i n s t a l l e d 
on the s u p e r h e a t e r e x t e r n a l f l o o d - a n d - d r a i n l ine which i n c r e a s e d the h i g h -
r a t e flooding t i m e for the s u p e r h e a t e r coo lan t c h a n n e l s to 33 s e c . In 
p r a c t i c e , o p e r a t i o n of the f l o o d - a n d - d r a i n s y s t e m s w a s s a t i s f a c t o r y . B e ­
cause of l i m i t e d power o p e r a t i o n , l i t t l e d e c a y hea t w a s n o t ed on s u p e r h e a t e r 
shutdown, and cool ing and f looding w e r e thus s i m p l i f i e d . The h i g h - r a t e flood 
s y s t e m was u s e d e x c l u s i v e l y . 

Dur ing r e m o v a l of the c e n t r a l s u p e r h e a t e r c o r e s t r u c t u r e f r o m 
the r e a c t o r v e s s e l , the sh i e lded r e m o t e - d i s c o n n e c t p r o c e d u r e for the i n -
v e s s e l connec to r in the f l o o d - a n d - d r a i n e x t e n s i o n pipe w a s p e r f o r m e d 
s a t i s f a c t o r i l y . 

7. S u p e r h e a t e r S t e a m Out le t Mani fo lds and Coup l ings 

P o s t o p e r a t i v e i n s p e c t i o n of the s u p e r h e a t e r s t e a m ou t le t m a n i ­
folds and a t t a ched DSD t e m p e r a t u r e - c o m p e n s a t e d c o u p l i n g s * showed t h e m to 
be in exce l l en t cond i t ion . Due to the e x t r e m e l y low r a d i a t i o n l e v e l s at the 
tops of the s u p e r h e a t e r fuel a s s e m b l i e s , the c a p a b i l i t y for r e m o t e d i s c o n n e c t 

'DSD Manufac tu r ing Co. , H a m d e n , Conn. 
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heater fuel a s sembl ies was not utilized, 
of manifold couplings to the sup ^^^^ sat isfactor i ly to remove the 
The remote-disconnect procedure „toraoe 

.., ..oartor vessel to s torage , three manifolds from the reactor vc 

E. Reactor Control, Electrical 

Before power operation with the nuclear superheater , - t e r l o c k 
circuitry and performance of the control sys tems were - - ^ ^ ^ ' ^ ' J ' ; ^ 
result of this review, two additional reac tor sc ram inter locks were added. 
The first was a duplicate h igh- reac to r -wa te r - l eve l sc ram, which was a 
back-up for the original high-water- level s c r a m . The second - - ^ ^upU" 
cate low-steam-flow sc ram, also a back-up for the original low-steam-flow 
scram. 

The intermediate cont ro l - rod-dr ive two-speed motors that had failed 
during boiling core operation(8) performed satisfactori ly after rewmdmg. 
All of the motors were rewound with high- temperature- insula t ion wire, but 
two of them had to be rewound a second time due to insulation breakdown m 
the windings. When a good-quality winding job had been accomplished, the 
motors performed satisfactori ly. 

The control rod operating speeds were changed so that any individual 
rod traveled at a maximum speed of 6 in . /min when being withdrawn. The 
intermediate control rods, when withdrawn as a group, traveled at one- ourtn 
that speed. These changes in speed were possible because of the reduction 
in relative reactivity worth of the central control rod located m the 
superheater. 

F. Control Rods 

The fourth inspection of BORAX-V control rods numbered I, 2 8 3 
11, 5, 7, 6, and 10, from core positions 1 through 9, respectively, took place 
after completion of operation on the central superheater core during the 
changeover to the per ipheral superheater core The control rods^ wh ch 
were radioactive (up to 35-55 R/hr on contact), were stored m the water 
storage pit, where the inspection was car r ied out under water . ^^^^J^^^ 
shows the inspection gauges used. Subsequent repair operat.on^J^llll^^ 
on the operating floor with the control rods behind concrete shield slabs 
which were placed to reduce radiation to personnel . 

The s ta in less -s tee l -c lad Boral poison section of the control rods 
passed the 0.330-m. thickness gauge with the - c e p t i o n of one blade e ^ 
"rom control rods Nos. 3 and 5. These blades from rods Nos 3 and 5 
pass the 0.365-in. thickness gauge and were considered to be m good 
dition. No rub marks or bulges were visible. 
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ID-103-3713 

F i g . 75. Con t ro l Rod Inspec t ion Tools 

The l amina t ed X-8001 a l u m i n u m fo l l ower s of the T - s h a p e d c o n t r o l 
rods would not p a s s the 0 .438- in . t h i c k n e s s gauge o r the 0 .438- in . a n g u l a r ­
ity gauge. The 0 .438- in . a n g u l a r i t y gauge did p a s s a l l the fo l lowers on the 
c ruc i fo rm cont ro l r o d s , and the 0 .365- in . t h i c k n e s s gauge would p a s s 
about half the f o l l o w e r s . C l o s e r i n spec t i on r e v e a l e d tha t some of the spot 
welds holding the l / l 6 - i n . - t h i c k fol lower c ladding to the 3 / l 6 - i n . - t h i c k 
co re pla te had b roken , caus ing m i n o r bu lges in the f o l l o w e r s . Rub m a r k s 
w e r e c l e a r l y v i s ib l e , but the bu lges could be d e p r e s s e d by hand . The 
cladding at the spot welds was not t o r n , and so far a s could be d e t e r m i n e d , 
no me ta l was pul led f rom the co re of the fo l lower . 

A r e p a i r p r o c e d u r e was dev i sed by which the bulged high spo t s on 
the cont ro l rod fo l lowers w e r e b r o u g h back into d i m e n s i o n a l t o l e r a n c e and 
g r e a t e r venting capabi l i ty given to each b l a d e . A con t ro l rod was m o u n t e d 
hor izon ta l ly on a f ix ture be tween four c o n c r e t e sh ie ld s l a b s , two s l a b s on 
a s ide . A working slot 18 in . wide was left be tween the two s l abs so that 
a man could work f r o m each s i de . A spec ia l s t a i n l e s s - s t e e l m e c h a n i c a l 
f a s t ene r , the s a m e as that u sed to join the po ison s ec t i on and e x t e n s i o n 
shaft to the fol lower, was used to squeeze the c ladding on both s i d e s of the 
blade to the co re of the fo l lower . A combina t ion c l a m p - a n d - d r i l l f i x tu re 
was made to d r i l l a t h rough hole , and a spec i a l c o u n t e r s i n k , wi th a s top 
aga ins t the f ix ture to con t ro l the depth, was used to c o u n t e r s i n k bo th s i d e s 
of the hole . These i t e m s a r e shown in F ig . 76. The s c r e w was i n s e r t e d , 
the nut tu rned up t ight , and the w r e n c h head of the nut b r o k e n off. The nut 
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.1, screw and the surface ground smooth. This 
was then tack-welded to tne a y^lade would pass the 0.365-in. thickness 
was repeated until each follower 

gauge. 

ID-103-A3059 
Fig. 76. Control Rod Follower Repair Tools 

The number of fasteners added to each control rod follower is as 

follows: 

Control Rod No. 

1 
2 
8 
3 

11 

5 
7 
6 

10 

Core Position 

I 
2 
3 
4 
5 

6 
7 

Number of Fas teners 

10 
10 
22 
9 
16 

12 
10 
9 
16 

ncorporated vents at Although the original design of the follower incorpor ^ ^̂  

top and bottom to allow water or steam •^^'*^^;^ .^^^f ^^f^r^a^e was given 
escape, this may not have been adequate. Therefore, eacn 
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an additional seven vent holes of l / 8 - in . diam on each side, for a total of 
14 vent holes per blade. The vent holes went through the cladding only. 
Venting was accomplished by taping a locating fixture to the blade to be 
drilled and drilling a hole through the cladding, the depth of the hole (3/32 in.) 
being determined by a bushing mounted on the dr i l l . The small burr on 
each vent hole was then ground off with a hand grinder. 

At final inspection, all control rod followers passed the 0.365-in. 
thickness gauge and the 0.390-in. angularity gauge. The poison sections 
remained as in the initial inspection. All control rods were also within the 
straightness-and-twist tolerance as determined by the s t ra ightness-and-
twist fixture. 

The shroud channels for the control rods of the central superheater 
core structure were inspected with a thickness gauge. A 0.467-in. thickness 
gauge passed all channels, except for control rod positions Nos. 3 and 5. A 
0.441-in. thickness gauge passed these two channels. The reduced thickness 
of the channels was at points approximately 30 in. from the top of the shroud 
or 2 in. below the top of the core . A 0.485-in. thickness gauge had passed 
through all channels before operation. 

The control rod drives were inspected, and in general were in excel­
lent shape. The linear floating ring labyrinth seals were cleaned of some 
rust and fine part ic les . The Teflon "wipers "were replaced, and a scra tch on 
one extension shaft was stoned smooth and the shaft reinstal led. 

G. Fuel 

1. Boiling Fuel Rods 

Brief visual inspections of several boiling fuel rods after the 
unloading of core CSH-1 revealed no evidence of failure or deformation. 
The fission product monitoring system gave no indication of boiling fuel 
failure. During boiling assembly loading changes, it was noted that the 
Inconel-X latch springs on a few of the fuel rods appeared to have inadequate 
strength. It is believed this latching difficulty was due to crud buildup 
between the rods and fuel assembly guide grid, causing greater friction. 
Pulling on the rod-handling tool was required to insure proper latching of 
these fuel rods. 

2. Boiling Fuel Assembly Boxes 

Based upon underwater observations and the noted ease of fuel 
rod removal and installation, the boiling fuel assemblies and the A-nickel 
grid-holding rivets appeared to be performing satisfactorily.(4) 
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3. Fuel Handling and Storage 

Fuel handling and storage created no problems during either the 
loading or unloading of core CSH-1. At the end of operations with core 
CSH-1, the control rods and core s t ructure were removed from the reactor 
vessel and then moved, unshielded, to the storage points, using the same 
temporary crane-opera tor shielding and crane-indexing system as for core 
B-2.('^^ The radioactivity of both control rods and core structure was low, 
and the removal was uneventful. 

4. Superheater Fuel Seals 

In general , the superheater fuel assembly hollow metal O-ring 
seals performed as designed.U) The total leakage rate of moderator water 
into the 12 central superheater fuel assemblies averaged 1 to l y gal/hr 
during core CSH-IB operation, before the transition weld failure discussed 
in Section VIII below. Care was taken to insure clean seal-mating surfaces 
during seal installation. New, clean seals would seldom remain on the 
nozzle leaf springs on removal of fuel assemblies . As a result of crud 
buildup during power operation, however, the seals were satisfactorily 
retained on the nozzle leaf springs during superheater fuel removal. 

During room- tempera ture crit ical experiments, hold-down loads 
on the seals were cycled severa l t imes with no adverse effect on seal leakage 
ra tes . New seals were installed, however, before power operation. After 
power operation, the seal-removal jig was utilized for underwater replace­
ment of radioactive used seals with new seal rings. This operation was 
performed in a satisfactory manner . 

The superheater fuel seal-removal jig, shown in Fig. 77, is a 
sliding-blade device to remove used seals from the superheater fuel assem­
bly nozzles and to replace them with new seals . The operation is performed 
under water for shielding purposes . The blades are opened, the fuel assem­
bly nozzle with seal attached is inser ted into the jig, the blades are closed, 
and the fuel assembly is then withdrawn, leaving the O-ring behind. New 
O-ring seals a re installed by revers ing the above procedure. 
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ID-103-A3065 

Fig. 77. Superheater Seal-removal Ji 
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VIII. SUPERHEATER FUEL EXPERIENCE 

A. Superheater Fuel Assembly Leak Repairs 

During the early zero-power , room-temperature experiments on 
core CSH-1, superheater leak tes ts indicated an excessive leakage of 
moderator water into the superheater coolant channels. Investigation r e ­
vealed that six superheater assembl ies out of the 12 in the core were 
leaking through welds at the joints between the fuel subassembly and the 
top r i se r and bottom nozzle. These welds were repaired, and each fuel 
assembly passed a 3-psi pneumatic leak test. After the fuel assemblies 
were reinstalled, a satisfactory superheater leak rate of 1 gal/hr was 
measured. During this measurement , three of the 12 assemblies had 
taped detachable nozzles . 

In preparat ion for zero-power tests at operating temperature, the 
detachable bottom nozzles of four superheater fuel assemblies were welded 
on, and all assembl ies in the reactor were leak-tested by filling the steam 
passages of each assembly with water . Five fuel assemblies were found 
to have leaks through faulty welds between insulating tubes and flow vanes. 
These welds were repai red by manual T.I.G. welding. 

While the zero-power , operat ing-temperature experiments were 
being run, further leak problems at high temperature were discovered in 
the following manner: The hole where the interpass steam thermocouples 
penetrated an upper flow vane on the three instrumented superheater fuel 
assemblies was inadvertently left unbrazed during fabrication. This omis­
sion was corrected at the reactor site by sealing the holes with a special 
cor ros ion-res is tant silver b raze . After no leaks were detected by an 
air- leak test , instrumented superheater assembly C-16 was placed m an 
autoclave, seals were leak- tes ted , and all thermocouples were intercali­
brated at t empera tures up to 490°F. 

Upon removal from the autoclave, after approximately 10 hr at tem-
perat^ires between 200 and 490°F, the assembly was filled with water and 
all metal joints were checked for leaks. Several weld joints, as well as the 
thermocouple b raze , were found to leak. A similar autoclave test on a 
standard superheater assembly also showed faulty welds. 

The leaks were in weld seams where the five individual fuel elements 
m an assembly are joined to top and bottom flow vanes. The flow vane main­
tains the moderator gap spacing between elements at this joining point, lo 
improve the integrity of this joint, a fillet weld was made on every joint m 
every assembly. This required 16 seam welds per assembly, in slots 
0.365 in. wide and 3.875 in. long. A special welding machine, shown m 
Fig. 78, which shielded the radioactive fuel assemblies ( l /2 to 2 R/hr on 
contact) and allowed viewing and remote manipulation of the iner t -gas -
shielded tungsten electrode within the slot, was developed for this purpose. 
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R e p a i r Welding Machine for S u p e r h e a t e r 
F u e l A s s e m b l i e s (Shielding R e m o v e d ) 

The p o s s i b i l i t y of e x c e s s i v e we ld p e n e t r a t i o n burn ing t h r o u g h the 
insula t ing tube into the bo t t om of fuel p l a t e s w a s r e a l i z e d . C o n s i d e r a b l e 
t ime was spent in obtaining p r o p e r weld p e n e t r a t i o n by m a c h i n e - w e l d i n g 
s a m p l e s and m o c k - u p s . F i n a l i n spec t i on for we ld b u r n - t h r o u g h could be 
achieved only by cutt ing off the bo t t om nozz le of e a c h a s s e m b l y . This w a s 
not done. 

While two of the i n s t r u m e n t e d s u p e r h e a t e r fuel a s s e m b l i e s w e r e 
being r e p a i r e d , the bo t tom s t e a m t h e r m o c o u p l e s w e r e d a m a g e d and r e ­
qu i r ed r e p l a c e m e n t . New t h e r m o c o u p l e s w e r e p l a c e d in the lower nozz l e 
of each a s s e m b l y , and the ex t ens ion l e a d s w e r e b r o u g h t t h r o u g h s t a i n l e s s -
s tee l tubing moun ted e x t e r n a l to the a s s e m b l y . 

M e a s u r e m e n t s m a d e on the s u p e r h e a t e r fuel a s s e m b l i e s b e f o r e and 
after welding ind ica ted only a s l ight s h r i n k a g e in wid th and b r e a d t h , so the 
d imens ions of the m o d e r a t o r w a t e r gaps w e r e e s s e n t i a l l y unchanged . 
Shr inkage in o v e r a l l a s s e m b l y length a v e r a g e d about 0.050 in . , wh ich r e ­
sul ted in a downward s u p e r h e a t e r fuel d i s p l a c e m e n t of half tha t a m o u n t . 
All the a s s e m b l i e s r e q u i r e d s t r a i g h t e n i n g a f te r we ld ing . AU a s s e m b l i e s 
w e r e finally l e a k - t e s t e d by fi l l ing t h e m wi th w a t e r , and any l e a k s tha t s t i l l 
ex i s t ed w e r e r e p a i r e d . 
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B. Fiss ion Product Experiments 

Because of the fission product and leakage problems, discussed in 
SectionVII.A. above, power operation was interrupted and the reactor vessel 
head was removed to permi t examination of the superheater fuel. To de­
termine which superheater fuel assemblies were yielding fission products, 
equipment was installed to obtain water samples from all 12 assemblies 
at a point about 4 in. above the top of the fuel plates. Water was sampled 
at zero power, and then the reactor was operated at 100 kW for 55 min. 
Another water sample was then taken immediately after the run. The 
samples before and after the power run were counted and compared. Tv 
tests were made with essential ly the same resul ts . 

t w o 

The resul ts of the second test , showing the gross gamma count on 
4-ml aliquots of each sample and counts on radiochemical iodine separa­
tions, are tabulated in Table XVII. The superheater fuel locations are 
shown in Fig. 67. 

Table XVII 

FISSION-PRODUCT EXPERIMENT, CORE CSH-IB 

Superheater 
Fuel Assembly 

No. 

C - l 
C-14-I 
C-10 
C-9 
C-11 
C-13 

C-2 
C-12 
C-16-I 
C-3 
C-4 
C-6 

Superheater D 
Bottom of Rea 
Average Low i 

Core 
Position 

35 
45 
46 
55 
56 
65 

34 
43 
44 
53 
54 
64 

rain Line 
ctor Vessel 
Count 

Gross Gamma Count, 
counts/min 

F i r s t 

Secon 

Pass 

45,500 
4,000 

30,400 
30,500 
38,800 
33,200 

d Pass 

28,500 
28,800 
20,100 
80,000 
32,900 
28,000 

2,250 
40 

Iodine 
Count 

Separations 
, counts/min 

2,450 
170a 
95a 

150a 

310^ 

150^ 

~ 

3,860 
1,530 

140a 

295^ 

190 

a u s e d for average low count, 
bpossible iodine separation e r r o r . 
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The g r o s s g a m m a count w a s m a d e f r o m 1 to 2 h r a f t e r shu tdown, 
and the v a l u e s have been c o r r e c t e d for decay . The iodine s e p a r a t i o n count 
r e p o r t e d h e r e w a s run 3 days a f te r shutdown and w a s not c o r r e c t e d for 
decay. A g a m m a - r a y s p e c t r o m e t e r a n a l y s i s i n d i c a t e d tha t the iodine a t 
th is t i m e was m o s t l y l '^ ' . 

Some f i s s ion p r o d u c t iodine w a s found in e a c h s u p e r h e a t e r fuel 
a s s e m b l y , but a s s e m b l y C - 3 had the l a r g e s t a m o u n t , fo l lowed by C - l and 
C-4 . The r a t io of the iodine s e p a r a t i o n count to the a v e r a g e low count for 
these a s s e m b l i e s i s a s fo l lows: 

Count 

c-
c-
c-

• 3 

-1 
-4 

A s s e m b l y No. Avg. Low Count 

22.7 
9.0 
6.7 

C. E x a m i n a t i o n of Defec t ive S u p e r h e a t e r F u e l 

1. O n - s i t e S u p e r h e a t e r F u e l I n spec t i on 

A p n e u m a t i c l e a k t e s t w a s run on a l l the s u p e r h e a t e r fuel a s ­
s e m b l i e s whi le s t i l l in p l a c e in the r e a c t o r . Bubbles r o s e f r o m be tween 
two a s s e m b l i e s only. R e m o v a l and indiv idual l e a k t e s t i n g of a l l t h r e e fuel 
a s s e m b l i e s in the w e s t q u a d r a n t of the s u p e r h e a t e r i n d i c a t e d a l e a k only 
in fuel a s s e m b l y C - 3 f r o m c o r e pos i t i on 53. The l e a k w a s c a u s e d by a 
c r a c k about 1/2 in. long in the w e l d be tween the b o t t o m n o z z l e and the 
f ive^e lemen t fuel s u b a s s e m b l y . U n d e r w a t e r v i s u a l i n s p e c t i o n of t h i s 
a s s e m b l y r e v e a l e d two l o c a l i z e d bu lges n e a r the end of e a c h of two fue l -
e l e m e n t insu la t ing t ubes ad jacen t to the r e p a i r f i l le t w e l d s , a s shown in 
F ig . 79- In addi t ion, two ou ts ide and one in s ide fuel e l e m e n t s of the s a m e 
a s s e m b l y a p p e a r e d to have a s l ight longi tud ina l bow. The i n t e r n a l con t ac t 
poin ts of the s p a c e r w i r e s on the o u t e r insu la t ing tube a r e v i s i b l e in F i g . 80, 
but no undula t ions could be fel t w i th a p r o b e m o v e d ove r the s u r f a c e . 

The o the r tv/o fuel a s s e m b l i e s i n s p e c t e d did not l e a k and had 
no v i s ib le d a m a g e . 

S u p e r h e a t e r fuel a s s e m b l y C-3 was r e p l a c e d with s p a r e a s s e m b l y , 
C-7, and the r e a c t o r r e l o a d e d . Ano the r l e a k i e s t at r o o m - t e m p e r a t u r e c o n d i ­
t ions ind ica ted a 1 . 2 -ga l / h r i n l e a k a g e o f m o d e r a t o r w a t e r to the s u p e r h e a t e r . 
The f i s s ion p r o d u c t s de t ec t i on e x p e r i m e n t was r e p e a t e d . The r a t i o s of iodine 
s e p a r a t i o n counts on s a m p l e s f r o m s u p e r h e a t e r fuel a s s e m b l i e s C - l and C-4 
to the a v e r a g e low count w e r e about the s a m e a s in the p r e v i o u s e x p e r i m e n t 
s u m m a r i z e d in Table XVII. The count on the s a m p l e f r o m the f r e s h fuel 
a s s e m b l y , C - 7 , was about the s a m e a s the a v e r a g e low coun t . P r o b a b l y 
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this t race of iodine in a fresh assembly came from either fuel surface 
contamination of that assembly, or from other fuel assemblies by diffusion 
through the water in the interpass plenum chambers. 

79. Southeast Side of Superheater 
Fuel Assembly C-3, 
Core CSH-1 

80. Northeast Side of 
Superheater Fuel 
Assembly C-3, 
Core CSH-1 

An underwater inspection was made of all irradiated central 
superheater fuel assemblies , except assembly C-3. This inspection mcluded 
periscopic observation of: (1) light passed through the length of the ce^ntral 
portion of the fuel-assembly coolant channels, enabling viewing of a y ^-^n^-
diam circle which comprised about 15% of the coolant channel volume, ana 
(2) the fuel-plate bottom ends. All assemblies inspected showed some 
weld penetration through insulating tubes to the bottom of adjacent tue -
plate dead ends. None showed cooling-channel distortion or reduction o 
coolant-channel dimensions in the central light-test area, or apparen 
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bowing of the in su la t ing t u b e s . E igh t a s s e m b l i e s showed m i n o r d i s t o r t i o n 
of the b o t t o m s of fuel p l a t e s , and t h r e e showed m o d e r a t e d i s t o r t i o n . Of 
the t h r e e m o d e r a t e l y d i s t o r t e d a s s e m b l i e s , a s s e m b l y C - l , w h i c h w a s found 
to l eak f i s s i on p r o d u c t s , had s e v e r a l s m a l l o u t w a r d b u l g e s a t the ends of 
the insu la t ing t u b e s , one a s s e m b l y had a s i m i l a r s ingle bu lge , and the t h i r d 
had none . The o the r fuel a s s e m b l y found to be l eak ing f i s s i on p r o d u c t s , 
C - 4 , showed only m i n o r f u e l - p l a t e d i s t o r t i o n . 

2. Examina t i on of S u p e r h e a t e r F u e l A s s e m b l y C - 3 

To d e t e r m i n e the c a u s e of the f i s s i on p r o d u c t r e l e a s e and the i n ­
sulat ing tube b u l g e s , s u p e r h e a t e r fuel a s s e m b l y C - 3 w a s d i s s e c t e d and 
examined in a hot l a b o r a t o r y . O r i e n t a t i o n dur ing the d i s a s s e m b l y and e x ­

a m i n a t i o n of the fuel a s s e m b l y 
is i n d i c a t e d by r e f e r r i n g to 
the " top" and "bo t tom" of the 
a s s e m b l y a s it w a s l o c a t e d 
in the r e a c t o r . The five 
f o u r - p l a t e fuel e l e m e n t s a r e 
n u m b e r e d 12 t h r o u g h 16 f r o m 
left to r igh t in F i g . 79. 

a. D i s a s s e m b l y 

AU the ho t -ce l l c u t ­
ting o p e r a t i o n s w e r e p e r f o r m e d 
wi th a p o w e r h a c k s a w , u s ing a 
f i ne - too th b l a d e , excep t for the 
s l i t t ing of the in su la t ing c a n s . 
These w e r e cut w i th a m i l l i n g 
m a c h i n e . B u r r s c a u s e d by the 
cut t ing o p e r a t i o n s m a y be seen 
in s e v e r a l f i g u r e s . 

Fig. 81. Upper End of Superheater Fuel 
Assembly C-3, Core CSH-1 

The fuel a s s e m b l y 
top r i s e r and bo t tom nozz l e 
w e r e cut off above and below 
the flow v a n e s . Cuts v / e re 

then m a d e which e n t e r e d the flow v a n e s ( s p a c e r s tha t s e p a r a t e the five fuel 
e l e m e n t s ) but w e r e j u s t c l e a r of the fuel p l a t e s . F i g u r e 81 i s a top v iew 
and F ig . 82 a bo t tom view of the fuel s u b a s s e m b l y . F i g u r e 82 is a c o m ­
pos i t e of 15 s e p a r a t e , e n l a r g e d p h o t o g r a p h s in which the angle of view in 
each p i c t u r e is not the s a m e . F o r e x a m p l e , some of the p l a t e s a r e s e e n 
edge -on and o t h e r s a r e t i l t ed so tha t the p l a t e n u m b e r s on the face can be 
seen . A r e a s of fusion of the ou te r fuel p l a t e s in e a c h e l e m e n t to the i n s u l a ­
ting tube a r e evident . This fusion w a s c a u s e d by b u r n - t h r o u g h of i n s u l a t i n g -
tube l e a k - r e p a i r w e l d s . Next , the f low-vane a s s e m b l i e s w e r e r e m o v e d f r o m 
both ends by cutt ing j u s t i n b o a r d of the v a n e s and th rough the unfueled ends 
of the fuel p l a t e s . This s e p a r a t e d the five e l e m e n t s f r o m e a c h o t h e r . 
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106-7611 

Fig. 82. Lower End of Superheater Fuel 
Assembly C-3, Core CSH-1 

b. Crack in Lower-nozzle Weld 

The crack in the weld between the lower nozzle and the 
fuel element subassembly mentioned in Section VIII.C. 1. was examined. A 
closeup of this crack is shown in Fig. 83. This crack lies just below 
element 15 and extends to element 16. Microscopic examination of the 
crack showed that either there had not been complete weld fusion, or, i 
there had originally been good welding, most of this had been ground off 
during fabrication. 

c. Examination of Individual Elements 

By shining light through the steam channels and by probing 
steel tape, it was found that elements 12, 13, and 14 were essentia ly 

. Element 15 was blocked about 8 in. from the top end, and element 
wa» blocked 1 in. from the bottom. The blockages were only partial, since 
at least 144 ml of water per minute could be poured through any of the nine 
individual coolant channels in each element. 

with a 
open 
w a s 
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141-2011 

Fig. 83. Cracked Weld below Element 15, Superheater 
Fuel Assembly C-3, Core CSH-1 

(1) Element 12 

Element 12 showed the least damage. At the bottom, 
one of the outer fuel plates was tack-welded to the insulating tube at two 
places, as shown in Fig. 82. The weld adjacent to the slightly buckled 
plate had torn loose. The other weld was intact, and this probably had 
caused the plate to buckle. 

Plate distortion at the top is shown in Fig. 81. This 
amount of distortion was also present in the other elements and appears 
not to be related to the fusion-caused damage at the bottom. To determine 
how far this distortion extended into the element, seven cuts were made 
at l /2-in. intervals, starting 3/8 in. from the top of the fuel plates. Two 
of these sections are shown in Fig. 84. The distortion essentially dis­
appeared 15/16 in. below the top of the element. 
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3/8 In. frcm Top 
of Fuel Plates 

15/16 in. fran Top 
of Fuel Plates 

I 
141-2007 

Fig. 84. Sections through Element 12, Superheater 
Fuel Assembly C-3, Core CSH-1 

(2) Element 13 

At the bottom of element 13, one of the - t e r plates 
was welded for 1 in., as shown m Fig. 82. The buckling associated wUh 
this weld extended upward for about 1 in. This may be seen m i ig- -
which is a photograph of the section made immediately above '^^ 
^anes or about 3/8 in. above the bottom end of the fuel plates. I tcanalso 
seen that the plate has been torn at one end. 
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141-2006 

Fig. 85. Section 3/8 in. above Bottom of Fuel Plates, 
Superheater Fuel Assembly C-3, Core CSH-1 

(3) Element 14 

Damage to this element was almost identical to that 
in element 13, including a tear in a plate. 

(4) Element 15 

At the bottom of element 15, both outer plates were 
firmly welded to the insulating tube over most of the width of the plate, as 
can be seen in Fig. 82. Notches can be observed in the plate ends. These 
appear to be the result of complete weld melting at these points. 
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141-2009 

Fig. 86. Buckling in Element 15, 
Superheater Fuel As­
sembly C-3, Core CSH- 1 

Only minor distortion of the 
fuel plates occurred at the bottom of 
this element and at the cut 3/8 in. above 
the bottom. Removal of the insulating 
tube revealed buckling of the whole fuel 
element about 8 in. up from the bottom, 
as shown in Fig. 86. Two dark spots 
occurred where the ripples in the fuel 
subassembly caused it to touch the in­
sulating tube. Similar spots occurred 
on the reverse side. Closer examina­
tion and scratching of the surface 
showed that these were not burned spots 
but deposits of a reddish material. 
Matching spots were found on the inside 
of the insulating tubes. 

Longitudinal sections through 
this area, shown in Fig. 87, indicated 
that the fuel assembly buckled as a unit. 

(5) Element 16 

In Fig. 82, the bottom of one 
of the outer fuel plates in this element 
can be seen almost completely welded 
to the insulating tube. At the cut made 

141-2012 

Fig. 87. Buckling in Element 15, Longitudinal Section, 
Superheater Fuel Assembly C-3, Core CSH-1 
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3/8 in. above the bottom of the fuel plates, shown in Fig. 85, this plate had 
buckled over against its neighbors and forced them out of normal position. 
A longitudinal section of the element shown in Fig. 88 revealed that the 
bulge extended only 1/2 in. above this point. Figure 85 also shows that the 
plate spacers have separated from the plates in the region of the bulge. 
There was no indication that the plate cladding was torn off the plate, thus 
exposing the fuel. A closer view of this area , looking downward (not 
shown), indicated that there were two cracks in the bulged plate where it 
joined the spacers . 

141-2013 

Fig. 88. Longitudinal Section of Element 16, Superheater 
Fuel Assembly C-3, Core CSH-1 

d. Source of Fission Products 

In an effort to find the source of leaking fission products, 
several likely spots were smeared and counted for alpha activity. Seven 
other smears were analyzed with a gamma radiation spectrometer . The 
results were not conclusive, since similar amounts of alpha-activity 
fission products and activated cladding were found at all points. 

The tears in the plates in elements 13, 14, and 16 pointed 
out above were in each case about 3/8 in. above the lower end of the fuel 
plates. These individual plates were examined and compared with cor­
responding radiographs made during manufacture. By measurement , the 
torn plate in element 14 was the only one in which the tear could extend 
up as far as the fuel. For confirmation, metallography samples were taken 
from elements 13 and 14. It can be seen in Fig. 89 that the fuel did extend 
down to the tear in element 14. The area in which fuel was exposed is 
estimated to be l/2 in. long by l/lOO in. thick. Any porosity would, of 
course, increase the effective area. 
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Fig. 89. 

e . D e p o s i t s in the Insulating Gap 

The a m o u n t of r edd i sh deposits 
b e t w e e n the i n su l a t i ng tube and the fuel 
e l e m e n t w a s h e a v i e r in e l emen t 15 than 
in the o t h e r e l e m e n t s . A d is t inc t pa t t e rn 
cou ld a l s o be o b s e r v e d on the inside of 
the t u b e , a s s e e n in F i g . 90. These de ­
p o s i t s m a y be r e l a t e d in some way to the 
f a c t t h a t t h i s i n su l a t i ng space was nea r ly 
s e a l e d off f r o m the r e a c t o r by fusion of 
the fuel p l a t e s to the tube at the bottom 
of the e l e m e n t . 

Metallographic Section of Torn 
Lower End of Fuel Plate from 
Element 14. Superheater Fuel 
Assembly C-3. Core CSH-1 

^mL 
141-2008 

• „n F„el Plate and Inside of Insulaung 
^ ^ ^ • " • ? r « i 6 " s u p e r h e a t e r F u e l A s . 

sembly C-3, Core CSH-1 
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3. Conclusions 

In each case, the distortion at the bottom of some of the fuel 
plates in assembly C-3 may be attributed to the inadvertent burn-through 
of insulating-tube leak-repai r welds into the bottom dead end of the fuel 
plates. The lower end of the fuel element was designed to be free to ex­
pand both t ransverse ly and longitudinally in relation to the insulating tube. 
The weld burn-through res t ra ined this expansion. 

Where only a small amount of weld fusion to the insulating 
tube existed, as in elements 12, 13, and 14, the individual fuel plate was 
buckled, stretched, and in some cases torn by differential thermal expan­
sion during power operation. Where the entire ^vidth of the plate was 
welded, as in element 16, the plate buckled sharply for its entire width. 
Where both outer plates were fused to the tube, as in element 15, a large 
and balanced compressive (and tensile) force would have been generated 
in the fuel element and tube. The fuel element failed in compression by 
buckling. The location of the fuel element buckling was in the area of 
highest neutron flux and high temperature where the mater ia l would be the 
weakest. 

The hypothesis that the bulge at the bottom of element 16 was 
caused by vaporization of water trapped in the insulating space does not 
appear to be valid. This conclusion is based on the fact that the long axis 
of the bulges in both tube and fuel plate ran laterally. Hydrostatic p re s su re 
would be expected to produce bulges with the axis longitudinal to the element. 

The crack in the weld between the fuel subassembly and the 
lower nozzle was adjacent to, and the bulged insulating tubes were in, 
elements 15 and 16. This crack in a weak weld may have been caused by 
the high differential expansion forces set up in these two elements. 

The slight fuel plate warpage at the top of the fuel assembly 
was caused by a design defect. The welding of the tops of the outer fuel 
and side plates to the insulating tube at this level res t ra ined the t r ansver se 
expansion of the fuel plate. It is thought that the tops of the fuel plates were 
s t ressed beyond the elastic limit and that they buckled because of fabrica­
tion and repair-weld shrinkage, in combination with an operating tempera ture 
difference of as much as 400°F between the tops of the fuel plates and the 
restraining, cooler insulating tube and adjacent, relatively mass ive , flow 
vane s. 

No evidence of coolant channel blockage or melting was found on 
superheater fuel assembly C-3. The only evidence of exposed fuel was the 
small tear into the stainless steel-UO^ matr ix at the bottom corner of one 
plate in element 14. 

The fission product release from the fuel defects in core CSH-
IB was on a very low level. 
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