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ABSTRACT 

Various nuclear tes ts a r e descr ibed which followed initial cr i t ical i ty 
of the Enr ico F e r m i fast b r eede r r eac to r . Measurements were made of the 
reac t iv i ty effects of the perrnanent neutron source , r e t r ac t ab le neutron 
source , t empora ry ins t rument thimble, variat ion in flow ra te of the p r i m a r y 
coolant, and variat ion in p r e s s u r e of cover gas in the p r i m a r y sys tem. 

Each t e s t is repor ted separa te ly and includes tabulated and graphical 
tes t data and discussions of purpose, apparatus and equipment, r eac to r plant 
conditions, m e a s u r e m e n t s , exper imenta l resu l t s and analys is , and conclu­
s ions . 
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FOREWORD 

This is one of a s e r i e s of r epor t s on the low-pou'cr (up to 1 Mwt) and 
high-power (up to 200 Mwt) nuclear tes ts of the Enr ico F e r m i fast b r eede r 
r eac to r . The Nuclear Test P r o g r a m is planned, d i rected, and evaluated by 
Atomic Power Development Assoc ia te s , Inc. , (APDA). The tes ts a r e con­
ducted by Power Reactor Development Company (PRDC), which owns and 
opera tes the r eac to r . The s t eam genera tors and e lec t r i ca l generat ing faci l ­
i t ies a r e owned by The Detroit Edison Company (DECo), 

Many individuals have contributed to the nuclear test ing of the Enr ico 
F e r m i Reactor . Lis ted below a re those, exclusive of the au thors , who have 
made significant contributions to the work descr ibed in this repor t . 

Exper imenta l Phase s : 

E. L. Alexanderson 
D, E rdman 
L. A. Haigh 
W. R. Hill 

Analytical Phase s : 

S. K. Kapil Bhabha Atomic R e s e a r c h 
Cent re , Bombay, India 

PRDC 
PRDC 
PRDC 
PRDC 
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SUMMARY 

Shortly after initial cr i t ical i ty , t e s t s were conducted to de te rmine 
the react iv i ty effects of the permanent neutron source , r e t rac tab le neutron 
source , t empora ry ins t rument thimble, var iat ion of p r i m a r y coolant flow 
ra te and variat ion of the cover gas p r e s s u r e in the p r i m a r y sys tem. 

The source cor rec t ion factor was found to be 234 wat t -cents for the 
s ta t ionary source at the core-blanket interface, and 290 wat t -cents for the 
r e t r ac t ab le neutron source in position P03-P00 , re la t ive to August 27, 1963^ 
and October 14, 1963, respect ively . Power levels in excess of 1 kw were 
found to be sufficient for measu remen t s requir ing no source correc t ion . 

The worth of the antimony portion of the re t rac tab le source , when 
completely inser ted into the co re , was found to be - 8 . 3 cents . The t empo­
r a r y ins t rument thimble, when completely withdrawn from position P03-P00 , 
was found to have a slight positive react iv i ty effect of +1, 4 cents . 

There was no indication of any effects of coolant flow ra te or cover 
gas p r e s s u r e in the p r i m a r y sys tem and there was no detection of gas en-
t ra inment or s t ruc tu ra l deformation. 

All measu remen t s agreed closely with predicted values , and no 
safety hazards were presented by any of the effects investigated. 
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I. PURPOSE OF TESTS 

The purposes of the various tes t s included in this repor t a re de ­
scr ibed on an individual tes t basis in repor t Sections III, IV, V, and VI. 
Other phases of each tes t a re correspondingly included in the respect ive 
repor t sections so that each tes t has the status of a separa te repor t . 





II. D E S C R I P T I O N O F THE ENRICO 
F E R M I ATOMIC P O W E R P L A N T 

A. G E N E R A L D E S C R I P T I O N 

The E n r i c o F e r m i A t o m i c P o w e r P l a n t u t i l i z e s a fas t b r e e d e r r e ­
a c t o r , coo led by s o d i u m and o p e r a t e d a t e s s e n t i a l l y a t m o s p h e r i c p r e s s u r e . 
The r e a c t o r is d e s i g n e d for a m a x i m u m capab i l i t y of 430 Mwt; h o w e v e r , 
wi th the in i t i a l loading the m a x i m u m r e a c t o r power is 200 Mwt, The plant 
is c o m p r i s e d of the R e a c t o r Bui ld ing , in w h i c h a r e housed the r e a c t o r and 
p r i m a r y coo lan t s y s t e m ; the S t e a m G e n e r a t o r Bui ld ing ; the C o n t r o l Bui ld ing ; 
and the T u r b i n e Bui ld ing . Some d i s t a n c e r e m o v e d f r o m th i s bui ld ing c o m ­
plex t h e r e a r e a F u e l and R e p a i r Bxiilding, in wh ich f r e s h and s p e n t fuel a r e 
s t o r e d and p r o c e s s e d ; a W a s t e Gas Bui ld ing and an I n e r t Gas Bui ld ing , in 
w h i c h w a s t e gas i s p r o c e s s e d and f r o m which i n e r t gas is supp l i ed and r e ­
c i r c u l a t e d : a Sodium S e r v i c e Bui ld ing , in wh ich s o d i u m is cold t r a p p e d and 
s t o r e d ; and a H e a l t h P h y s i c s Bui ld ing and C h e m i s t r y L a b o r a t o r y . 

B. R E A C T O R VESSEL AND ASSOCIATED S T R U C T U R E S 

The r e a c t o r v e s s e l and i t s a s s o c i a t e d s t r u c t u r e s a r e shown in p e r ­
s p e c t i v e in F i g , 1, The s t a i n l e s s s t e e l r e a c t o r v e s s e l is c o m p o s e d of four 
m a j o r p a r t s : (1) l o w e r r e a c t o r v e s s e l , (2) t r a n s f e r r o t o r c o n t a i n e r , 
(3) u p p e r r e a c t o r v e s s e l , and (4) r o t a t i n g s h i e l d plug of s t e e l and b o r o n a t e d 
g r a p h i t e . The plug s u p p o r t s the c o n t r o l rod d r i v e m e c h a n i s m , the fuel 
hand l ing m e c h a n i s m , the s w e e p i n e c h a n i s m , and the s u b a s s e m b l y holddown 
i n e c h a n i s m . 

The w a l l of the r e a c t o r v e s s e l i s s h i e l d e d wi th l a m i n a t e d s t a i n l e s s 
s t e e l p l a t e s and so l id s t e e l b a r s , to a t t e n u a t e the g a m m a and n e u t r o n f luxes 
inc iden t on the •wall. The s h i e ld p l a t e s a l s o r e d u c e the t h e r m a l s t r e s s in 
the w a l l r e s u l t i n g f r o m changes in s o d i u m t e m p e r a t u r e . The e n t i r e r e a c t o r 
v e s s e l is con ta ined in a c a r b o n s t e e l l i n e r which , a l though not l e ak t i gh t , i s de 
s i gned to d i r e c t any sodixim l e a k a g e to d e t e c t o r s in the bo t t om of the l i n e r . 
Both the v e s s e l and the l i n e r a r e e n c l o s e d in the p r i m a r y sh i e ld t ank . The 
p r i m a r y s h i e l d , wh ich fi l ls the s p a c e b e t w e e n the v e s s e l w a l l and the s h i e l d -
t ank w a l l , c o n s i s t s of b o r o n a t e d g r a p h i t e and p la in g r a p h i t e n e u t r o n - s h i e l d i n g 
n a t e r i a l . The p r i m a r y sh i e ld t ank is s o s i z e d and c o n s t r u c t e d tha t an a d e ­
qua t e supply of s o d i u m coo lan t wi l l be m a i n t a i n e d in the r e a c t o r shou ld 
l e a k a g e d e v e l o p in the v e s s e l wa l l . 
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C. CORE AND BLANKET 

The core and blanket a r e located in the lower portion of the r eac to r 
vesse l and consist of 2. 646-in. - square subassembl ies containing fuel pins 
and blanket rods . The core , which is contained in the cent ra l portion of the 
subassembliess approximates a right c i r cu la r cylinder 31 in. in diam. and 
31 in. high. It is axially and radial ly surrounded by b reede r blankets , and 
the ent i re configuration of core and blanket subassembl ies approximates a 
right c i r cu la r cylinder 80 in. in diam and 70 in. high. 

The fuel is in the form of z i rconium-clad pins of 0. 158-in. d iam, 
containing U-10 w / o molybdenum alloy, with the uranium enriched to 25, 6 
w /o U-235. Each core subassembly contains 140 fuel pins having a total 
m a s s of approxiraately 4. 75 kg of U-235. Each blanket subassembly con­
tains 25 rods of 0. 443-in. diam, consist ing of depleted U-3 w/o molybdenum 
alloy. 

A c ross section of the r eac to r , shown in Fig, 2, indicates the p lace ­
ment of individual components within the r eac to r vesse l* . Core and inner 
radia l blanket subassembl ies , the ant imony-beryl l ium (Sb-Be) neutron 
source , and the 10 control rods and safety rods occupy 149 cen t ra l la t t ice 
posi t ions. These a r e cooled by sodium flowing upward from a h igh -p re s su re 
plenum. 

The lat t ice positions surrounding the core and inner radia l blanket 
subassembl ies contain outer rad ia l blanket subassembl ies as well as s ta in­
less s teel-f i l led subassembl ies for t he rma l shielding. These positions a re 
cooled by sodium flowing upward from a l o w - p r e s s u r e plenum. 

The sodium coolant sys tem, descr ibed in m o r e detail in Section I I -E, 
consis ts , in parts of th ree p r i m a r y coolant loops. The high- and l o w - p r e s s u r e 
plena a r e fed by three p r i m a r y sodium pumps through 14-in, and 6-in. l ines , 
respect ively . All sodium mixes above the core in the upper plenum and 
exits by gravity through three equispaced 30-in, lines to three in termediate 
heat exchangers . F r o m there it r e tu rns to the suction side of the th ree p r i ­
m a r y pumps. 

* The coordinate sys tem used to identify locations in the core lat t ice is 
shown in Fig. 3 and consis ts of two numbers . The f i r s t is the X - c o o r d i ­
nate and the second the Y-coordinate . Posi t ive values a r e r ep resen ted 
by " P " ; negative values a r e r ep resen ted by "N"; the cen t ra l location is 
designated POO-POO. 
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Subassembly Clearance 

Arrangement 

2.693 0.047 

2.646-r-1 rHjr", 
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Steel Support For 

Hold-Down Assembly 

Alignment Guide 

(3) Required As Shown 

To Transfer 

Rotor Container 

" ^ O f Offset Handling 
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Thermal Shield Installed 
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DESCRIPTION QUANTITY 
Operat ing Control Rod . . . , , . . , 2 
Safety Rod . . . . . . , . , . . , , . . , 8 
Core Subassemblies . , . . . , , . . 105 
Inner Radial Blanket 
S u b a s s e m b l i e s . . . . . . . . . . . . . 32 
Outer Radial Blanket 
Subassemblies. . . . . . . . . . . . . 499 
Possible Storage for Core 
or Inner Radial Blanket 
S u b a s s e m b l i e s . . . . . . . . . . . . . 24 
Thermal Shield in 
Form of Steel tors . . . . . . . . . 195 
Removable Thermal 
Shield Bars Used for 
Surveil lance Tubes , . . . , . . . , 3 
Neutron Source L o c a t i o n N 0 5 N 0 4 . 1 
Surveil lance Subassembly 
Location P01 P 0 3 . . . . . . . . . . 1. 

Total Subassemblies 870 
Osci l la tor Rod Temporary 
Location P 0 3 P 0 0 

The Position Under the Center of the 

Rotating Plug is Vacant . 

FIG. 2 REACTOR CiOSS SECTION 



i06 i05 

5 

i04 

/ 

t 
S 

i03 

S R 

i02 

S R 

S R 

/ 

mi 

R 

POO 

S R 

S R 

POl 

s 

P02 

S R 

S R 

P03 

S R 

P04 

s-sSsmSmaiMiws™* 

P05 P06 

.. , 
V 

/ 

///, 

nh 

P05 

P©4 

P©3 

P©2 

Pil 

POO 

iOl 

i02 

i03 

i04 

i05 

i06 

SR 

Inner Radiol Blanket Subassembly 

Core Subassembly 

Safety Rod 

S \ 

Regulating Rod 

Shim Rod 

Neut ron Source 

FIG. 3 iEACTOR COORDINATE SYSTEM 

7 



The subassembly holddown mechan i sm is used to prevent the core 
and inner radia l blanket subassembl ies from floating or r i s ing above the 
lower support plate due to the sodium p r e s s u r e drop a c r o s s the core during 
reac to r operation. Mechanical holddown in addition to the normal weight of 
the outer radia l blanket subassembl ies is not n e c e s s a r y because they a r e 
cooled only by sodium flowing from the l o w - p r e s s u r e plenum. 

D. REACTOR CONTROL AND SAFETY SYSTEMS 

The reac to r is controlled by seven safety rods and two control rods , 
with provisions available for installat ion of an eighth safety rod. The rods 
contain boron carbide , with the boron enriched in boron-10, One control 
rod is for shimming, while the second provides regulat ion, and all rods a r e 
driven and actuated from the top. During a normal shutdown they a r e driven 
in by a motor ; following a s c r a m signal, they become delatched from their 
dr ives and a r e rapidly inser ted into the core by the expansion of compressed 
spr ings . 

There a r e 11 channels of permanent nuclear ins t rumentat ion, con­
sist ing of compensated and uncompensated ion chambers and fission chamber 
The channels a r e located in six neutron - counter tubes embedded in the 
graphite neutron shield surrounding the reac to r vesse l and they a r e d i s t r i ­
buted in such a pat tern that they will monitor the full flux level of power 
range during reac tor operation. The locations of the neutron - counter tubes 
in the graphite shield a r e shown in Fig. 4. Summarized in Table 1 a r e the 
type of counter, channel number, neutron - counter tube location, and the 
specific purpose of each of the de tec to rs . 

The s t a r t -up instrumentat ion was used during the tes t s descr ibed in 
this repor t . Modifications in location and the type of detector were made to 
c rea te the permanent plant instruinentation previously descr ibed. 

Source range measu remen t s were made by BFo proport ional counters 
in the s t a r t -up instrumentat ion. In addition, an absolute fission chamber 
housed in the t empora ry ins t rument thimble (see Section I I -F-2) was used 
during severa l of the t e s t s . The thimble was located in safety rod position 
No. 5, and all other neutron detectors were housed in ei ther No, 3 or No, 4 
neutron - counter tube. 

An ant imony-beryl l ium neutron source is located in the r eac to r at 
the core-blanket interface (Fig. 2) to provide a neutron flux at the neutron 
detectors during s t a r t -up , and to provide a measureab le neutron flux when 
the reac to r is shut down. 

The radioantimony portion of the source is made as a separa te unit 
for easy replacement . It is a rod approximately 0, 77 in. in diam, and it 
fits inside a hollow beryl l ium cylinder 27-in. long, which in turn fits inside 
a square s teel can having the external dimensions of a normal subassembly. 
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TABLE 1 - PERMANENT PLANT INSTRUMENTATION 

Channel Neutron-Counter 
Description No. Tube Number Type of Detector Power Range 

Source Range Fiss ion Chambers Shutdown - 12 kw 
^ 2 3 

Intermediate Range 

Power Range Operating 

Power Range Safety 

Fiss ion Chamber For 
Interraediate Range 
Calibration 

1 
2 
3 

1 
2 

1 
2 
3 

2 
2 
5 

2 
5 

1 
1 
6 

3 

Compensated Ion Chainbers 

Uncompensated Ion Chainbers 

Uncompensated Ion Chambers 

F i ss ion Chamber 

1. 2 kw 

2 Mwt -

2 Mwt -

300 w -

- 1200 Mwt 

300 Mwt 

300 Mwt 

30 Mwt 



E. SODIUM COOLANT AND INERT GAS SYSTEM 

The heat t r anspor t sys tem, shown in Fig. 5, consis ts of three p r i ­
m a r y coolant loops and three secondary coolant loops. The sodium pumps, 
one per loop, a r e s ing le -s tage , centrifugal puixips. Heat is removed from 
the core and blanket by the p r i m a r y sodium, t r a n s f e r r e d to the secondary 
sodium in th ree para l le l in termedia te heat exchangers located in the R e ­
ac tor Building, and is finally t r ans f e r r ed to s team and water in th ree once-
through-type s team genera tors located in the Steam Generator building. 

A p r i m a r y sodium serv ice sys tem s to res and purifies new sodium 
received by tank car and moni tors and purifies a side s t r e a m of the highly 
radioact ive p r i m a r y coolant when requ i red during operation. The second­
a ry sodium is provided with its own sys tem, which is unshielded because 
the secondary sodium is not radioact ive . 

Inert argon cover gas is provided for the en t i re p r i m a r y and second­
a ry sodium s y s t e m s . Its p r i m a r y purpose is to provide and maintain an 
iner t a tmosphere over al l l iquid-sodium systenas, to prevent oxidation of 
the meta l . Fu r the r , it provides a supply of purge gas for fuel handling oper ­
ations when radioactive gas and liquid meta l a r e present , as well as a supply 
of iner t gas for l iquid-metal t ransfe r and remote operat ions . The gas is 
removed to the waste gas disposal sys t em if it becomes radioact ive . 

F . ADDITIONAL INSTRUMENTATION 

In addition to the 11 channels of nuclear ins t rumentat ion d iscussed 
in Section II-D, th ree other devices a r e pert inent to one or m o r e subsequent 
sect ions of this repor t . They a r e the r e t r ac tab le neutron source , the t empo­
r a r y ins t rument thimble, and the t empe ra tu r e - sens ing devices used during 
these t e s t s . 

1. Ret rac table Neutron Source 

A re t rac tab le neutron source is des i rab le during low-power 
t e s t s to pe rmi t elimination of the source react iv i ty contribution by r e ­
moving the source after cr i t ica l i ty is reached. Therefore , such a source 
was located in core position P03-P00 during seve ra l low-power t e s t s . 

The source is ant imony-beryl l ium, and consis ts of a 0. 77-in. -
diam by 25-in. -long antimony rod located inside a hollow beryl l ium cylinder 
27-in. -long. The bery l l ium cylinder fits inside a square s teel can having the 
outside dimensions of a norixial safety rod guide tube. Thus, the source can 
be inse r ted in a safety rod position, and the antimony section can be removed 
with the offset handling mechan i sm in the same way that fuel is removed. The 
beryl l ium can section, however, must be removed with special tools . The 
antimony section is the antimony section of the permanent neutron source . 
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2. Tempora ry Ins t rument Thimble 

The te inporary ins t rument thimble was provided to house in -core 
de tec tors during s t a r t - up and other low-power t e s t s . When used, it was 
located in safety rod position No. 5 at location P03-P00 , It is a 2-in. -ID 
gastight s ta in less s teel tube, sealed at the lower end. It penet ra tes the r o ­
tating shield plug, extends downward through the core , and r e s t s against the 
dash pot at the bottom of the safety rod guide tube. 

3. Tempera tu re Detectors 

The t empera tu re detec tors used were i ron-constantan t h e r m o ­
couples and platinum re s i s t ance t empera tu re detec tors connected to a high-
sensi t ivi ty potent iometer and a r e s i s t ance br idge, respect ively . Their 
locat ions, types , and t e m p e r a t u r e - m e a s u r i n g functions a r e summar ized in 
Table 2. 

TABLE 2 - TEA4PERATURE DETECTORS 

Designation 

TE 115-3 
-15 
-30 

TE 133-11 

TE 201-1 
-2 
-3 

TE 209-1 
-2 
-3 

TE 110-1 

Type 

TC* 

•if 

TC"" 

RTD'^ 

RTD^ 

T C " 

L o c a t i o n 

POO-POO'"^' 
P 0 0 - P 0 3 * 
P 0 0 - P 0 5 * 

P 0 0 - P 0 6 * 

In E lbow Of 3 0 - i n . 
Out le t P i p e s 

In 6- in . In le t to 
L o w - P r e s s u r e 
P l e n u m 

On L o w e r Suppor t 
P l a t e 

T e m p e r a t u r e 
M e a s u r e d 

C o r e Out le t 

I nne r R a d i a l 
B lanke t Out le t 

R e a c t o r Out le t 

R e a c t o r In le t 

L o w e r Suppor t 
P l a t e 

* I r o n - c o n s t a n t a n t h e r m o c o u p l e . 
t P l a t i n u m r e s i s t a n c e t e m p e r a t u r e d e t e c t o r . 
t R e f e r s to the holddown f inger above the l oca t i on i n d i c a t e d . 

13 



Throughout this r epor t a distinction is made between t e m p e r a t u r e s 
in the power-producing portion of the r eac to r and t empe ra tu r e s at the inlet 
and outlet ex t remi t ies of the r eac to r vesse l . To make this distinction, the 
p a r a m e t e r s concerned only with the power-producing portion a r e associa ted 
with the word "co re" and those concerned with the inlet or outlet ex t remi t ies 
a r e associa ted with " r e a c t o r " . Thus, r eac to r and core inlet t e inpera tu res 
a r e separa te ent i t ies , as a r e core and reac to r outlet t e m p e r a t u r e s . 
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i n , MEASUREMENT OF REACTIVITY WORTH 
OF PERMANENT NEUTRON SOURCE 

A. PURPOSE OF TEST 

The purpose of this tes t was to de termine the effective react iv i ty 
contribution, as a function of r eac to r power, of the permanent ant imony-
beryl l ium neutron source located at the core-blanket interface (see Fig. 2), 
This information was neces sa ry to pe rmi t source react iv i ty cor rec t ions to 
be applied to c r i t i ca l rod positions during react ivi ty measu remen t s at any 
given power level . Fu r the r , this information permi t ted determinat ion of the 
effective lower l imit of the power range over which reac to r period m e a s u r e ­
ments could be made which would not requ i re a source react iv i ty cor rec t ion . 

B. EXPERIMENTAL PROCEDURE 

1, Apparatus and Equipment 

The r eac to r power levels during this t es t were m e a s u r e d by two 
high-sensi t ivi ty BF proport ional counters and one B-10-l ined ion chamber 
located in NCT-3 and NCT-4 (see Fig. 4). The two BF^ detec tors were con­
nected to mechanical s ca l e r s located in the r eac to r control room and were 
used to supply the count ra te and period signals to the two source range 
channels of the r eac to r safety sys tem. The ion chamber was connected to a 
p icoammeter r e c o r d e r channel, a lso located in the control room. This r e ­
corder yielded period data and m e a s u r e d any power drift taking place during 
c r i t i ca l rod position m e a s u r e m e n t s . 

The t empera tu re s at specific locations were m e a s u r e d during 
this tes t using the normal plant t empera tu re - sens ing devices . These con­
s is ted of i ron-constantan thermocouples and platinum res i s t ance t e m p e r a ­
tu re de tec tors J for which specific locations and functions a r e descr ibed in 
detai l in Section I I - F - 3 and Table 2. During the tes t , the data from all t em­
pe ra tu re sensor s were relayed to the t empora ry p rec i s ion- readou t stat ion 
in the r eac to r control room,, The thermocouples were connected to a high-
sensit ivity potent iometer , and the r e s i s t ance de tec tors were connected to 
a r e s i s t ance br idge . This equipment permi t ted t empera tu re readout 
accuracy of-f I F . 

The permanent plant ins t rumentat ion was used to obtain the n e c ­
e s s a r y data on sodium flow ra tes and control rod and safety rod posi t ions. 
The primiary sodium flow ra t e s were m e a s u r e d in the control rooin for each 
loop by magnetic f lowmeters capable of being read to within + 0. 05 x 10" 
Ib /h r . The regulat ing rod and shim rod positions could be read to within 
+_ 0. 01 in. by means of Gilmore digi ta l - readout position indicators located 
in the control room. 
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2, R e a c t o r P l a n t Condi t ions 

D u r i n g th i s t e s t , the t e m p o r a r y i n s t r u m e n t t h i m b l e ( see Sec t ion 
I I - F - 2 ) w a s in pos i t i on P 0 3 - P 0 0 , and w a s u s e d to h o u s e a U-235 a b s o l u t e 
f i s s i o n c h a m b e r . The n e u t r o n s o u r c e w a s a t i t s n o r m a l o p e r a t i n g p o s i t i o n 
a t the c o r e - b l a n k e t i n t e r f a c e , pos i t i on N 0 5 - N 0 4 . (See F i g . 2 . ) 

The p r i m a r y s y s t e m w a s m a i n t a i n e d a t an i s o t h e r m a l cond i t ion 
of 410 F and p r i m a r y flow was s e t a t a p p r o x i m a t e l y 2 . 00 x 10 I b / h r / l o o p 
for t h r e e - l o o p o p e r a t i o n . The coo lan t t e m p e r a t u r e w a s he ld c o n s t a n t by 
b a l a n c i n g the hea t input f r o m the p r i m a r y s o d i u m p u m p o p e r a t i o n w i th the 
h e a t r e m o v a l r e s u l t i n g f rom o p e r a t i o n of the s e c o n d a r y s o d i u m s y s t e m , the 
f e e d w a t e r s y s t e m , and a l l a u x i l i a r y s y s t e m s . 

The n o r m a l r e a c t o r s a fe ty s y s t e m w a s in o p e r a t i o n d u r i n g the 
t e s t , w i th the excep t ion tha t the s o d i u m flow s c r a m point w a s r e d u c e d f r o m 
75 to 40 p e r cen t of the 2 0 0 - M w t d e s i g n flow r a t e , b e c a u s e of the l o w e r p r i ­
m a r y coo lan t flow r a t e d u r i n g th i s t e s t . The i n t e r m e d i a t e l e v e l s c r a m s 
w e r e s e t a t a flux l eve l c o r r e s p o n d i n g to a power of a p p r o x i m a t e l y 1 Mwt, 
and the power r a n g e c h a n n e l s w e r e a d j u s t e d to p r o v i d e l eve l s c r a m s a t t h e i r 
m i n i m u m s e t poin ts ( a p p r o x i m a t e l y 1 Mwt) . 

The r e a c t o r w a s loaded d u r i n g th i s t e s t to p r o v i d e a t l e a s t 32 
i n h o u r s but l e s s than 96 i n h o u r s e x c e s s r e a c t i v i t y in the s h i m r o d s and r e g ­
u la t ing r o d s , to o v e r c o m e the s o u r c e r e a c t i v i t y effects a t low p o w e r s and to 
a c c o m o d a t e the d e s i r e d power l eve l changes d u r i n g the t e s t . The l oad ing 
conf igu ra t ion u sed is shown in F i g . 6. 

3, D e s c r i p t i o n of M e a s u r e m e n t s 

Af te r the n e c e s s a r y c i r c u i t s w e r e mod i f i ed and the flow r a t e s 
w e r e ad ju s t ed , the r e a c t o r w a s b r o u g h t to a s u b c r i t i c a l p o w e r l e v e l of 
a p p r o x i m a t e l y 15 w a t t s . The r e a c t o r w a s s u b c r i t i c a l dxie to the a b s o r p t i v e 
effect of the a n t i m o n y p o r t i o n of the s o u r c e . The s u b c r i t i c a l count r a t e w a s 
c o n s i d e r e d to have l eve l ed out when s u c c e s s i v e counts on the count r a t e 
c h a n n e l s in equa l t i m e p e r i o d s did not v a r y by m o r e than two p e r cen t of the 
to t a l count r a t e . 

To i n s u r e tha t the d e s i r e d i s o t h e r m a l condi t ion of 410 F e x i s t e d , 
c o r e and r e a c t o r i n l e t and out le t t e m p e r a t u r e s w e r e m o n i t o r e d and r e c o r d e d 
a t 5 - m i n i n t e r v a l s unt i l the t e m p e r a t u r e of any one point did not v a r y m o r e 
than 2 F b e t w e e n r e a d i n g s , and the AT a c r o s s the r e a c t o r w a s 2 F o r l e s s . 
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When the equil ibrium conditions were satisfied, the following data 
were noted and recorded: 

• Core and blanket outlet t empera tu re s 
• Reactor inlet and outlet t empera tu re s 
• Lower support -pla te t empera tu re 
• P r i m a r y sodium flow ra te 
• Integrated count ra te on the neutron detector channels and 

the in -core fission chainber for 10,000 counts or 5 min 
• Shim rod and regulating rod position* 

The regulating rod was reposi t ioned to r a i s e the power level, and 
the ent i re l is t of data was recorded again. Ultimately, the data were r e ­
corded at four subcr i t ica l power levels up to approximately 100 wat t s . 

Following these m e a s u r e m e n t s , a s e r i e s of m e a s u r e m e n t s was 
made in which the reac to r was placed on various positive per iods . Counts 
were recorded at 15-sec intervals to a power level of approximately 3000 
wat ts , and the periods were determined from a graph of logar i thm of power 
versus t ime, as well as from the p icoammeter r e c o r d e r channel. M e a s u r e ­
ments were recorded for six different r eac to r per iods , using only one neu­
t ron-de tec to r channel. At the conclusion of these measu remen t s the tes t 
was completed. 

C. EXPERIMENTAL RESULTS AND ANALYSIS 

The exper imental data for determinat ion of the source cor rec t ion 
factor a r e presented in Table 3, Counts were recorded with the shim rod 
position held constant, and the safety rods fully withdrawn. Counts were 
recorded using all four detector channels as well as the in -core fission 
chamber; however, the data from the in -core fission chamber were suffi­
cient to de termine the amount of subcr i t ica l react iv i ty . 

The subcr i t ica l react ivi ty is determined by the method of subcr i t ica l 
multiplication, d iscussed in detai l in the Appendix. Since the amount of r e ­
activity (Ak) due to the source dec reases as power (P) i n c r e a s e s , P • Ak 
should be constant. The values for Ak and P • Ak as functions of power a re 
given in Table 4 and the average of the four measu red values is given as the 
source cor rec t ion factor. The calculation of Ak assumed two important 
ca l ibra t ions : 

• The worth of the regulating rod between 4- and 9-in, withdrawn 
equals 3. 55 cents per in. , +^2 per cent. The regulating rod 
cal ibrat ion curve is shown in Fig. 7. 

* Safety rods were fully withdrawn throughout the tes t . 
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• 951 counts per min recorded by the U-235 (199 (J-gram) abso­
lute fission chamber equals 1 watt of r eac to r power. 

TABLE 3 - EXPERIMENTAL DATA - - DETERMINATION OF 
PERMANENT SOURCE CORRECTION FACTOR 

Rod Pos i t ions , in. =!> 
Regulating 

4 .00 
5.00 
6 00 
7.00 

Rod Shim Rod 

10.01 
10.01 
10.01 
10„0I 

Count Rate F r o m 
In-Core F i ss ion 

Chamber , count 

16,907 
22,718 
36,286 
88,088 

s/mint 

Calculated 
Power , 
watts t 

17.8 
23.9 
38 .2 
92.6 

TABLE 4 - RESULTS OF DETERMINATION OF PERMANENT 
SOURCE CORRECTION FACTOR 

Average Amount of 
Subcri t ical Reactivity, Ak, 

Power , P , watts cents P • Ak 

17.8 
23.9 
38.2 
92.6 

13.48 
9.811 
6.064 
2.491 

239.9 
234, 5 
231.6 
230.7 

Average source cor rec t ion factor = 234 + 7 wat t -cents 

* All m e a s u r e m e n t s made with al l safety rods fully withdrawn 
t All m e a s u r e m e n t s , average of two 1-min counts 
• Assumes 951 counts per minute on fission chamber = 1 watt 

Ear ly calculations of the source cor rec t ion factor were based on a 
different conversion factor, 863 counts /min /wat t , r a the r than 951. Sub­
sequent calculations which have been compared to heat balance t e s t s have 
shown that the value of 951 is m o r e accu ra t e . Fu r the r , some init ial ca l ­
culat ions, which resul ted in a source cor rec t ion factor of 243 wat t -cents 
(versus 234 quoted in Table 4) were based on a regulating rod cal ibrat ion 
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curve which gave the worth of the regulat ing rod between 4- and 9-in. with­
drawn as 3. 35 cents per in, , +_ 2 per cent. This curve was found to be 
slightly less accura te than the one used in this calculation and shown in Fig, 
7. The value of 234 +_ 7 wat t -cents for the permanent source cor rec t ion fac ­
tor given in Table 4 is therefore assumed to be more accura te than values 
which might be found e lsewhere . In addition, the source factor will have 
dec reased approxinaately 1 per cent per day re la t ive to August 27, 1963 (when 
the value of source s t rength was establ ished) , due to decay of the rad ioan t i -
mony. 

An analysis of e r r o r s present in the measu remen t s and calculations 
showed that e r r o r s in measur ing rod position and cal ibrat ion and e r r o r s in­
herent in counting s ta t i s t ics were significant. The f i rs t two contributed 2 
per cent e r r o r each, and counting s ta t i s t ics were assumed to be in e r r o r by 
+_ 1 per cent. The mos t probable e r r o r was assumed to be the square root 
of the sum of the squares of the individual e r r o r s , or 3 per cent, and this 
was equivalent to the +_ 7 wat t -cents given in Table 4, 

To de termine the power range over which period m e a s u r e m e n t s could 
be made which would requi re no source co r rec t ions , the r eac to r was placed 
on various positive periods and counts from the neutron detector recorded . 
Counts were recorded from only one neut ron-detec tor channel, using a p r o ­
port ional counter , and the reac to r period was determined from the graph of 
logar i thm of power ve r sus t ime. The reac to r period was also m e a s u r e d by 
the p icoammeter r e c o r d e r channel, and in all cases the values agreed quite 
sa t is factor i ly . 

The count ra te data were taken in 15-sec in te rva l s , with the las t 3 
sec of each interval being used for recording the measu red value and for 
rese t t ing the counter. The counter stopped and s ta r ted autoiTiatically, and 
the t ime intervals were constant within the l imits of mechanical accuracy 
of the t i m e r . 

Power values for each t ime interval were obtained using a conversion 
factor for the neutron detector , based on subcri t ical counts recorded by the 
detector and by the in -core absolute fission chamber . Using the fact r e p o r t ­
ed above that 951 counts per min on the fission chamber equals 1 watt of r e ­
ac tor power, a conversion factor was obtained for the neutron detector from 
counts recorded at the same power. This conversion factor was found to be 
94 counts per min equals 1 watt. 

A plot of the logar i thm of power ve r sus t ime after a react iv i ty i n s e r ­
tion, (Fig. 8) will be near ly l inear for powers high enough to minimize the 
source contribution. These curves a re l inear above a power of approximately 
500 watts and remain l inear to a power of at l eas t 2 kw. 
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D, CONCLUSIONS 

From the value of the source cor rec t ion factor given in Table 4, it 
can be concluded that c r i t ica l rod measu remen t s should be made at power 
levels in excess of 1 kw. For example, at 10 watts the source cor rec t ion 
would be 23 f 1.2 cents , an appreciable amount, -while at 1000 watts the 
source correc t ion would be much l e s s . 0. 23 +_ 0. 012 cents , a negligible 
amount. 

F rom the graphs shown in Fig. 8, it can be concluded that period 
measu remen t s can be made at powers in excess of 500 watts with smal l 
source effects. However, to remain consistent with the above conclusions, 
period i i ieasurements should in the future be made at power levels above 
1 kw if the permanent neutron source is in position. 
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IV, MEASUREMENT OF REACTIVITY WORTH 
OF RETRACTABLE NEUTRON SOURCE 

A. PURPOSE OF TEST 

The purpose of this tes t was to m e a s u r e the effect of inser t ing a 
r e t r ac t ab le neutron source into the core , and the react iv i ty effects of the 
source following its installat ion. 

For the major i ty of the low-power nuclear t e s t s it was expedient to 
withdraw the s ta t ionary neutron source from its core edge position and to 
ins ta l l a special neutron source in safety rod position No. 5 (core position 
P03-P00 ; see Fig. 2), This source had an active portion which could be 
r e t r ac t ed by the safety rod drive mechan ism when des i red . The re t rac t ion 
of this source after cr i t ica l i ty had been reached would el iminate any con­
s idera t ions of source react ivi ty effects in subsequent m e a s u r e m e n t s . This 
would c i rcumvent the s ta t ionary source res t r i c t ion that operating power 
levels exceed about 1 kw to minimize source react ivi ty effects. The very 
low operating power levels thus made possible would minimize the ac t iva­
tion of core ma te r i a l s and coolant during the remaining low-power tes t p r o ­
gram. 

Two separa te tes ts were required, however, for the r e t r ac tab le 
source . The f i r s t was the reloading and new approach to c r i t ica l i ty follow­
ing initial installation of the source , and the second was the actual r eac t i v ­
ity m e a s u r e m e n t s . 

Since the react ivi ty effect of the source was unknown, the acceptable 
way to in se r t it into the core was to remove fuel to a configuration well 
below the c r i t i ca l loading, inse r t the source , and then to reload and approach 
cr i t ica l i ty in a s t ra ightforward manner . 

When instal led, the re t rac tab le source has two react ivi ty effects. 
The f i rs t is the apparent react ivi ty resul t ing from the constant neutron 
emiss ion ra te of the ant i inony-beryl l ium a s s e m b l y ' , which is inverse ly 

t The react ions involved a r e : 

Sbl24* ^ Te l24 + p-+ y 

Be*̂  (Y, n) Be8 
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proport ional to power. The second effect is an inc rease in react iv i ty upon 
withdrawal of the antimony portion of the source , which is an abso rbe r . 
This effect is independent of power, but must be m e a s u r e d at a sufficiently 
high power to minimize the fact that, as the antimony is withdrawn, the 
source neutron emiss ion ra te d e c r e a s e s . 

B. EXPERIMENTAL PROCEDURE 

1. Apparatus and Equipment 

The reac to r power level during the tes t was m e a s u r e d by three 
high-sensi t ivi ty BF3 proport ional counters and six B-10-l ined ion chamber s , 
located in neutron-counter tubes NCT-3 and NCT-4 (see Fig. 4). Two of 
the proport ional counters supplied signals to the two source range channels , 
while the third served as a monitoring channel. Each counter was connected 
to a mechanical sca le r located in the r eac to r control room. Five of the ion­
ization chambers provided signals to the three in termedia te range channels 
and to two of the three power range channels in the safety sys tem. The sixth 
ion chamber provided a signal to a p icoammeter r e c o r d e r channel. 

The p r i m a r y sys tem t empe ra tu r e s were monitored with the n o r ­
mal plant t empera tu re - sens ing elements consist ing of i ron-cons tantan the rmo 
couples and platinum res i s t ance t empera tu re de tec tors , connected to a high-
sensit ivi ty potentiometer and a res i s t ance br idge, respect ively. The sensing 
elements were positioned such that core and reac to r inlet and outlet t e m p e r ­
a tures could be monitored. Their specific locations and functions a r e d i s ­
cussed in detail in Section I I -F -3 and Table 2, The t empe ra tu r e data for the 
tes t were obtained with high precis ion (+ 1 F) at a t empora ry readout station 
in the reac tor control room. 

Sodium flow rate data were obtained by use of six p r i m a r y sodi ­
um flow m e t e r s - - part of the permanent plant ins t rumentat ion. Readings 
were made and logged to the nea res t 0, 05 x 10" Ib /h r . Gilmore d ig i t a l - r ead ­
out position indicators were used to de te rmine the shim rod and regulat ing 
rod positions to the nea re s t 0. 01 in. During the ganged withdrawal of the 
seven operating control rods , the position of safety rod No. 1 was read to 
the nea re s t 0, 01 in. , as indicated on the Gilmore position indicator . 

The position of the antimony portion of the r e t r ac t ab le source at 
any given tinne was indicated by the control console dial connected to the 
potentiometer on the source drive extension normal ly employed for safety 
rod No. 5, The source position was controlled by means of a t empora ry con­
t ro l station located in the control room. 
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2. Reactor Plant Conditions 

a. Reload for Retractable Source 

To begin the t es t , seven core edge fuel subassembl ies , r e ­
present ing approximately two dol lars of react ivi ty, were removed from the 
core region and placed in fuel s torage posit ions. These vacated positions 
were then filled with duinmy core and inner radia l blanket subassembl i e s . 
Following this reduction in core loading, the t empora ry ins t rument thimble 
located in position P03-P00 was replaced by the re t rac tab le neutron source 
beryl l ium can and source drive extension. The beryl l ium can for the oper ­
ating s ta t ionary source remained in its position at the core-blanket in terface, 
N05-N04. Its radioantimony section was a lso left in the permanent neutron 
source location during the portion of this tes t involving the approach to c r i t i ­
cality. Following cr i t ical i ty , the radioantimony section was t rans fe red to 
the r e t r ac tab le source position. The reac to r loading at this point indicates 
the location of the permanent and re t rac tab le neutron sources (see Fig. 9). 

The fuel loading operations requ i red that the p r i m a r y sodium 
flo-w be reduced to pony motor flow rate of approximately 11 per cent of the 
200-Mwt design flow ra te to facili tate maintenance of an i so thermal condition 
(at 517 F) without "floating" the dummy subassembl ies in the core with the 
holddown mechanism in the ra i sed position. E a r l i e r calculations had indi­
cated that the plugged-fi l ter- type dummy subassembl ies -would float at sodi ­
um flow ra tes g rea te r than 25 per cent of 200-Mwt design flow ra te . The 
flow ra te was increased to 200-Mwt design flow ra te when cr i t ica l i ty was 
reached and no rma l subassembl ies were back in the co re . 

The conditions of the secondary sodium and feedwater s y s ­
tems were adjusted to maintain the des i red i so thermal condition at 517 F 
in the p r i m a r y sys tem. 

b. Reactivity Worth Measurements of Ret rac table Source 

The core was loaded for this phase of the tes t so that the 
excess react iv i ty was between 50 and 140 inhours. It was predicted that 
approximately 100 inhours of negative react ivi ty in the shim rod and regu­
lating rods would be required to achieve the des i red initial power level of 
approximately 50 watts for this portion of the tes t . 

Since the reac tor power level was l imited to 1 Mwt or l e s s , 
the in termedia te range level s c r a m s were set to s c r a m the r eac to r at a 
flux level corresponding to that power level. The power range level s c r a m s 
were set at minimum - - approximately 1 Mwt, 
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P r i m a r y sodium flow was set at the refueling flow ra te of 
52. 5 per cent of 200-Mwt design flow, or 1. 55 x 10" Ib /h r / loop for t h r e e -
loop operation. Fu r the r , the p r i m a r y sodium flow ra te s c r a m point was 
set at 40 per cent of 200-Mwt design flow, 

3. Descr ipt ion of Measurements 

a. Reload for Ret rac table Source 

When the des i red configuration descr ibed in Section IV-B-2 
was obtained, the approach to cr i t ica l i ty was made in a manner s imi la r to 
the procedure used in the initial approach to cr i t ica l i ty . 

With an initial loading of 93 core subassembl ies , the sub-
cr i t i ca l count ra te was allowed to level-out . This was determined by taking 
success ive counts until the counts accumulated in equal periods of t ime did 
not vary by more than 2 per cent of the total count r a t e , providing at leas t 
10, 000 counts were accuinulated (or 5 min elapsed if the count r a t e was very 
low). 

An i so thermal condition was maintained at 517 F at each 
point. This was determined by recording te inpera tures at 5-min intervals 
until (1) the t empera tu re at any given point did not vary between readings 
by more than 2 F, and (2) the t empera tu re difference between any two points 
was 4 F or l e s s . 

When these c r i t e r i a were sat isf ied, the following m e a s u r e ­
ments were recorded: 

• Core and blanket outlet t empe ra tu r e s 
• Reactor inlet and outlet t e inpera tures 
• Lower support -pla te t empe ra tu r e s 
• P r i m a r y sodium flow ra te 
• Retrac table source position 
• Total integrated counts on the th ree count ra te 

channels for a min imum of 5 min, or 10,000 counts 
• Ion chamber cu r ren t as indicated on the p icoammeter 

r e c o r d e r channel 
• Shim rod, safety rod, and regulating rod positions 

These data were recorded at seven rod configurations, s u m ­
mar ized in Table 5 and in Section I V - C - 1 . 
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TABLE 5 - EXPERIMENTAL DATA - - RELOAD FOR INSERTION 
OF RETRACTABLE NEUTRON SOURCE 

Rod Posi t ions , in. 
Subassemblies 

In Core 

93 

96 

98-1 /2^ 

Safety 

IN 
19. 65^ 
21. 22^ 
31.56^ 

OUT 
OUT 
OUT 

IN 
19. 59 
21.23 
31. 60 

OUT 
OUT 
OUT 

IN 
19. 55 
21.25 
31. 63 

OUT 
OUT 
OUT 

Shim 

IN 
IN 
IN 
IN 
IN 
OUT 
OUT 

IN 
IN 
IN 
IN 
IN 
OUT 
OUT 

IN 
IN 
IN 
IN 
IN 
OUT 
OUT 

Regulating 

IN 
IN 
IN 
IN 
OUT 
IN 
OUT 

IN 
IN 
IN 
IN 
OUT 
IN 
OUT 

IN 
IN 
IN 
IN 
OUT 
IN 
2, 99 

Count Rate, " 
counts /min 

389 
1, 640 
1,823 
2, 140 
2,591 
2,598 
3,349 

440 
2,61] 
3,053 
3,827 
5,405 
5,527 
9,616 

480 
5,046 
6. 845 

10,807 
58,012 
80,901 

CRITICAL 

a All safety rods were ganged. This is position of safety rod No, 1 at 
f i rs t subcr i t ica l stop position, 

b Second subcr i t ica l stop position. 
c Full-out position. 
d Average of two 5-min counts on channel 1 and t^vo 5-min counts on 

channel 2. 
e 98 fuel subassembl ies and one shim subassembly . 
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The magnitude of each reloading was de termined by the 
degree of subcr i t ical i ty , as es t imated from the subcr i t ica l count ra te for 
the various rod positions of the previous loading. 

The sequence of loading incrennents was one loading in­
c remen t of th ree fuel subassembl ies followed by one loading increment of 
two fuel subassembl ies and one shim subassembly . A shim subassembly 
has a worth approximately one-half that of a normal core subassembly . 
The las t loading increment was chosen so that cr i t ica l i ty would be reached 
with all but the regulating rod fully withdrawn. The reac to r configurations 
after each of these two loading increments a r e shown in Figs.10 and 11. 

When cr i t ica l i ty had been reached, the following data were 
recorded: 

• Core and blanket outlet t empe ra tu r e s 
• Reactor inlet and outlet t empera tu re s 
• Lower support -pla te t empera tu re s 
• P r i m a r y sodium flow rate'" 
• Cr i t ica l regulating rod position 
• Reactor flux level and drift r a te as indicated 

by the p icoammeter r e c o r d e r channel 

This concluded the reloading. The react ivi ty measu remen t s 
were then begun, 

b. Reactivity Effects of Ret rac table Source 

(1) Determinat ion of the Reactivi ty 
Contribution of the Source Neutrons 

The reac tor was brought to a subcr i t ica l power level 
of approximately 70 watts to begin this tes t . The subcr i t ical count ra te -was 
allowed to level out in the manner descr ibed e a r l i e r (Section IV-B-3-a ) and 
the follov/ing measure inen ts were recorded: 

• Core and blanket outlet t empe ra tu r e s 
• Reactor inlet and outlet t empera tu re s 
• Lower support-plate t empera tu re 
• Subcri t ical count r a t e on the two count r a t e 

channels for 5 min, or a miniixium of 10,000 counts 
• Regulating rod position (shim rod position fixed at 

13-in. withdrawn). 

* At cr i t ica l i ty this had been increased from pony motor flow to 200-Mwt 
design flow. 
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The preceding sequence of m e a s u r e m e n t s was recorded 
at th ree more power levels up to a maximum of 1250 wat ts . It was observed 
that a power level of about 1 kw was sufficient for the second portion of the 
tes t (see Section III), 

Using the regulating rod cal ibrat ion curve shown in Fig. 
7, and the method of subcr i t ica l multiplication descr ibed in the Appendix, 
the measu red regulating rod positions and power levels as indicated by the 
p icoammeter r e c o r d e r channel were converted to react iv i ty values , to d e ­
t e rmine the source cor rec t ion factor as a function of power. 

(Z) Determinat ion of the Reactivi ty Worth of the 
Antimony Port ion of the Ret rac table Source 

This portion of the tes t was conducted at a fixed power 
of 1250 wat ts , for seven positions of the antimony rod ranging from fully in ­
ser ted to fully withdrawn. The shim rod was held at 13-in. withdrawn and 
the c r i t i ca l regulating rod positions ranged from 4 - 1 / 2 - to 7 -1 /2 - in . with­
drawn. 

The following data were recorded at each position of 
the antimony rod: 

• Core and blanket outlet t e m p e r a t u r e s 
• Reactor inlet and outlet t empe ra tu r e s 
• Lower support -pla te t empe ra tu r e 
• Reactor flux level and drift r a t e , as indicated 

by the p icoammeter r e c o r d e r channel 
• Cr i t ica l regulating rod position 

The seven positions measu red werejfully inse r t ed ; withdrawn 10, 20, 25, 
30, 40 in.; and fully withdrawn, or 53 in. This concluded the ent i re tes t . 

C. EXPERIMENTAL RESULTS AND ANALYSIS 

1. Reload for Ret rac table Neutron Source 

The exper imenta l data recorded during the approach to cr i t ica l i ty 
following installation of the re t rac tab le neutron source a r e shown in Table 5. 
Counts were recorded on two source range channels for two 5-min in te rva l s , 
and the average of the four values is given in Table 5. Measurements were 
made for al l safety rods fully inser ted , withdrawn to thei r f i rs t subcr i t ica l 
stop position, withdrawn to their second subcr i t ica l stop position, and fully 
withdrawn. With the safety rods fully withdrawn, further measu remen t s 
were taken for the three shim rod and regulating rod positions noted in the 
table . 
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To approximate , initially, the amount of react ivi ty requi red in 
the next loading, a plot of inverse count r a t e ve r sus number of s u b a s s e m ­
blies in the r eac to r was made . Cri t ical i ty was des i red for all but the r egu­
lating rod fully withdrawn, and the extrapolation of the curve through points 
for this configuration gave an es t imate of the amount of fuel requi red to attain 
cr i t ica l i ty . The plot of relat ive inverse count ra te ve r sus reac tor loading is 
shown in Fig. 12, for which the data have been normal ized to unity at 93 sub ­
assembl ie s in the r eac to r and all rods fully inser ted . 

The indicated loading with 96 subassembl ies in the core was 
98-1/2 subassembl ies . This was attained by loading two normal fuel sub­
as sembl i e s and one shim subassembly which has a worth of approximately 
one-half that of a normal fuel subassembly. Cri t ica l i ty was achieved with 
98-1/2 subassembl ies in the r eac to r and all but the regulating rod fully with­
drawn, as was des i red (see Table 5). 

The react ivi ty s ta te of the r eac to r throughout the loading was 
determined from the subcr i t ica l count ra te data. The data were analyzed 
in three ways: (1) by extrapolat ion of the curve of inverse count ra te v e r ­
sus loading, Fig. 12; (2) by using the previously determined rod worths to 
derive a relat ionship between subcr i t ica l react iv i ty and the change in sub-
c r i t i ca l count ra te upon rod withdrawal, using the method d iscussed in the 
Appendix;and, (3) by measur ing the "source react ivi ty contribution" with all 
rods up. 

Using these three methods, the amount of excess react ivi ty in 
the core after inser t ion of the final two and one-half subassembl ies was com­
puted to be 30 cents , 23 cents , and 35 cents , respect ively. 

The worth of the beryl l ium can was determined from the change 
in subcr i t ica l count ra te which occur red after the can had been instal led in 
the r eac to r , and a lso from the new c r i t i ca l m a s s with the can instal led com­
pared to the c r i t i ca l m a s s without the can. The worth of the can by these 
two methods is 37 cents and 35. 5 cents , respect ive ly . 

2. Reactivity Worth of Ret rac table Neutron Source 

The re t r ac tab le source worth was measu red as a function of 
power and as a function of position. The data for the exper iment a r e shown 
in Table 6. F r o m the regulating rod positions and the worth curve of the 
regulating rod, shown in Fig. 7, the amount of subcr i t ica l react ivi ty , Ak^ at 
each power level, P , was calculated using the method of subcr i t ica l counting, 
descr ibed in the Appendix. The source cor rec t ion factor was calculated for 
each power level and the average of four values is given in Table 6. 
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TABLE 6 - MEASUREMENTS FOR DETERMINATION OF 
WORTH OF RETRACTABLE NEUTRON SOURCE 

Source Worth As A Function Of Power With Source Fully Inser ted 

Regulating Rod 
Posi t ion, in. 

6. 17 
6. 68 
7. 16 
7.29 

Power , P , watts'"" 

70 
131 
367 

1,250 

Ak, cents"" 

4 .09 
2.35 
0.798 
0.223 

* Average P* Ak = 291.4 wat t -cents . 

Source Worth As A Function Of Source Posi t ion And At Constant Power 

Source Pos 
in . 

IN 
10 
20 
25 
30 
40 

ition, 

53-1 /8 (OUT) 

Regulating 
Posi t ion, 

7,26 
6.71 
5. 64 
5,26 
4 .92 
4, 86 
4.80 

Rod 
in. 

S ource Worth, 
cents 

1. 60 
5.35 
6. 68 
7. 87 
8. 08 
8.29 

t Includes cor rec t ions for t empera tu re and power drift. 

Section III-C and Table 4 give the source cor rec t ion factor as 
234 i_ 1 wat t -cents for the source at the core-b lanket in terface. P r e l i m i n a r 
calculations had predicted an inc rease in source effectiveness of a factor of 
about 3 in moving it to center position POS-POO. By the t ime this tes t was 
run, the source factor had decreased due to decay of the radioantimony to a 
measu red value of ] 10 wat t -cen t s , and the observed factor of inc rease was 
2. 6. 
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This c a l c u l a t i o n a s s u m e s two i m p o r t a n t c a l i b r a t i o n s . A b s o l u t e 
r e a c t o r p o w e r w a s d e t e r m i n e d on t h e b a s i s t h a t a r e a d i n g on t h e p i c o a m -
m e t e r r e c o r d e r channe l of 6. 0 x 10~° p i c o a m p e r e s e q u a l s 1 kw of r e a c t o r 
p o w e r . F u r t h e r , o v e r the r a n g e of 5 to 7. 5 in. of r e g u l a t i n g r o d w i t h d r a w a l , 
i t w a s a s s u m e d tha t the r e g u l a t i n g rod w a s w o r t h 3 . 5 c e n t s p e r in. , +^2 p e r 
cen t ( see F i g . 7). 

R e a c t i v i t i e s of the r e t r a c t a b l e s o u r c e a s a funct ion of s o u r c e 
w i t h d r a w a l pos i t i on a r e given in Tab le 6. This t e s t w a s r u n a t a c o n s t a n t 
r e a d i n g on t h e p i c o a m m e t e r of 0. 75 x 10" p i c o a m p e r e s , o r 1250 w a t t s , t o 
m i n i m i z e the p o w e r - d e p e n d e n t s o u r c e n e u t r o n c o n t r i b u t i o n . At t h a t p o w e r , 
a s y s t e m a t i c c o r r e c t i o n of - 0 . 23 cen t s w a s app l i ed to a l l r e a c t i v i t y v a l u e s 
a s t h e s o u r c e c o r r e c t i o n . 

The w o r t h s w e r e c a l c u l a t e d , aga in , f r o m the w o r t h c u r v e of the 
r e g u l a t i n g rod . The v a l u e s g iven a s s u m e tha t t h e r e g u l a t i n g r o d i s w o r t h 
3 . 5 c en t s p e r in, , i_Z p e r cen t , and they w e r e c o r r e c t e d for t e m p e r a t u r e 
and p o w e r dr i f t , A g r a p h of the w o r t h of the r e t r a c t a b l e s o u r c e v e r s u s 
s o u r c e pos i t i on is shown in F i g , 13; th i s r e s e m b l e s the w i t h d r a w a l c u r v e 
for a s a fe ty rod . 

The r e a c t i v i t y effect of c o m p l e t e l y w i t h d r a w i n g the a n t i m o n y r o d 
w a s c a l c u l a t e d as a funct ion of c o m p l e t e w i t h d r a w a l of a s t a n d a r d sa fe ty rod 
(conta in ing 535 g r a m s of B-10) f r o m the s a m e p o s i t i o n . The r e s u l t i n g f r a c ­
t ion of the safe ty rod w o r t h w a s 1 /13 , 5, 

Safety rod No. 4, l o c a t e d in the m i r r o r iixiage of s a fe ty r o d p o s i ­
t ion No. 5 (where the a n t i m o n y r o d w a s l o c a t e d ) , con t a ined 546 g r a m s of 
B - 1 0 and i t s w o r t h w a s m e a s u r e d to be 1. 19 d o l l a r s . T h e r e f o r e , a s t a n d a r d 
rod would be w o r t h 1. 17 d o l l a r s and the p r e d i c t e d an t i inony r o d w o r t h would 
be 

1. 17 d o l l a r s / 1 3 . 5 = 8. 6 cen t s 

The w o r t h of the a n t i m o n y rod a t c o m p l e t e w i t h d r a w a l , (as d e t e r ­
m i n e d f r o m F i g . 14 and Tab le 6), is 8. 3 c e n t s , in c l o s e a g r e e m e n t w i th p r e ­
d ic t ion . 

An i n v e s t i g a t i o n o f - s o u r c e s of e r r o r r e v e a l e d tha t e r r o r s a r i s e 
f r o m the s o u r c e c o n t r i b u t i o n to r e a c t i v i t y , +_ 1 i n h o u r ; p o s i t i o n i n g the a n t i ­
inony r o d , ^ 0. 2 i nhou r ; m e a s u r e m e n t of r e a c t i v i t y jf 1. 1 i n h o u r s , r o d p o s i ­
t ion e r r o r , +_ 0. 4 i nhour ; power dr i f t , +_0. 1 i nhour ; and t e m p e r a t u r e dr i f t , 
j _ 1. 0 i n h o u r . The m o s t p r o b a b l e e r r o r is a s s u m e d to be the s q u a r e r o o t of 
the s u m of the s q u a r e s of the e r r o r s due to s o u r c e c o n t r i b u t i o n , p o s i t i o n of 
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the antimony rod, and react ivi ty m e a s u r e m e n t s , with react ivi ty e r r o r being 
included twice, since it is p resent in the reference measu remen t . The com­
puted value of probable e r r o r in this section of the tes t is j_l,9 inhours , or 
4̂  0. 6 cent . 

D. CONCLUSIONS 

The measu red value of source worth agrees quite well with predicted 
values at constant position and at constant power and var iable position. 
With an overal l reac t iv i ty inc rease of only + 8. 3 cents upon complete with­
drawal , the antimony rod withdrawal p resen ts no significant safety problem 
to operat ion of the reac tor and further use of the r e t r ac tab le neutron source . 
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V. REACTIVITY EFFECTS OF COOLANT FLOW RATE 
AND PRIMARY SYSTEM COVER GAS PRESSURE 

A, PURPOSE OF TEST 

The purpose of this t es t was to investigate possible react iv i ty effects 
resul t ing from changes in the p r i m a r y coolant flow ra te or the p r i m a r y s y s ­
tem cover gas p r e s s u r e . 

The measu remen t s in which coolant flow ra te s were changed were in­
tended to de te rmine whether gas was introduced into the r eac to r coolant by 
operat ion of the overflow pump. Fu r the r , they were intended to detect any 
react ivi ty effects which may have been caused by s t ruc tu ra l deformation of 
the core or core support s t ruc tu re resul t ing from the f low-rate-dependent 
p r e s s u r e differential a c r o s s the core . This tes t was conducted p r imar i l y 
because gas entra inment problems had been experienced ea r l i e r at the B r i t ­
ish Dounreay fast reac tor and the Russian BR-5 fast r eac to r . 

All measu remen t s in the tes t for investigation of cover gas p r e s s u r e 
were made at one constant coolant flow ra t e . This was done to de te rmine 
whether an apparent negligible or ze ro react ivi ty effect might have resu l ted 
f rom two compensating effects in the f i r s t t es t . Although improbable , the 
react iv i ty change due to compress ion of entrapped gas in the coolant could 
have been offset by s t ruc tu ra l deformations due to changes in p r i m a r y cool­
ant flow ra t e . These m e a s u r e m e n t s , therefore^ were made to investigate 
the gas effect by eliminating any flow ra te considerat ion. Also, they would 
de te rmine the volume of any entrapped gas by noting the react ivi ty effect of 
compress ing it, and any other effects varying with the p r imary sys tem cover 
gas p r e s s u r e would be detected. 

B. EXPERIMENTAL PROCEDURE 

1. Apparatus and Equipment 

The measu remen t s involving coolant flow ra te effects were made 
both at subcr i t ica l and at c r i t i ca l loadings. Thus, power level de tec tors 
consis ted of a fission chamber in the t empora ry ins t rument thimble (see Sec­
tion I I -F -2 ) , located in safety rod position No. 5, as well as three h igh-sen­
sit ivity BFo proport ional counters and one ionization chamber , al l located in 
NCT-3 and NCT-4 (see Fig. 4). The fission chamber and proport ional 
counters were connected to mechanical s ca l e r s located in the control room 
and the ion chainber was connected to a p icoammeter r e c o r d e r channel, on 
which was recorded period and power drift data. 
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The p r imary sodium t empera tu re s were monitored using i ron-
constantan thermocouples and platinum re s i s t ance t empera tu re de tec to r s , 
located to m e a s u r e core and reac to r inlet and outlet t e m p e r a t u r e s . The 
t empera tu re data were read with high prec is ion at a t empora ry readout 
station in the control room by connecting the thermocouples and t e m p e r a ­
tu re detectors to a high-sensi t ivi ty potent iometer and a r e s i s t ance br idge , 
respect ively . The locations and specific functions of the t empera tu re de ­
tec tors a r e d iscussed in detail in Section I I -F -3 and a re shown in Table 2. 

The p r i m a r y coolant flow ra tes were determined with the no r ­
mal , permanent , plant ins t rumentat ion consist ing of six magnetic flow­
m e t e r s , which were read to the nea re s t 0. 05 x 10" Ib /h r . The shim rod 
and regulat ing rod positions were determined to the nea re s t 0. 01 in, , by 
use of Gilmore digi ta l - readout position indica tors . The sodium level in 
the r eac to r during the m e a s u r e m e n t s , as m e a s u r e d in the sodium overflow 
tank, was recorded on an automatic level r e c o r d e r to the nea re s t 0. 1 ft. 

The measu remen t s involving p r e s s u r e effects upon react ivi ty 
general ly used the same instrumentat ion. However, since all the la t te r 
measu remen t s were made at a c r i t i ca l loading, the fission chamber in the 
t empora ry ins t rument thimble was not used. 

The reac tor cover gas p r e s s u r e for all measu remen t s was regu­
lated to within +_ 0. 5 in, of water . A special p r e s s u r e indicator was e m ­
ployed for this tes t , having an overal l accuracy of +_ 0, 5 psi . 

2, Reactor Plant Conditions 

The measu remen t s to de termine coolant flow rate effects on r e ­
activity were made under the following conditions. 

The permanent neutron source was at its normal core-blanket 
interface position, N05-N04, and the t empora ry ins t rument thimble was in 
safety rod position No, 5, P03-P00 (see Fig. 2). 

The p r imary sodium flow ra te was maintained at each of two dif­
ferent ex t reme values during the m e a s u r e m e n t s : (1) 200-Mwt design flow 
(2. 95 X 10^ Ib /hr / loop) and, (2) pony motor flow (0. 32 x 10^ Ib /h r / loop) . 
The p r imary sys tem tempera tu re ^vas ixiaintained at an i so the rmal condition 
of approximately 420 F, and all auxi l iary systerns such as the secondary s o ­
dium and the feedwater sys tems were operated a s needed to maintain the 
des i red i so thermal condition. 

The p r imary coolant flow ra te s c r a m sys tems were r endered 
inoperative for these measu reme n t s , and the in termedia te and power range 
level s c r a m sys tems were set at a flux level corresponding to a power of 
approximately 1 Mwt, 
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The p r i m a r y sys tem was maintained at an i so thermal condition 
of approximately 517 F for the p r e s s u r e coefficient of react ivi ty m e a s u r e ­
men t s , and the p r i m a r y coolant flow ra te was 1. 55 x 10" Ib /h r / loop ( r e ­
fueling flow rate) for th ree- loop operation. 

The reac to r was loaded such that it was possible to achieve c r i t ­
icali ty with the safety rods fully withdrawn, the shim rod fully inser ted , and 
the regulating rod located in the middle third of its t r ave l . This loading p e r -
initted the shim rod to remain at a constant location throughout the tes t . 

Since the p r i m a r y sys tem cover gas p r e s s u r e was to be r a i sed 
10 psi above its normal operating p r e s s u r e of 15. 1 psia, a check was made 
of the conditions of the seals in the p r i m a r y sys tem. Such maintenance and 
prepara t ion as were feasible were performed to minimize the probabili ty of 
failure upon an inc rease of p r e s s u r e . 

The p r i m a r y coolant flow ra te s c r a m was set at 40 per cent of 
200-Mwt design flow, and the in termedia te and power range level s c r a m s 
were set at a flux level corresponding to a power of approximately 1 Mwt. 

3. Descr ipt ion of Measurements 

a. Coolant Flow Rate Tests 

A very large react ivi ty effect was conceivable before the 
tes t began for p r i m a r y coolant flow ra t e . Therefore , the sequence of m e a s ­
urements was made with all safety rods inser ted . When only a very smal l 
effect was found to be the case , the measu remen t s were taken ^vith all safety 
rods fully withdrawn, a condition which considerably enhances the accuracy 
of most m e a s u r e m e n t s . 

The tes t for react iv i ty effect due to flow ra te var iat ion was 
made with the reac tor subcr i t ica l and with the reac to r c r i t i ca l . The tes t for 
react ivi ty effect due to a change in p r i m a r y sys tem cover gas p r e s s u r e was 
made only with the reac tor c r i t i ca l . Two subcr i t ica l loadings were used, 
containing 93 and 97 subassembl ies , respect ively . The c r i t i ca l loading con­
tained 99-1/2 subassembl ies . The loadings a r e shown in F igs . 14, 15, and 
16, At each loading during the approach to cr i t ica l i ty the tes t was begun with 
the p r i m a r y sodium flow ra te at the 200-Mwt design flow of 2, 95 x 10° I b / h r / 
loop. All safety rods and the regulating rod were fully withdrawn and the 
shim rod was fully inser ted. The plant was allowed to se t t le-out to an i s o ­
the rmal condition of approximately 420 F. This was insured by logging t e m ­
pera ture readings from each detector at 5-min intervals until two success ive 
t empera tu re s at any one point and also the AT a c r o s s the reac tor did not vary 
more than 2 F. 
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logged: 
When these conditions were met the following data were 

• Core and blanket outlet t empe ra tu r e s 
• Reactor inlet and outlet t empe ra tu r e s 
• Lower support -pla te t empe ra tu r e s 
• P r i m a r y sodium flow ra te 
• Reactor sodium level 
• Reactor cover gas p r e s s u r e 
• Neutron counts from four s ca l e r s and 

from the fission chamber 
• Safety rod, shim rod, and regulat ing 

rod position. 

All the rods were then inser ted , the plant was allowed to 
se t t le-out , and the ent i re set of measu remen t s was relogged. Ultimately, 
the above measu remen t s were made at eight configurations, summar ized 
in Table 7, Any change in react ivi ty from one configuration to another was 
determined by the method of subcr i t ical multiplication, d iscussed in detail 
in the Appendix. 

TABLE 7 - CONFIGURATIONS FOR TESTS - -
SUBCRITICAL COOLANT FLOW RATE 

Test No. 

1 
2 
3 
4 
5 
6 
7 
8 

P r i m a r y Flow 
Rate 

Full 
Full 
Full 
Full 
Pony Motor 
Pony Motor 
Pony Motor 
Pony Motor 

Overflow 
Pump Status 

Off 
Off 
On 
On 
On 
On 
Off 
Off 

Rod 
Posi t ions 

Shim In, Others 
All In 
Shim In, 
All In 
All In 
Shim In, 
All In 
Shim In, 

Others 

Others 

Others 

Out 

Out 

Out 

Out 

The cr i t i ca l tes t was begun by adjusting the reac to r to a 
power level of approximately 1 kw, with full p r i m a r y sodium flow and with 
the overflow pump off. Under these conditions, sodium flow r a t e s , sodium 
t e m p e r a t u r e s , control rod posit ions, and flux level and drift r a te were logg 
This sequence was repeated with the overflow pump operating, and then at 
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t he s a m e p o w e r l e v e l but wi th p r i m a r y s o d i u m flow r e d u c e d to pony m o t o r 
flow r a t e . Any change in r e a c t i v i t y w a s no ted a s a change in c r i t i c a l r o d 
p o s i t i o n , p r o v i d e d tha t any changes in rod pos i t i on w e r e f i r s t c o r r e c t e d for 
flux dr i f t and t e m p e r a t u r e c h a n g e s . 

b . P r e s s u r e Coeff ic ient of R e a c t i v i t y 

The t e s t for a r e a c t i v i t y effect due to v a r i a t i o n of the p r i ­
m a r y s y s t e m c o v e r gas p r e s s u r e w a s p e r f o r m e d a t an i s o t h e r m a l cond i t ion 
of 517 F and a r e fue l i ng flow r a t e of 1. 55 x 10" I b / h r / l o o p a t t h r e e - l o o p 
o p e r a t i o n . Once a g a i n , the i s o t h e r m a l condi t ion w a s c o n s i d e r e d to have 
b e e n r e a c h e d when two s u c c e s s i v e t e m p e r a t u r e r e a d i n g s a t any one poin t , 
t a k e n 5 m i n a p a r t , did not v a r y by m o r e than 2 F , and when the AT a c r o s s 
the r e a c t o r w a s 2 F o r l e s s . 

The t e s t w a s begun a t the n o r m a l c o v e r gas p r e s s u r e of 
15. 1 p s i a . The r e a c t o r w a s b r o u g h t to c r i t i c a l i t y a t a p o w e r l e v e l of a p ­
p r o x i m a t e l y 1 kw and a l lowed to s e t t l e - o u t to the d e s i r e d i s o t h e r m a l c o n ­
d i t ion . A l l s a f e ty r o d s w e r e fully w i t h d r a w n , and the s h i m r o d pos i t i on 
w a s he ld c o n s t a n t t h r o u g h o u t the e n t i r e t e s t . The over f low p u m p w a s not 
o p e r a t i n g . The load ing u s e d for th i s t e s t is shown in F i g . 16. 

When e q u i l i b r i u m w a s r e a c h e d , the fol lowing da ta w e r e r e ­
c o r d e d : 

• C o r e and b l a n k e t ou t le t t e m p e r a t u r e s 
• R e a c t o r in le t and ou t le t t e m p e r a t u r e s 
• L o w e r s u p p o r t - p l a t e t e m p e r a t u r e 
• P r i m a r y s o d i u m flow r a t e 
• R e a c t o r s o d i u m l e v e l 
• R e a c t o r c o v e r gas p r e s s u r e 
• R e a c t o r flux l eve l and dr i f t a s i n d i c a t e d 

by the p i c o a m m e t e r r e c o r d i n g c h a n n e l 
• Sh im r o d , r e g u l a t i n g r o d , and s a f e ty r o d p o s i t i o n s 

The r e g u l a t i n g r o d w a s then w i t h d r a w n to p l a c e the r e a c t o r 
on a p o s i t i v e p e r i o d of a p p r o x i m a t e l y 85 s e c . A t t h i s point t he e n t i r e l i s t of 
da ta above w a s a g a i n r e c o r d e d , wi th r e a c t o r p e r i o d r e p l a c i n g r e a c t o r flux 
l e v e l and dr i f t r a t e . The p r o c e d u r e w a s r e p e a t e d wi th the ove r f low p u m p o p ­
e r a t i n g , to d e t e r m i n e if t he o p e r a t i o n of the ove r f low p u m p i n t r o d u c e d any 
e x t r a gas in to the s y s t e m u n d e r r e fue l ing flow c o n d i t i o n s . 

The r e a c t o r w a s t h e n shu t down for t e n d a y s for m a i n t e n a n c e 
and the t e s t a t i n c r e a s e d p r i m a r y s y s t e m c o v e r gas p r e s s u r e w a s conduc ted 
a t the end of th i s p e r i o d . The effect of t h i s d e l a y is d i s c u s s e d in Sec t ion 
V - C - 2 , 
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Following s t a r t -up of the reac tor again, the cover gas p r e s ­
sure was ra i sed to 10 psi above the normal operating p r e s s u r e of 15. 1 psia . 
The entire tes t was then repeated as descr ibed above, the conclusion of 
which completed the tes t . 

C. EXPERIMENTAL RESULTS AND ANALYSIS 

1. Coolant Flow Rate Tests 

a. Subcri t ical Measurements 

The data for the subcr i t ica l measu remen t s a re presented 
in Table 8. The in -core neutron-counting channel was a fission chamber 
inside the t emporary ins t rument thimble, and the proport ional counters and 
ion chamber d iscussed in V-B-1 comprised the remaining four neut ron-
counting channels. The channels were used to m e a s u r e counts for two 5-min 
per iods . These were then combined to present the averaged value of counts 
for 1 min from each channel. 

The tes t was conducted with the shim rod fully inser ted . 
The regulating rods and safety rods were ganged, i, e. , the i r positions and 
inovements were identical at all t imes . 

Using the method of subcr i t ica l multiplication to de termine 
react ivi ty (see Appendix), the amount of subcr i t ica l react iv i ty at each flow 
ra te and overflow pump configuration was determined from the count ra tes 
from each channel. The five values for each configuration were then a v e r ­
aged to give an average subcr i t ica l react ivi ty for that par t icu lar configura­
tion. 

The apparent react ivi ty effect for a des i red change was 
determined by appropr ia te ly combining the subcr i t ica l react iv i t ies for each 
configuration. These resu l t s a re shown in Table 9, and sources of e r r o r 
p resen t in the measu remen t s and calculations a r e d iscussed below. The 
combinations which were studied allowed investigation of flow ra te var ia t ion 
with and without overflow pump effects^ and also the effect of overflow 
pump operdtion at each ex t reme flow?- r a t e . 

b. Cr i t ical Measurements 

The data for the cr i t ica l tes t a r e presented in Table 10. 
The subcr i t ica l tes ts were performed to insure that no la rge react iv i ty ef­
fect caused by flow rate variat ion would compromise safety considera t ions . 
When this was found to be the case , the c r i t i ca l measure raen ts were made 
with the safety rods fully withdrawn. The shim rod remained fully inser ted 
for this portion of the tes t . 
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T A B L E 8 E X P E R I M E N T A L DATA FOR TESTS - - SUBCRITICAL COOLANT F L O W R A T E 

No. of Sub­
a s s e m b l i e s 
In R e a c t o r 

93 

97 

P r i m a r y 
F low 
Ra te 

F u l l 

P o n y 

F u l l 

P o n y 

Overf low 
Puixtp 
Sta tus 

Off 

On 

On 

Off 

Off 

On 

On 

Off 

Safety Rod 
Regu la t ing 

Pos i t i ons 

In 
Out 
In 

Out 
In 

Out 
In 

Out 

In 
Out 
In 

Out 
In 

Out 
In 

Out 

and 
Rod 
i 

A' 

Channe l 1 

6, 186 
4 3 , 6 8 5 

6 ,209 
4 3 , 4 4 4 

6, 194 
4 3 , 5 2 0 

6, 191 
4 3 , 4 7 3 

756 
12 ,583 

763 
12 ,502 

766 
12 ,535 

766 
12 ,615 

J , 

v e r a g e d Count R a t e s , coun t s p e r m i n 

Channe l 2 

6 ,800 
4 8 , 0 7 6 

6 , 8 4 3 
4 7 , 7 9 4 

6 ,847 
4 7 , 8 6 2 

6 ,814 
4 7 , 9 2 2 

845 
13 ,790 

831 
1 3 , 7 3 6 

846 
13 ,756 

837 
1 3 , 8 5 1 

C h a n n e l 3 

4 , 3 6 7 
2 8 , 0 6 7 

4 , 3 2 8 
2 7 , 9 4 6 

4 , 3 1 5 
2 7 , 9 3 4 

4 , 3 1 8 
2 7 , 9 9 6 

4 , 7 9 3 
7 6 , 7 5 2 

4 , 9 5 4 
7 6 , 2 7 3 

4 , 9 7 0 
7 6 , 7 3 8 

4 , 9 6 1 
7 7 , 0 5 6 

C h a n n e l 4 

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

2 6 , 5 9 5 
186 ,316 

2 6 , 5 8 0 
186, 191 

2 6 , 5 6 1 
186 ,355 

3 , 6 2 9 
5 3 , 9 1 6 

3 , 2 7 9 
5 3 . 4 4 8 

3 , 3 0 6 
5 3 , 7 5 8 

3 , 2 1 8 
54, 164 

In-

2, 

2, 

2. 

2, 

- C o r e 

140 
974 
144 
982 
134 
979 
141 
988 

164 
,675 

165 
,696 

170 
, 706 

162 
,746 

* Al l m e a s u r e m e n t s t aken wi th s h i m rod fully i n s e r t e d , 
t M e a s u r e m e n t s w e r e t a k e n for two 5 - m i n i n t e r v a l s . 



TABLE 9 - REACTIVITY CHANGES FOR TESTS - -
COOLANT FLOW RATE 

Number of Sub­
assembl ies In 

Reactor 

93 

97 

99-1/2 
(Critical) 

P r i m a r y 
Flow 

Initial 

Full 
Full 
Full 
Pony 

Full 
Full 
Full 
Pony 

Full 
Full 
Full 

Rate 
Final 

Pony 
Pony 
Full 
Pony 

Pony 
Pony 
Full 
Pony 

Full 
Pony 
Pony 

Over low 
Pump 
Stat 

Initial 

Off 
On 
Off 
Off 

Off 
On 
Off 
Off 

Off 
On 
Off 

us 
Final 

Off 
On 
On 
On 

Off 
On 
On 
On 

On 
On 
On 

Reactivity 
Change, 
inhours 

+2. 40 
+0. 83 
-0 . 93 
-2 .49 

+0.72 
+ 1, 16 
-2 .20 
-1 .81 

+0.032 
-0 .032 
-0,032 

Exper imenta l 
E r r o r , 
inhours 

+ 6, 
+6. 
16. 

+ 6, 

+2. 
+2, 
+2. 
+2. 

+ 1. 
+ 1, 
+ 1, 

4 
4 
4 
4 

9 
9 
9 
9 

5 
5 
5 

TABLE 10 - EXPERIMENTAL DATA FOR TESTS 
CRITICAL COOLANT FLOW RATE 

P r i m a r y 
Flow Rate 

Full 
Full 
Pony 

Overflow Pump 
Status 

Off 
On 
On 

Regulating Rod Posi t ion, 
in^ 

8.00 
8.22 
8,28 

Power Drift Rate , 
% power /min 

- 1,0/3 
- 5 ,4 /5 
+ 0, 76/7 

* All measu remen t s made with all safety rods fully withdrawn and shim rod 
fully inser ted. 
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The ion chamber , located in NCT-4, was connected to the 
p icoammeter r e c o r d e r channel for this test , and was used to m e a s u r e power 
and drift r a t e . Power was determined by assuming that a reading of 6, 0 x 
10" p icoamperes on the p icoammeter r eco rde r channel equals 1 kw of r e ­
ac tor power. 

The react ivi ty changes between configurations were d e t e r ­
mined by s tandard cr i t ica l rod position techniques, with indicated cr i t ica l 
rod positions f i rs t being cor rec ted for power and teixiperature drift. The 
resu l t s a r e presented in Table 9. 

An analysis of sources of e r r o r was made , taking into con­
s idera t ion counting s t a t i s t i c s , rod posi t ions, t e m p e r a t u r e s , and flux drift. 
Counting s ta t i s t ics e r r o r s , a r i s ing during subcr i t ica l m e a s u r e m e n t s , con­
tr ibuted from 1,5 to 6. 3 inhours , varying d i rec t ly as a function of subc r i t ­
ical react ivi ty , and hence inverse ly as the number of subassembl ies in the 
r eac to r . The e r r o r in rod position, +_ 0. 03 in. , accounted for 0. 12 inhour 
at most , and the t e m p e r a t u r e s , accura te to 1 F , contributed j+ 0. 93 inhour 
to the total e r r o r for subcr i t ica l m e a s u r e m e n t s . Cr i t ica l measu remen t s 
contained e r r o r s due to flux drift as well as those e r r o r s d iscussed above, 
and it was es t imated that this contribution was +_ 0, 12 inhour. 

The exper imenta l e r r o r was assumed to be the square root 
of the sunn of the squares of all the individual e r r o r s , and the proper values 
a r e given in Table 9 for each loading, 

2. P r e s s u r e Coefficient of Reactivity 

The data for the p r e s s u r e variat ion tes t a r e presented in Table 
11. The tes t was conducted at two p r e s s u r e s and at two overflow pump con­
dit ions, and the safety rods were fully withdrawn throughout the tes t . A l ­
though the shim rod position was not held p rec i se ly constant, the variat ion 
was probably caused by noise fluctuations in the Gilmore position indicators 
and was insignificant. 

Detector channels 3 and 4 were fed by proport ional counters and 
the ion chamber was connected to the p icoammeter r eco rde r channel. The 
p icoammeter was also used to m e a s u r e power drift r a tes at cr i t ical i ty . 

The react ivi ty change was investigated for the var iat ions of con­
ditions given in Table 12 and was calculated using both c r i t i ca l rod position 
and period methods. Reactivity as a function of period was calculated using 
the following formula: 
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TABLE 11 EXPERIMENTAL DATA FOR TESTS - - PRESSURE COEFFICIENT OF REACTIVITY 

4» 

Reactor Sys t e m 
Cover Gas P r e s s u r e , 

psia 

15. 1 

25. 1 

Overflow 
Pump 
Status 

Off 
On 
Off 
On 

Off 
On 
Off 
On 

Re 

Control Rod 
P o s 

gulating 

19.92 
19.94 
12. 15 
12.03 

19.98 
19.99 
12. 19 
12.08 

itions 
in. 
Rod Shim Rod 

6, 18 
6,20 
6.20 
6,20 

6, 18 
6, 18 
6, 18 
6, 18 

Channe 
3 

87 
87 

84 
82. 5 

P 

1 

sriod Measurement s , 
s e c 

Channel 
4 

87 
85 

85. 6 
85. 5 

P icoammete r 
Recorder Channel 

86 
85 

81 
74 

Power Drift 
Rate , 

% power / 
5 min 

+0. 65 
+0.33 

+5.26 
+3. 9 

'•' All measurement s were made with all safety rods fully withdrawn. 



TABLE 12 - REACTIVITY CHANGES FOR TESTS - -
PRESSURE COEFFICIENT OF REACTIVITY 

Test Conditions 

P r e s s u r e , 
psia 

25. 1 

15. 1 

Ove irflow Pump 
Status 

Off 
On 

Off 
On 

Reactivity Change, inhours 

Cri t ical Rod Positive Per iod 
Measurement Measurement 

0. 12 

0. 01 

0.43 

0. 21 

Exper imenta l E r r o r , inhours 

Cr i t ica l Rod Posi t ive Per iod 
Measurement Measurement 

+ 1. 10 

+ 1, 10 

+ 1, 15 

+ 1. 15 

15, 1 
25, 1 

Off + 2, 30 + 2, 33 + 2. 35 + 2.40 

15, 1 
25, 1 

On + 2, 19 + 2. 11 + 2, 35 + 2,40 



Tkeff \ ^ 1 + \ . T 
1 1 1 

where . 

p = react ivi ty, inhours 
k 

eff = effective multiplication factor 

T = reac tor period, sec 

Weighted average values X , "k •, and p- a re as follows; 

I = 1. 38 X 10""^ 
sec 

-J 
P- '^. sec 

1 0.00021 0.01275 
2 0.00127 0.03196 
3 0. 00123 0. 12040 
4 0.00262 0.32260 
5 0.00104 1.50500 
6 0.00026 3.94400 

A graph of react ivi ty in inhours ve r sus r eac to r period in seconds 
is shown in Fig. 17. The conversion to react ivi ty in cents was made on the 
basis that one cent equals 3. 19 inhours . 

An e r r o r analysis for this exper iment included considerat ion of 
t empera tu re , rod position, period, cover gas p r e s s u r e , and reac tor sodium 
level. Rod positions were accura te to j _ 0. 03 in. , and at the maximum dk/dz 
this r epresen ted an e r r o r of+_ 0. 38 inhour. Per iod measu remen t s were 
es t imated to be accura te to 1 sec , which amounted to an e r r o r of 4_ 0. 39 in ­
hour; cover gas p r e s s u r e s , measured to +_ 0, 5 psi , contributed +_ 0, 1 in­
hour to the most probable e r r o r . Sodium level is important in considering 
the effect of the stat ic sodium head on entrained gas . Detailed calculat ions^ 
give a volume dec rease of 0. 28 l i t e r s due to increas ing the cover gas p r e s ­
sure by 10 psi, and this corresponds to a react ivi ty inc rease of 2 inhours . 

The most probable net e r r o r is assumed to be the square root 
of the sum of the squares of all the contributing e r r o r s , and these values 
a r e l isted for each condition in Table 12. There is an inc rease in e r r o r 
value in two cases because there was actually a ten-day in terval between the 
tes ts at 15. 1 and 25. 1 psia, during which the reac tor was shut-down. After 
r e s t a r t ing , it was es t imated that there was an e r r o r of 2. 5 F instead of the 
previous 1 F in t empera tu re readings , and this is reflected in l a r g e r expe r ­
imental e r r o r s . 
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D. CONCLUSIONS 

As indicated in Table 9 and Table 11, the react iv i ty effects for al l 
changes fall within the l imits of exper imenta l e r r o r . F rom the resu l t s of 
the coolant flow ra te t e s t s it was concluded that the amount of gas , if any, 
which was introduced into the coolant by operation of the overflow pump was 
less than the detectable amount. Fu r the r , it was concluded that no not ice­
able effect occur red as a resu l t of s t ruc tu ra l deformations in going from the 
low ex t reme to the high ex t reme of coolant flow ra t e . 

This second conclusion would be valid only if cer ta in resu l t s were 
found in the second tes t . F r o m the resu l t s of the p r e s s u r e tes t , it was con­
cluded again that the overflow pump did not cause a detectable amount of 
gas to be introduced into the core . It was further concluded that the total 
amount of gas entrained in the coolant was l ess then the detectable amount. 
Therefore , in the absence of effects due to gas , it was concluded that there 
were no significant react ivi ty changes produced by s t ruc tu ra l deformation 
caused by flow ra te variat ion. 
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VI. REACTIVITY E F F E C T OF 
TEMPORARY INSTRUMENT THIMBLE 

A. PURPOSE OF TEST 

A t empora ry ins t rument thimble (TIT) was inser ted into the core d u r ­
ing the initial loading to cr i t ica l i ty . The TIT, descr ibed in m o r e detail in 
Section I I - F - 2 , was located in safety rod position P03-P00 , (see Fig, 3) 
where it could be withdrawn when des i red , using the safety rod drive m e c h ­
anism. 

The major reason for install ing the TIT was to be able to house in-
core detec tors and thus obtain enhanced counting ra tes at very low powers . 
During the initial loading to cr i t ical i ty , the TIT contained an absolute fission 
chamber and an aluminum fi l ler-plug located immediately above the counter 
in the core region. The plug -was included to minimize the volume available 
to a modera tor ma te r i a l in the event of a leak, and also because the p r o p e r ­
t ies of aluminum a r e quite s imi la r to those of sodium. 

The TIT was designed to produce negligible react ivi ty effects when 
withdrawn from the core and replaced by sodium, and the purpose of this 
tes t was to verify the design effectiveness. This would further es tabl ish 
that no safety hazard would resu l t from floating or re t rac t ion of the TIT 
while the r eac to r was operating. (Floating would have been possible only 
if the TIT were disconnected from its dr ive during full coolant flow. ) V e r i ­
fication of an essent ia l ly ze ro TIT displacement react ivi ty effect was e s sen ­
tial to the safety of seve ra l subsequent low-power t e s t s involving the TIT. 

B. EXPERIMENTAL PROCEDURE 

1. Apparatus and Equipment 

Reactor power was monitored by four high-sensi t ivi ty BF^ p r o ­
portional counters located in NCT-3 and NCT-4 (see Fig, 4) and connected 
to mechanical s c a l e r s . Two of these supplied count r a t e and period signals 
to the two source range channels, while the other two served as monitoring 
channels. A fission chamber with sca le r readout was centered about the 
core centerplane in the t empora ry ins t rument thimble and was used to p r o ­
vide monitoring information. 

Five ionization chambers , located in NCT-3 and NCT-4, p r o ­
vided signals to three in termediate range channels and to two of the th ree 
power range channels of the safety sys tem. A sixth ion chamber , located 
in NCT-3 , provided a signal to a p icoammeter r e c o r d e r channel. 
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The d e s i r e d in le t and out le t t e m p e r a t u r e s w e r e m e a s u r e d w i th 
the n o r m a l p lan t t e m p e r a t u r e s e n s o r s . T h e s e c o n s i s t e d of i r o n - c o n s t a n t a n 
t h e r m o c o u p l e s and p l a t i n u m r e s i s t a n c e t e m p e r a t u r e d e t e c t o r s c o n n e c t e d to 
a h i g h - s e n s i t i v i t y p o t e n t i o m e t e r and a r e s i s t a n c e b r i d g e , r e s p e c t i v e l y . 
T h e s e d e v i c e s p e r m i t t e d highly a c c u r a t e t e m p e r a t u r e r e a d o u t to wi th in I F . 
The l o c a t i o n and spec i f i c funct ions of e a c h of the t e m p e r a t u r e s e n s o r s a r e 
d e s c r i b e d in de t a i l in Sec t ion I I - F - 3 and Tab le 2. 

The p e r m a n e n t p lan t i n s t r u m e n t a t i o n w a s u s e d to d e t e r m i n e flow 
r a t e s and r o d p o s i t i o n s . Magne t i c f l o w m e t e r s c a p a b l e of m e a s u r i n g flow 
r a t e s to wi th in 0. 05 x 10° I b / h r w e r e u s e d to d e t e r m i n e p r i m a r y coo lan t flow 
r a t e s in e a c h loop , and s h i m rod and r e g u l a t i n g rod pos i t i ons -were m e a s u r e d 
to wi th in 0. 01 in. by G i ln io r e d i g i t a l - r e a d o u t pos i t i on i n d i c a t o r s l o c a t e d in 
the c o n t r o l r o o m . The pos i t i on of the TIT w a s r e a d f r o m a s c a l e a t t a c h e d 
to the d r i v e r a c k in the R e a c t o r Bu i ld ing . 

2. R e a c t o r P l a n t Cond i t ions 

The w o r t h m e a s u r e m e n t s of TIT r e a c t i v i t y w e r e m a d e s h o r t l y 
a f t e r i n i t i a l c r i t i c a l i t y wi th a r e a c t o r load ing of 99 fuel s u b a s s e m b l i e s . The 
load ing is shewn in F i g . 18. 

The p r i m a r y s y s t e m t e m p e r a t u r e w a s m a i n t a i n e d a t a p p r o x i ­
m a t e l y 405 F , w i t h the p r i m a r y s o d i u m flow r a t e a t a p p r o x i m a t e l y 2 . 00 x 
10 I b / h r / l o o p . Al l s e c o n d a r y s y s t e m s , s u c h as s e c o n d a r y s o d i u m and 
f e e d w a t e r s y s t e i n s , w e r e o p e r a t e d a t t h o s e cond i t ions n e c e s s a r y to m a i n ­
t a in an i s o t h e r m a l condi t ion of 405 F in t h e p r i m a r y s y s t e m . 

The n e u t r o n s o u r c e w a s l o c a t e d in i t s n o r m a l o p e r a t i n g pos i t i on 
a t the c o r e - b l a n k e t i n t e r f a c e in l oca t i on N 0 5 - N 0 4 , and the TIT w a s l o c a t e d 
in sa fe ty r o d l oca t i on No. 5, P 0 3 - P 0 0 . 

The i n t e r m e d i a t e and power r a n g e l e v e l s c r a m s w e r e s e t a t a 
flux l e v e l c o r r e s p o n d i n g to a power of a p p r o x i m a t e l y 1 Mwt. 

3, D e s c r i p t i o n of M e a s u r e m e n t s 

The t e s t w a s begun wi th the TIT a t i t s l o w e s t pos i t i on , o r fully 
i n s e r t e d . The sa fe ty r o d s w e r e fully w i t h d r a w n and the s h i m rod w a s w i t h ­
d r a w n 10. 00 in. , w h e r e it w a s held t h r o u g h o u t the t e s t . The r e a c t o r w a s 
t hen b r o u g h t to c r i t i c a l i t y a t a power l e v e l h igh enough to m i n i m i z e s o u r c e 
e f fec t s , (See Sec t ions III and IV , ) 

The p r i m a r y s y s t e m t e m p e r a t u r e w a s a l lowed to s t a b i l i z e a t an 
i s o t h e r m a l condi t ion of a p p r o x i m a t e l y 405 F , wh ich w a s i n s u r e d by logging 
t e m p e r a t u r e s a t e ach point a t 5 - m i n i n t e r v a l s unt i l the t e m p e r a t u r e a t any 
one point and the AT a c r o s s the r e a c t o r both w e r e 2 F o r l e s s . 
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Once this condition was achieved, the following data were r e ­
corded: 

• Core and blanket outlet t empe ra tu r e s 
• Reactor inlet and outlet t empera tu re s 
• Lower support -pla te tei-nperature 
• P r i m a r y sodium flow 
• Shim rod, safety rod and regulating rod positions 
• Reactor flux level and drift ra te as indicated by 

the p icoammeter r e c o r d e r channel 

The r eac to r 'was then placed on a safe positive period by app ro ­
pr ia te withdrawal of the regulating rod. The period was measu red by two of 
the channels being fed by proport ional counters , as well as by the p icoam­
me te r r e c o r d e r channel. The amount of react ivi ty was calculated from pe ­
riod measu remen t s as well as from cr i t ica l rod posi t ions. 

All rods were then inser ted and the TIT was fully withdrawn to 
approximately 68 in. The ent i re t es t procedure was repeated, with the p e r i ­
od measu remen t s being made at the same regulating rod position as in the 
previous case . The c r i t i ca l rod positions were f irs t co r rec ted for power 
drift, and then used to compute one value of react ivi ty . Per iod m e a s u r e ­
ments provided a check, and an average value for this configuration was 
compared to the value obtained for the initial configuration to de termine the 
effect on react iv i ty of withdrawing the TIT. This concluded the tes t . 

C. EXPERIMENTAL RESULTS AND ANALYSIS 

The exper imenta l data and resu l t s a r e shown in Table 13. All r e ­
activity measu remen t s were made with the safety rods completely withdrawn. 
The period measu remen t s given in the table a r e the average of the values 
given by the neut ron-detec tor channels and the p icoammeter r e c o r d e r chan­
nel for each run. 

The react ivi ty worth calculated from cr i t i ca l rod positions a s sumes 
that over the range of 4 to 9 in. of regulating rod t rave l , the regulating rod 
is worth 3. 55 cents per in. , j _ 2 per cent, as can be seen from Fig. 7, The 
relat ionship between r eac to r period and reactivi ty is expressed graphically 
in t e r m s of positive r eac to r period and positive react ivi ty (Fig, 17). 

The react ivi ty difference in the two TIT positions was determined 
for both methods of measu remen t (cr i t ical rod and period) and the worth of 
the TIT was determined to be - 1 . 41 cents . This value was obtained as the 
average value of all the m e a s u r e m e n t s , using the data of Table 13, 
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TABLE 13 - EXPERIMENTAL DATA AND RESULTS - - WORTH 
MEASUREMENT OF TEMPORARY INSTRUMENT THIMBLE 

Teinporary 
Ins t rument 

Thimble Posi t ion 

Down 

Up 

Rod Pos 
R( 

i t ions, in. 
3gulating 

Rod 

6. 85 
8. 89 
8. 92 

7.26 
8. 91 

Shim 
Rod 

10. 00 
10, 00 
10. 00 

10, 01 
10.01 

Per iod , s e c ' 
(Or Cri t ical) 

Cr i t ica l 
129-3 
131. 6 

Cri t ical 
108,4 

Reactivi ty 
Worth, 
cents 

24 .3 
7. 08 
7.02 

25 .8 
5. 68 

* All measu remen t s made with all safety rods fully withdrawn, 
t Per iod measu remen t s given as average of p icoammeter and 

neut ron-detec tor values . 

D, CONCLUSIONS 

There is a slight inc rease in react iv i ty as the TIT is withdrawn and 
replaced in the core by sodium, and hence the t empora ry ins t rument thimble 
has a sinall , negative react ivi ty worth ( -1 . 41 cents) when in the core . This 
worth, however, is not great enough to endanger the continuation of any ex­
per iments using the TIT, and any movement of the TIT can be accomplished 
with safety rods fully withdrawn without safety hazard . 
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APPENDIX: SUBCRITICAL MULTIPLICATION METHOD 
FOR DETERMINING REACTIVITY 

When the reac to r is subcr i t ica l it is frequently neces sa ry to have a 
method for measur ing react ivi ty to determine the degree of subcr i t ical i ty . 
This appendix d i scusses the method used in the tes t s descr ibed in this r e ­
port , based on subcr i t ica l count ra te m e a s u r e m e n t s . 

If kj = subcr i t ica l react ivi ty at control rod configuration .1 , 
and k2 = subcr i t ica l react iv i ty at control rod configuration 2, 
then neutron mult ipl ication, M, can be approximated: 

Ml = T-, ' M, 1̂ " 1-kj ^̂ 2̂ ' I„k2 

Reactor power, P , is d i rec t ly re la ted to neutron multiplication by a 
constant, so 

P]^ = F - Mj and P2 = F - M2,where F is a constant. 

P j = F • 1 , Po = F • ^ 
1 » kj 1 » k2 

P ^ _ 1 ^ k2 

p / 1 ^ k^ 

^1 ^ " ^Z —i - 1 = =- - 1 
^2 ' ' \ 

1 » k i 
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5 k = k^ ™ k^ 

Ak = 1 - kj 

5k Ak " — , taking absolute value for convenience. 

The amount the reac tor is subcr i t ica l at rod position one is Ak, and 
6k is the difference in react ivi ty between the two rod posit ions, which is 
found from the rod worths . The rat io of power for the two rod positions is 
equal to the rat io of observed count r a t e s . Thus, Ak can be calculated from 
rod worths and count ra tes at two different rod posi t ions. 
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