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ABSTRACT 

This r epor t desc r ibes the control and safety rod cal ibrat ion m e a s u r e 
ments made during the low-power test ing of the Enr ico F e r m i r eac to r . These 
m e a s u r e m e n t s were made to confirm the rod design and a l so to investigate 
different cal ibrat ion techniques. 

Accura te cal ibrat ions were obtained over the full length of rod t r ave l 
for var ious degrees of shadowing by adjacent rods . Posi t ive period, nega
tive period, subcr i t ica l count r a t e , and in terca l ibra t ion techniques a r e d e s 
cr ibed. The resu l t s a r e compared with c r i t i ca l exper iment data. Means by 
which the cal ibrat ion procedure could be improved a r e d iscussed. 
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FOREWORD 

This is one of a s e r i e s of r epor t s on the low-power (up to 1 Mwt) and 
high-power (up to 200 Mwt) nuclear test ing of the Enr ico F e r m i fast b r e e d e r 
r e ac to r . The Nuclear Test P r o g r a m is planned, di rected, and evaluated by 
Atomic Power Development Assoc ia t e s , Inc. (APDA). The tes t s a r e con
ducted by Power Reactor Development Company (PRDC). The r eac to r proper 
is owned and operated by PRDC. The s t eam genera tors and e lec t r ica l gen
era t ing facili t ies a r e owned by The Detroi t Edison Company (DECo). 

Many individuals have contributed to the nuclear test ing of the F e r m i 
r eac to r . Lis ted below a re those, exclusive of the authors , who have made 
significant contributions to the work repor ted in this document. 

Exper imenta l Phases 

Ana 

P l a 

D. 
G. 
A. 

A. 
C. 
D. 

Erdman 
Tyson 
Smar t 

lytical Phases 

nning 

C. 
C. 

R. 
S. 

and T 

J . 
E . 

B. 
L . 

Moore 
Yeh 

esting 

Nims 
Alexanderson 

PRDC * 
PRDC 
DECo 

APDA t 
APDA 

APDA 
PRDC 

* On leave frona Potamic E lec t r i c Co. , Washington, D. C. 
t P r e sen t l y with Nuclear Fuel Serv ices , I n c . , Wheaton, Maryland 

V 





TABLE OF CONTENTS 

Page 

LIST OF ILLUSTRATIONS ix 

LIST OF TABLES ix 

SUMMARY xi 

I. PURPOSE OF TEST 1 

II. DESCRIPTION OF THE ENRICO FERMI REACTOR 3 
A. GENERAL DESCRIPTION 3 
B. CONTROL AND SAFETY RODS 6 

1. Control Rods 8 
2. Safety Rods 10 

i n . EXPERIMENTAL PROCEDURE 13 
A. DESCRIPTION OF THE TEST 13 

1. Control Rod Calibrat ion 13 
2. Safety Rod Calibrat ion 16 

B. REACTOR PLANT CONDITIONS 20 
C. NEUTRON SOURCE AND INSTRUMENTATION 22 

1. Neutron Source 23 
2. Instrumentat ion 23 

IV. METHOD OF ANALYSIS 25 
A. PERIOD CALIBRATION MEASUREMENTS 25 
B. SUBCRITICAL COUNT RATE CALIBRATION 

MEASUREMENTS 26 
C. INTERCALIBRATION MEASUREMENTS 28 

V. EXPERIMENTAL RESULTS 31 
A. CONTROL ROD CALIBRATIONS 31 

1. Regulating Rod Calibrat ion 31 
2. Shim Rod Calibrat ion 36 

B. SAFETY ROD CALIBRATION 38 
1. Calibrat ion of Individual Rods 38 
2. Ganged Calibration 45 

VI, CONCLUSIONS AND RECOMMENDATIONS 51 

REFERENCES 53 

vi i 





LIST OF ILLUSTRATIONS 

Figure Title Page 

1. Pe r spec t ive View of Reactor 4 

2. Reactor Cross Section 5 

3. Operating Control and Safety Rod Posi t ions 

in Reactor Vessel 7 

4. Operating Control Rod 9 

5. Safety Rod Assembly 11 

6. Initial Core Loading for Rod Calibrat ion Measurements 17 

7. Regulating Rod Calibrat ion Curves 34 

8. Shim Rod Calibrat ion Curves 37 

9. Calibrat ion of No. 1 Safety Rod 39 

10. Calibrat ion of No. 2 Safety Rod 40 

11. Calibrat ion of No. 4 Safety Rod 41 

12. Ganged Safety Rod Calibrat ion 46 

LIST OF TABLES 

Table Title Page 

1. Subassembly Additions and Excess React ivi t ies of Loadings . . 21 

2. Regulating Rod Calibrat ion 32 

3. Shim Rod Calibrat ion 36 

4. Safety Rod Calibrat ions 43 

ix 





SUMMARY 

During the low-power test ing of the Enr ico F e r m i r eac to r , detailed 
cal ibrat ion m e a s u r e m e n t s of the control and safety rods w e r e made to con
f i rm the rod design and a lso to investigate the adaptabil i ty of different c a l i 
bra t ion techniques. Worths of individual unshadowed and shadowed rods 
were obtained as well as ganged rod worth. The m e a s u r e d rod worths 
w^ere approximately 6 to 15 per cent l e ss than had been originally predic ted 
f rom ZPR-III c r i t ica l exper iment data. This ag reement is considered 
sa t i s fac tory in view of design changes which have been made since the t ime 
of the c r i t i ca l exper iment . 

The control rod cal ibrat ions were made in the period October 24, 
1963, through November 1, 1963. The safety rod cal ibrat ion m e a s u r e 
ments were made November 4, 1963, through November 8, 1963. The t es t s 
v^ere conducted approximately tw ô months after initial c r i t ica l i ty of the r e 
ac to r . Because of the nuclear and mechanica l design of the rods , s eve ra l 
cal ibrat ion methods were requi red to obtain complete ca l ibra t ions . The 
techniques used were positive period, negative period, and subcr i t ica l 
count ra te m e a s u r e m e n t s , together with in terca l ibra t ion measu remen t s 
between rods . The following data were obtained: 

• The worth of the regulat ing control rod as a function of position 
for a wide range of shadowing conditions caused by the adjacent 
shim rod 

• The shim rod worth as a function of position for the fully-shadowed 
and fully-unshadowed conditions 

• Safety rod wor th as a function of position, for each of t h r ee typical 
safety rods , both fully shadowed and fully unshadowed 

• The ganged worth cal ibrat ion for the simultaneous withdrawal of 
the seven instal led safety rods 

The worths found for the fully-unshadowed shim and regulating rods 
were 47. 5 cents and 44. 8 cents , respect ively; the predicted value was 47. 9 
cents for each rod. The worths of the fully-shadowed shim and regulating 
rods were 46. 0 cents and 43. 7 cents , respect ive ly ; the predic ted value was 
46. 4 cents . Thus, the measu red shim rod worths w^ere about 1 per cent 
l e s s than predicted, whereas the regulat ing rod worths w e r e , on the 
average , approximately 6 per cent less than predicted. The difference in 
wor th m e a s u r e d for the identical control rods can be at t r ibuted to the p e r 
turbation of a r e t rac tab le neutron source •which was located in the core near 
the shim rod during the tes t . 
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Similar ag reement between m e a s u r e d and predicted worths was ob
tained in the safety rod ca l ibra t ions . The m e a s u r e d unshadowed worths of 
the th ree typical safety rods in the lat t ice ranged from 1. 22 to 1. 46 do l la r s , 
with a 20 per cent shadowing effect; the ganged worth of the seven rods 
withdrawn together was found to be approximately 8. 07 do l l a r s . The 
m e a s u r e d safety rod worths w e r e , on the average , about 15 per cent l e s s 
than predicted. 
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I. PURPOSE OF TEST 

Control rod m e a s u r e m e n t s were made to obtain accu ra t e cal ibrat ion 
of the react iv i ty worths of the shim and regulating rods , as a function of 
position, for var ious degrees of shadowing. These data were needed so 
that accura te s ta t ic react iv i ty m e a s u r e m e n t s could be made la ter on in the 
Nuclear Test P r o g r a m , Control rod p re l imina ry cal ibrat ions had been 
obtained e a r l i e r in the low-power tes t p rogram-^ '^ j but these did not in
clude shadowing effects. Therefore , they were considered inadequate for 
accu ra t e t e s t m e a s u r e m e n t s . 

The original purpose of the safety rod cal ibrat ion m e a s u r e m e n t s 
was to obtain the total react ivi ty worth as a function of position of: (1) each 
individual safety rod under unshadowed conditions, (2) the th ree typical 
rods in the lat t ice under shadowed conditions and, (3) the ganged safety 
rods during the simultaneous withdrawal of al l seven instal led rods . How
ever , the unshadowed worths of the f i r s t t h ree typical rods tes ted were in 
close ag reement with the resu l t s obtained for these rods in e a r l i e r t es t s by 
other methods, ' ^ Therefore , the cal ibrat ions were abbreviated to include 
individual cal ibrat ions of only the three typical rods (shadowed and un
shadowed), and the ganged worth. 

The unshadowed worths of the individual safety rods were needed to 
confirm the design calculations of rod worth. The design specifications 
•were that each unshadowed rod should have a negative react iv i ty -worth of 
one dollar or m o r e . This is important from the viewpoint of r eac to r 
safety. It was possible to predic t the net worth for ganged inser t ion or 
withdrawal from the individual rod shadowed data. The ganged safety rod 
cal ibrat ion was needed to es tabl ish accura te ly the tv^o subcr i t ica l stop 
points located near the end of the rod t rave l and used for predict ion of 
cr i t ica l i ty . Count r a t e s taken at these points a r e used to predic t the de 
gree of subcr i t ica l i ty with the safety rods fully withdrawn. This is impor 
tant in meeting the operating requ i rement that c r i t ica l i ty not be achieved 
during withdrawal of the safety rods . 
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n . DESCRIPTION OF THE ENRICO FERMI REACTOR 

A. GENERAL DESCRIPTION 

The Enr ico F e r m i r eac to r and its assoc ia ted s t ruc tu re s a r e shown 
in perspect ive in Fig. 1. The r eac to r is contained in a s ta in less s teel r e 
ac tor vesse l sealed at the top by a rotat ing shield plug which supports the 
control mechan i sms , the holddown mechan i sm and the fuel handling mechan
i sm. The r eac to r vesse l is surrounded by borated and plain graphite neutron 
shielding m a t e r i a l which is contained inside the p r i m a r y shield tank. The 
r eac to r is of the f a s t -b reede r type, cooled by sodium, and operated at 
essent ia l ly a tmospher ic p r e s s u r e . The max imum r e a c t o r power with the 
f i r s t core loading (Core A) is 200 Mwt, 

The core and blanket, located in the lower r eac to r vesse l , consist 
of square subassembl ies containing the fuel pins and blanket rods a r ranged 
to approximate a cylinder about 80 in. in diam and 70 in, high. The core , 
contained in the cent ra l portion of the core subassembl ies , approximates 
a r ight cylinder 31 in, in d iam and 31 in. high; it is axially and radial ly 
surrounded by b reede r blankets . The fuel in Core A consis ts of z i rcon ium-
clad pins containing U-10 w/o molybdenum alloy with the uranium enriched 
to 25. 6 w /o U-235. Each fuel subassembly in the core contains 140 fuel 
pins having a total m a s s of approximately 4. 75 kg of U-235 per subassembly . 
The blanket is depleted U-3 w/o molybdenum alloy. 

The r e a c t o r c ro s s sect ion, shown in Fig. 2, indicates the placement 
of individual components •within the lower r eac to r vesse l . There is a total 
of 149 cen t ra l lat t ice positions that a r e occupied by core and inner rad ia l 
blanket subassembl ies , the neutron source , and the 10 operating control 
and safety rod channels. These positions a r e supplied with sodium coolant 
flowing upward from a h igh -p re s su re plenum which is connected to the 
d ischarge lines of the three p r i m a r y sodium pumps. The coolant flows 
upward through the individual core and inner radia l blanket subassembl ies 
into a large upper plenum and from there by gravity to the three in termedia te 
heat exchangers and then to the suction side of the p r i m a r y pumps. Sodium 
also is used in the secondary cooling sys tem. 

The latt ice positions surrounding the inner radia l blanket compr i se 
the outer blanket a r ea ; when filled with outer radia l blanket subassembl ies , 
they form an annular region whose top and bottom a r e at the same elevation 
as the top and bottom of the inner rad ia l blanket. Surrounding the outer 
rad ia l blanket a r e la t t ice positions for s ta in less s teel subassembl ies which 
provide the rma l and neutron shielding. The outer radia l blanket and shie ld
ing lat t ice positions a r e supplied with sodium coolant from the l o w - p r e s s u r e 
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plenum. The sodium from the l o w - p r e s s u r e plenum, after cooling the 
blanket and the rma l shield subassembl ies , is mixed in the upper plenum 
with the sodiuna from the core before flowing to the in termedia te heat 
exchangers . 

The neutron de tec tors (fission chambers and ion chambers ) for n o r 
m a l r eac to r operation a t -power , a r e located in six neutron-counter tubes 
(NCT) embedded in the graphite neutron shield surrounding the reac to r 
vesse l . Eleven channels of nuclear ins t rumentat ion a r e dis t r ibuted through 
out the six neut ron-counter tubes in a manner which covers the full power 
range during reac to r operation. During the low-power tes t ing, however, 
the t e m p o r a r y ins t rumentat ion descr ibed in Section III-C-2 was used. 

A permanent an t imony-beryl l ium (Sb-Be) neutron source is n o r m 
ally located in the r eac to r at the core-blanket interface (Fig. 2) to provide 
a neutron flux at the neutron de tec tors during r eac to r s ta r tup and to ma in 
tain a flux when the reac to r is shut down. It consis ts of a fixed radioact ive 
Sb rod inside a beryl l ium can. However, during this test a t empora ry r e 
t rac tab le neutron source was in use , instal led in the core in the safety rod 
position shown occupied by the osci l la tor rod in Fig. 2. It permit ted more 
accura te react iv i ty measu remen t s to be made by eliminating source r e 
activi ty effects. Its design is s imi l a r to that of the permanent source , 
except the Sb rod can be r e t r ac t ed from the beryl l ium. Its design and use 
is explained in nnore detai l in Section I I I - C - 1 . 

Additional information concerning the reac to r design may be found 
in Reference 4, 

B. CONTROL AND SAFETY RODS 

Reactor control is normal ly accomplished by t^vo operating control 
rods and eight safety rods . However, during this t es t only seven of the 
eight safety rods were installed, safety rod No. 5 having been removed to 
allow for installation of the in -core , r e t rac tab le neutron source . The lo 
cations of the control and safety rods in the r eac to r core a r e shown in 
F igs . 2 and 3. All of the rods a r e of the poison type, containing boron 
carbide (B4C) enriched in boron-10 (B-10). One operating control rod is 
for regulating purposes and the other is for shimming. The two rods 
have a total negative react ivi ty worth of about 92 cents . * The eight safety 
rods which a r e symmet r i ca l ly spaced around the center of the core provide 

* The react ivi ty conversions for the F e r m i r eac to r a r e : 
1 cent = 3. 19 inhours 
1 inhour = 2. 08 x 10"^ Ak/k 
(3 eff = 0- 00662 
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a total negative shutdown react ivi ty of approximate ly 9 do l l a r s . During r e 
ac tor operat ion, the safety rods a r e poised above the axial blanket sect ion 
of the core subassembl i e s . F r o m this position they can be rapidly inser ted 
into the core when the reac tor is s c r a m m e d . They a lso provide the hold-
down react ivi ty during refueling operat ions . The control and safety rods 
a r e actuated from the top and mus t be disconnected from their drive m e c h 
an isms while fuel is being loaded. 

1. Control Rods 

The two operating control rods a r e located on opposite sides and 
2-1 /2 in. from the ver t ica l center l ine of the core (Fig. 2). Each control 
rod is housed in a cyl indrical guide tube as shown in Fig. 3. The guide tubes 
a r e divided into upper and lower sect ions . The upper sections a re mounted 
permanent ly in the core holddown plate and column and move with them, 
whereas the lower guide tubes a r e seated in the upper and lower co re - suppor t 
p la tes . Heat generated in a control rod is removed by sodium flowing up
ward from the core inlet plenum. 

The two operating control rods a r e identical in design (Fig. 4). 
Each rod contains 88 g of B-10 in the form of 34 per cent enriched boron 
in B^C, giving a combined worth of approximately 92 cents (46 cents per 
rod) . The poison is contained in 19 hermet ica l ly sealed, s ta inless s teel 
tubes . The length of the active poison section is only 10 in. A helium gas 
collection space is located in the tubes above the poison section. An exten
sion rod connects the poison section to a pickup head which is located at the 
top of the rod. The pickup head connects to the control rod drive mechan ism 
by means of rod gr ipper fingers which a r e in turn operated by a magnetic 
latching mechan i sm. 

One rod, the fas ter moving or regulat ing rod, is used for s tar tup 
and control , while the slower rod is used p r ima r i l y as a shim rod. The 
average react ivi ty inser t ion r a t e s of these rods a r e approximately one cent 
per sec and one cent per min, respect ively . The operat ing control rods a r e 
not r e l eased and dropped into the core during a s c r a m but a r e , instead, 
dr iven slowly into the core . During reac to r shutdown, they a r e delatched 
from thei r dr ives and r e s t on a pedestal or sea t located in the lower guide 
tubes . The seat is positioned so that the bottona of the poison section is 2 
in. below the core midplane. The seat a lso acts as the lower l imit of t r ave l 
for an operat ing control rod. 

Although the full s t roke of the operating control rods is 30 in. , it 
is normal ly set at 20 in, during operation since the react ivi ty effect of the 
las t 10 in. of withdrawal is smal l . Both rod dr ives a r e supplied with 
digi ta l - readout , f ine-posit ion indication sys tems capable of showing the 
elevation of the drive extension to within _+0. 03 in. The rod position is read 
on Gilmore indicators located in the r eac to r control room. 
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2. Safety Rods 

The eight safety rods a r e located at an average distance of 7 in. 
f rom the ver t ica l center l ine of the core and a r e spaced uniformly around 
the center l ine (Fig. 2). Each rod is designated by a number , 1 through 8, 
as shown in Fig. 6. Although the dis tances of a l l rods from the core center 
a r e not the s ame , there a r e only three different positions used for the 
eight rods . These a r e r e f e r r e d to as the typical safety rod posi t ions. Since 
al l safety rods a r e of identical design, the rods which occupy these positions 
a r e called typical rods , each of which has a different worth. Typical rods , 
and thei r companion rods (given in paren theses ) , a r e rods No. 1 (3, 6, 8), 
No. 2 (7), and No. 4 (5). 

The design of the safety rod guide tubes is essent ia l ly the same 
as that of the control rod guide tubes . The safety rods a r e a lso cooled in 
a manner s imi la r to that of the control rods except that a reduced coolant 
flow ra te is used because their normal operat ing position is above the core 
and less nuclear heat is generated in them. 

The safety rod design is shown in Fig. 5. The four sections of 
the safety rod as sembly a r e the dash r am, the poison section, the extension 
rod, and the pickup head. The poison section of each rod contains approxi 
mate ly 535 g of boron-10 in the form of 57 per cent enriched boron in B4C, 
giving a negative react iv i ty w^orth of more than a dol lar per rod. The poison 
section is approximately 36-in. long and the poison ma te r i a l is contained 
inside six he rmet i ca l ly - sea led s ta in less s teel tubes. The poison containment 
tubes a r e designed as p r e s s u r e vesse l s to contain the helium gas re leased 
as a resu l t of the (n, a ) react ion in the boron-10. The dash r a m is used to 
dece le ra te the safety rods after a s c r a m . The extension rod connects the 
poison section to the pickup head. It contains a spr ing which helps acce le ra te 
the safety rod into the core . The pickup head connects to the safety rod 
dr ive extension by means of gr ipper fingers and a magnetic latching 
mechan i sm. 

In the case of normal r eac to r s ta r tup , the ganged safety rods 
a r e driven out of the core slowly. Although the full s t roke of the safety 
rods is 54 in. , there a r e two subcr i t ica l stop points located near the end 
of the t rave l at which withdrawal is automatical ly stopped. By knowing the 
react ivi ty worth of the rods between s tops , count ra te data taken at the stops 
may be used to predict the degree of r eac to r subcr i t ica l i ty before the rods 
a r e fully withdrawn. This prevents cr i t ica l i ty from being inadvertently 
achieved on the safety rods . 

The rods a r e dropped into the r eac to r under the force of gravity 
when a s c r a m signal causes the magnetic latch mechan i sm to de-energ ize 
and the fingers to r e l ea se the rods . 
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The rods can a lso be driven into or out of the core individually, 
if des i red . The elevation of each of the safety rod dr ive extensions may 
be read on a Gilmore indicator located in the r eac to r control room. 
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III. EXPERIMENTAL PROCEDURE 

A. DESCRIPTION OF THE TEST 

The cal ibrat ion m e a s u r e m e n t s of the control and safety rods for the 
Enr ico F e r m i r eac to r were made in accordance with detailed, preplanned 
p rocedures . ^' " Before the tes t , the p rocedures were reviewed for com
pleteness and safety; revis ions ^vere made , where n e c e s s a r y , to facili tate 
the acquisi t ion of complete and prec i se data during the tes t . The procedures 
were a lso used by the reac to r operating staff for the prepara t ion of ope r 
ating guides for the conduct of the t es t . 

P r e l i m i n a r y rod ca l ibra t ions , adequate for operating the r eac to r , had 
been obtained by s t ra ightforward techniques ea r ly in the tes t p rog ram. ^»'^' ^ 
The purpose of this t es t was to obtain more accura te cal ibrat ions that included 
shadov^ing effects, for use in l a te r exper iments . Because of differences in 
the nuclear and mechanical designs of the various rods , and l imitat ions on 
the operation of the r eac to r , r a the r complex procedures had to be used to 
ca l ibra te al l rods to the des i red accuracy . The var ie ty of methods used 
included positive and negative period m e a s u r e m e n t s , subcr i t ica l count ra te 
m e a s u r e m e n t s , and in terca l ibra t ion measu remen t s between rods . 

1. Control Rod Calibrat ion 

The control rod cal ibrat ions were made f i rs t so that they could 
be used la te r in in terca l ibra t ion measu remen t s with the safety rods . Data 
were obtained for both rods for the fully-shadowed (other rod fully inser ted) 
and fully-unshadowed (other rod fully withdrawn) conditions, as well as for 
in te rmedia te conditions of shadowing in the case of the regulat ing rod. 
Intermediate shadowing data for the shim rod w^ere not nece s sa ry since 
react iv i ty measu remen t s in exper iments a r e normal ly made with the regu
lating rod, the shim rod remaining in a fixed position. 

a. Regulating Rod Calibration 

The regulating rod cal ibrat ion consisted chiefly of positive 
period react ivi ty m e a s u r e m e n t s . Posi t ive period cal ibrat ion was thought to 
be the most accura te of the seve ra l techniques avai lable, and the regulating 
rod was well suited for this type of m e a s u r e m e n t since it is the fas ter moving 
rod. 

Basical ly , the m e a s u r e m e n t s were made as follows. The r e 
ac tor was f i rs t made c r i t i ca l at low power on the regulating rod, with the 
source r e t r ac t ed and with the shim rod at the des i red shadowing position. 
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Following th is , the regulating rod was success ive ly s tepped-out in increas ing 
inc rements above i ts c r i t i ca l position, with the shim rod remaining fixed. 
Each rod movement put the r eac to r on a positive period, which was m e a s u r e d 
on the neutron detection channels after each s tep. F r o m these , the excess 
reac t iv i ty addition due to regulating rod motion could be determined re la t ive 
to the initial c r i t i ca l position. The r eac to r power was reduced, and the r egu 
lating rod was re turned to its init ial c r i t i ca l position each t ime before making 
the next period measu remen t . When a s e r i e s of such measu remen t s had 
been completed at one shim rod shadowing position, the shim rod was moved 
to a new position and the procedure was repeated . 

In p rac t ice , the m e a s u r e m e n t s ^vere r e s t r i c t ed because pos i 
tive periods l e s s than 60 sec (13 cents excess react ivi ty) were not allowed. 
This l imitat ion was set for safety reasons and a l so because of the decreased 
accuracy at tainable with very shor t period m e a s u r e m e n t s . As a resul t , the 
regulat ing rod could be cal ibra ted over only a l imited portion of its t r ave l , 
at each shim rod shadowing position, by the method outlined above. 

An additional problem was that the degrees of shim rod shad-
o^ving which could be investigated were quite l imited for a par t i cu la r excess 
reac t iv i ty loading. If the excess reac t iv i ty was smal l , the shim rod had to 
be located in the upper portion of its t r ave l and vice v e r s a . 

To overcome these two problems and allow period cal ibrat ion 
of the regulat ing rod over its full length of t r ave l for all des i red conditions 
of shim rod shadowing, it was n e c e s s a r y to make adjustments of excess 
react iv i ty throughout the course of the tes t . Starting with a loading that had 
an excess react ivi ty of 10 cents , the excess react iv i ty was increased in in
c rements of 10 to 14 cents by means of six separa te s tepwise additions of 
core fuel subassembl ies and inner radia l blanket subassembl ies , until, at 
the end of the tes t , the excess react iv i ty in the r eac to r was 89 cents . After 
each loading change, period cal ibrat ion measu remen t s were made at s u c 
cess ive 2-in. in tervals in regulat ing rod position, as well as at 2-in. i n t e r 
vals in the degree of shim rod shadowing, to the extent allowed by the l imi ta 
tions previously d iscussed. Each loading permi t ted investigation of a dif
ferent portion of the rod t r ave l and different degrees of shadowing; the loading 
increments used ensured overlap of m e a s u r e m e n t s . Therefore , the full rod 
cal ibrat ion was eventually obtained. * 

The regulat ing rod could not be cal ibrated with the above 
procedure over its ent i re length of t r ave l soley by means of positive period 
m e a s u r e m e n t s . The f i r s t few inches of regulat ing rod t r ave l upward from 

* It was assumed that the rod cal ibrat ion was not affected by the loading 
changes made . 
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the ful ly- inser ted position could not be cal ibra ted by the procedure outlined 
above. This was t rue for al l cases of shim rod shadowing invest igated, but 
in varying deg rees . It was the r e su l t of only re la t ively la rge react iv i ty 
s teps being available to provide the excess react iv i ty shimming, i. e. , it 
would have been ex t remely difficult to load the r eac to r so p rec i se ly that 
c r i t ica l i ty could have been achieved with the regulat ing rod exactly fully 
inser ted for each shim rod shadowing position invest igated. Even if this 
could have been done, it would not have been des i rab le because there would 
have been no fas t -act ing rod available to provide for power reduction after 
the period m e a s u r e m e n t was made . This would be of concern from a safety 
view^point. 

The cal ibrat ion of the f i rs t few inches of rod t r ave l was 
therefore made by means of negative period react ivi ty m e a s u r e m e n t s . 
These were made in the same manner as the positive period nneasurements 
except that the regulating rod was inser ted in 2-in. increments from its 
c r i t i ca l position. Although negative period m e a s u r e m e n t s a r e inherent ly 
l e s s accura te than positive period m e a s u r e m e n t s , the portion of the rod 
cal ibrat ion obtained by them was a lso checked by subcr i t ica l count ra te 
react iv i ty m e a s u r e m e n t s , giving good cor re la t ion . 

The period m e a s u r e m e n t cal ibrat ions were conducted at a 
nominal r eac to r i so thermal t empera tu re of 518 F and were made with the 
r e t r ac tab le source fully Avithdrawn, to el iminate source effects. The 
periods were m e a s u r e d on neutron detection channels and the resu l t s were 
averaged for use in the ana lys i s . The period data were co r rec t ed for any 
t empera tu re drift which occur red in the t ime betw^een the initial reference 
c r i t i ca l m e a s u r e m e n t and the subsequent se t of period m e a s u r e m e n t s . 

b . Shim Rod Calibrat ion 

The shim rod cal ibrat ion could not be made by means of 
positive and negative period m e a s u r e m e n t s , as used for the regulat ing 
rod, because of the slow ra te of t rave l of the shim rod. The shim rod was 
therefore cal ibra ted for the des i red fully-shadowed and fully-unshadowed 
conditions by means of subcr i t ica l count ra te m e a s u r e m e n t s . 

To make the m e a s u r e m e n t s , the initial fuel loading configur
ation of the r eac to r (minimum excess react ivi ty) •was used. This >vas n e c e s 
s a r y so that the unshadowed data could be obtained. 

To obtain the unshadowed data, the r eac to r was f i r s t made 
c r i t i ca l at low power on the regulating rod with the source r e t r ac t ed and 
the shim rod withdrawn 20 in. The c r i t i ca l regulating rod position for these 
conditions was somewhat less than 20 in. , but by only a smal l amount because 
of the smal l excess react iv i ty . The worth of the regulating rod between its 
c r i t i ca l position and 20 in, was then determined by withdrawing the rod to 
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20 in. and making a positive period m e a s u r e m e n t . After re turning the 
regulat ing rod to i ts initial c r i t i ca l position, the r eac to r was made sub-
cr i t i ca l by inser t ing the r e t r ac t ab le antimony source rod, which has a 
negative worth of approximate ly 7. 80 cents . This allowed the regulat ing 
rod to be withdrawn to 20 in. , with the r eac to r remaining subcr i t ica l . The 
degree of subcr i t ica l i ty at this point could be de termined from the source 
wor th and from the regulat ing rod per iod data obtained e a r l i e r for 20-in. 
withdrawal . Count ra te data were then taken to obtain the absolute re la t ion
ship between count ra te and subcr i t ica l react ivi ty . Finally, the shim rod 
was cal ibrated by stepping the rod in 2-in. inc rements until it was fully 
inser ted , constantly keeping the regulating rod fixed at 20 in. , and taking 
counts at each step after the count ra te had stabi l ized. 

To obtain the shadowed sh im rod data, the regulat ing rod was 
next fully inser ted , the shim rod was withdrawn to 20 in. , and the previous 
subcr i t ica l cal ibrat ion procedure was repea ted at 2-in. inser t ion in te rva l s . 

Although the formal sh im rod cal ibrat ion was obtained by the 
subcr i t ica l technique outlined above, it could be checked for both shadowing 
conditions over mos t of the rod t r ave l by another method. This was done 
by noting the change in c r i t i ca l shim rod position for each of the six fuel 
loadings, the measu remen t s being made each t ime with the regulat ing rod 
e i ther fully withdra'wn and /o r fully inser ted , depending on the react ivi ty 
s ta te of the r eac to r . These data were then re la ted to react iv i ty by de t e r 
mining the excess react iv i ty added in each fuel loading. This was done by 
making positive period m e a s u r e m e n t s for each new loading with the control 
rods se t a t the i r c r i t i ca l positions of the previous loading. 

The subcr i t ica l react iv i ty m e a s u r e m e n t s were a lso made at 
a nominal r eac to r i so the rmal t empera tu re of 518 F and with the re t rac tab le 
source inser ted . Several sets of count ra te data were taken on the neturon 
detection channels at each rod position. The data were averaged for use in 
the analysis and were co r r ec t ed for t empera tu re drift between m e a s u r e 
ments , where neces sa ry . 

2. Safety Rod Calibrat ion 

The original intent of the t e s t was to obtain the fully-unshadowed 
react ivi ty worth of each of the seven instal led safety rods as a function of 
position, the fully-shadowed wor th of each of the th ree typical rods , and 
the ganged worth of the seven rods . However, to save t ime, individual 
rod cal ibrat ions were made for only the th ree typical safety rods . These 
were rod Nos. 1, 2 and 4, which a r e located at core lat t ice positions 
symmet r i ca l to the other rods (Fig. 6), This abbreviat ion was possible 
since the unshadowed worths obtained here for these rods were found to be 
in close ag reement with the ea r l i e r r esu l t s from other t e s t s . 2 ' ^ The e a r l i e r 
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Description 

Operating Control Rods 

[SR] Safety Rods 

Quantity 

2 

7 

•
Core Subassemblies (25.6% Enriched U-10 W/O 
Mo A l l o y ; ~ 4.74kg U-235/Subassembly) . . . 

[•JDummy Subassembly (No Fuel - Sodium Filled) . 

[RSJ Retractable Source 

97 

4 

] 

Inner Radial Blanket Subossemblies-Depleted 
U-3 W / O Mo Alloy 37 

I—iCore Shim Subassembly (Approx One-half 
[ ^Dep le ted , One-half Enriched Uranium -

2.37kg U-235/Subassembly) 1 

Total Subassemblies 149 

FIG.6 INITIAL CORE LOADING FOR ROD CALIBRATION MEASUREMENTS 
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cal ibrat ions for the remaining rods were therefore substi tuted for the s i m i 
l a r planned m e a s u r e m e n t s in this tes t . 

None of the safety rod cal ibrat ions could be made by means of 
period m e a s u r e m e n t s because of the re la t ively slow^ ra te of safety rod wi th
drawal . In tercal ibra t ion measu remen t s using the previously cal ibrated 
control rods were used to some extent, but this method was l imited by the 
max imum excess react ivi ty r e s t r i c t ions of the r eac to r . Consequently, sub-
cr i t i ca l count ra te m e a s u r e m e n t s were used for most of the ca l ibra t ions . 

All safety rod cal ibrat ions were performed at a nominal r eac to r 
i so the rmal tennperature of 517 F . They were made with the r e t r ac tab le 
source e i ther inser ted , for the subcr i t ica l m e a s u r e m e n t s , or withdrawn, 
for the in terca l ibra t ion m e a s u r e m e n t s . The la t te r nneasurements were 
made with the r eac to r c r i t i ca l at low power. The excess react ivi ty of the 
r eac to r throughout the tes t was 89 cents , the las t core loading configura
tion used for the control rod ca l ibra t ions . The count ra te data were obtained 
and analyzed in the way explained previously for the shim rod ca l ibra t ions . 
The in terca l ibra t ion data, being basical ly a s e r i e s of c r i t i ca l control rod 
position m e a s u r e m e n t s , requi red cor rec t ions for flux drift and t empera tu re 
drift. 

a. Unshadowed Worths 

The fully-unshadowed worths of the th ree typical safety rods 
were determined f i rs t . The cal ibrat ions were nnade using a combination of 
in terca l ibra t ion and subcr i t ica l count ra te m e a s u r e m e n t s . A rod could not 
be fully cal ibrated using the in terca l ibra t ion technique, since its anticipated 
negative worth was m o r e than one dollar , and the r eac to r had only 89 cents 
positive excess react ivi ty , i. e. , c r i t ica l i ty on the control rods could not 
have been maintained with m o r e than 89 cents of safety rod negative r e 
activi ty in the r eac to r . 

To cal ibra te a rod, all (seven) safety rods were f i rs t fully 
withdrawn from the shutdown reac to r , the control rods and re t rac tab le 
source being kept fully inser ted . The r eac to r was slightly subcr i t ica l in 
this condition, and the amount of subcr i t ica l i ty was found next by d e t e r -
naining the c r i t i ca l position of the previously cal ibra ted regulating rod. 
The regulat ing rod was then r e i n s e r t e d and the cor re la t ion between sub-
cr i t i ca l count ra te and react ivi ty was obtained. 

Following th is , the safety rod being investigated was fully 
inse r t ed into the reac to r and the two operating control rods were fully with
drawn. Count ra te data were again taken. At this point, the r eac to r was 
subcr i t ica l by an amount equal to the react iv i ty difference between the sum 
of the negative worths of the safety rod and antimony source , approxinnately 
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1. 30 dol lars and 7, 8 cents , respect ive ly , and the available positive excess 
react iv i ty , 89 cents . 

The rod under tes t was next withdrawn in 4-in. i nc remen t s , 
subcr i t ica l count ra te data being taken on the neutron detection channels at 
each stop. This was continued until the position was reached where an 
additional 4-in. withdrawal at this point would have caused the r eac to r to 
go c r i t i ca l . Because of th is , rod withdrawal to the next 4-in. increment 
was made as follows. The rod was withdrawn until the position was reached 
where the r e a c t o r became c r i t i ca l . This position was noted. Withdrawal 
was then continued with the subsequent react iv i ty addition resul t ing from 
safety rod withdrawal being balanced by inser t ion of the regulat ing rod. 
After the rod had reached the next 4-in, stop point, the source was r e 
t r ac ted and its react iv i ty addition balanced by additional regulating rod 
inser t ion. 

The safety rod worth over the t rans i t ional cr i t ica l i ty 4-in. 
inc rement was found knowing the source worth, the regulat ing rod ca l i b r a 
tion, and from calculations of subcr i t ica l react ivi ty which gave the degree of 
r eac to r subcr i t ica l i ty pr ior to beginning the step. 

The remainder of the safety rod cal ibrat ion was conducted at 
c r i t i ca l in a s t ra ightforward manner by means of in terca l ibra t ion m e a s u r e -
nnents, using the previously cal ibrated control rods . As the safety rod was 
stepped-out in 4-in. incrennents, its positive react ivi ty addition was balanced 
by negative react iv i ty addition resul t ing from sinnultaneous inser t ion of the 
control rods so that cr i t ica l i ty w^as maintained. Due to the slow ra te of shinn 
rod t rave l , however, the axial positions of the regulating and shim rods had 
to be interchanged when the regulat ing rod became fully inser ted . 

b. Shadowed Worths 

The fully-shadowed worths of each of the th ree typical safety 
rods were determined in a manner s imi la r to that descr ibed for the un
shadowed wor ths . The main exception was that the two safety rods adjacent 
to the rod being tes ted were initially inser ted along with it, and remained 
inser ted in the core during the measurennents . It •was assumed that shadow^-
ing effects were negligible for rods not adjacent to each other . The shadowed 
rod was then withdrawn in 4-in, increments with subcr i t ica l count ra te m e a 
surennents being taken at each stop. In this case , a l l of the measurennents 
were made subcr i t ica l since there was not enough excess react iv i ty available 
to at tain cr i t ica l i ty at any t ime during withdrawal of the shadowed rod. 

c. Ganged Worth 

The nneasurement of the worth of the ganged safety rods was 
made in the same nnanner as the unshadowed rod worth measu remen t s a l -
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ready descr ibed , i, e, , by a combination of subcr i t ica l and in terca l ibra t ion 
techniques . The difference in this case was that al l (seven) rods were 
init ial ly inse r ted into the core and then withdrawn simultaneously in 4-in, 
i nc remen t s , and special data were taken at the two subcr i t ica l stop points. 

It was not expected that the ganged rod cal ibrat ion by this 
method would be accu ra t e . This was because the r eac to r was substantial ly 
subcr i t ica l over mos t of the rod t r ave l , due to the la rge negative worth 
(est imated at m o r e than 8, 00 dol lars) of the ganged safety rods , whereas 
the analysis was made by nneans of s imple subcr i t ica l multiplication 
theory (See Section IV-B), This theory a s s u m e s a fundamental nnode flux 
dis tr ibut ion, which is not t rue at l a rge degrees of subcr i t ica l i ty . 

However, the nnethod was expected to give an accura te ca l i 
bra t ion of the two subcr i t ica l stops used for c r i t ica l i ty predict ion. These 
a r e located near the upper end of the rod t r ave l , at approxinnately -50 
cents and -25 cents ; for this portion of the cal ibrat ion, the control rods 
could be used for in terca l ibra t ion m e a s u r e m e n t s with the r eac to r c r i t i ca l . 

The total ganged worth nneasured in this tes t was not 
considered important , since it was believed that a good ganged cal ibrat ion 
had a l ready been obtained in an e a r l i e r tes t . ^ Also, it was known that it 
would be possible to calculate the ganged wor th from the worths of the un
shadowed and shadowed rods . 

B. REACTOR PLANT CONDITIONS 

The initial r eac to r fuel loading configuration used at the beginning 
of the tes t is sho'wn in Fig. 6.* By means of the fuel substitutions in the 
core and inner radia l blanket, shown in Table 1, the excess react ivi ty was 
increased in six additional loadings from its initial value of 10 cents to 
approximately 89 cents . Table 1 gives the m e a s u r e d excess react ivi ty of 
each loading. The excess react ivi ty is defined as the react ivi ty at 517 F 
i so the rmal with al l safety rods , control rods , and the re t rac tab le source 
fully withdrawn. Loadings 1 through 7 were needed for the control rod 
cal ibrat ions and loading 7 was used for the safety rod ca l ibra t ions . 

When possible , the p r i m a r y systenn was maintained at the normal 
s ta r tup t empera tu re of 517 F i so the rmal during the tes t , and the tennper
a tu re drift between measurennents was kept to a minimunn. The reac to r 

* The coordinate sys tem used to locate subassembl ies in the core lat t ice 
is shown in Fig. 6. The f i r s t position nunnber given is the X-coordinate 
and the second is the Y-coordinate . Posi t ive and negative values a r e 
designated " P " and "N", respect ively; the core center is POO-POO. 
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TABLE 1 - SUBASSEMBLY ADDITIONS AND EXCESS REACTIVITIES OF LOADINGS 

Loading Date 

1 (Initial) 10-23-63 

Substitutions Made 
(S.A, - Subassembly) 

No. of Final 
Core Configuration Final 

Subassemblies Measured Excess 
(Core, Shim, Increase in Excess Reactivi ty, 
(Dummy, IRB) Reactivity, cents cents 

97 ,1 ,4 ,37 10.04 

Core for Shim S.A. in N03-P05; 
10-25-63 Dummy for IRB S.A, in 

P06-P00 and N06-P00 
98 ,0 ,6 ,35 10.65 20.69 

CO 10-26-63 Shim for IRB S.A. in P06-P01 

10-28-63 Shim for IRB S.A. in N06-P01 

98 ,1 ,6 ,34 

98 ,2 ,6 ,33 

12.95 

13.82 

33.64 

47.46 

IRB for Shim S.A. in N06-P01 
and P 0 6 - P 0 1 ; IRB for Dummy 

10-29-63 S.A. in P06-P00 and N06-P00; 
Core for Dummy S.A. in 
P05-N03 

99 ,0 ,3 ,37 13.40 60.86 

10-30-63 Shim for IRB S.A, in P06-P01 

10-31-63 Shim for IRB S,A. in N06-P01 

99, 1,3,36 

99 ,2 ,3 ,35 

13.43 

14.25 

74.29 

88. 54 



tennperature was controlled by maintaining a balance between the heat input 
which resu l ted from p r i m a r y sodium pump operat ion, and the heat removal 
which resul ted from operat ion of the below-floor ventilation sys tem. The 
p r i m a r y sodium flow ra te requ i red to nnaintain a t empera tu re equi l ibr ium 
of 517 F was approximately the refueling flow value of 6. 0 x 10" Ib /h r 
(2. 0 X 10° Ib /h r / loop) . With this flow, and suitable adjustment of the s e c 
ondary sodium and feedwater sys t em conditions, the t empera tu re drift ra te 
was kept to within j_ 0, 25 F / h r , The auxi l iary sys tem, consist ing of the 
overflow punnp and p r i m a r y sys t em cold t r ap , was also operated, when 
requ i red to reduce an upv^ard drift in t e m p e r a t u r e . 

The r eac to r was operated at a c r i t i ca l , s t eady-s ta te power level of 
a few hundred watts during the tes t . The power was purposely kept low to 
minimize the activation of r eac to r components . When positive period 
m e a s u r e m e n t s were made , the t r ans ien t power was allowed to r i s e approx i 
mate ly one-half a decade above the c r i t i ca l power before the regulating rod 
•was r e in se r t ed and the power reduced. The only l imitat ion on power de 
c r e a s e during the negative period m e a s u r e m e n t s was that the power was 
not allowed to decay so far that meaningful flux information to the safety 
systenn ^vas lost . Because of the r e t r ac tab le source , source react iv i ty 
effects were negligible at a l l po\ver levels during the c r i t i ca l rod and 
period measurennents . Therefore , it was not nece s sa ry to accura te ly r e 
produce the power for each measu remen t . The subcr i t ica l measurennents , 
made with the source inser ted , were made at source power levels of only 
a few wat ts . 

The t r ip sett ing of the r eac to r safety systenn for low sodium flow 
ra te was reduced during the tes t f rom its normal setting of 75 per cent of 
the 200-Mwt design flow to 40 per cent of the 200-Mwt design flow. This 
was done because the refueling flow ra te requ i red for t empera tu re equi l i 
br ium, 6. 0 X 10 Ib /h r or 68 per cent of the 200-Mwt flow ra te , was l ess 
than the normal t r ip-point set t ing. Another safety sys tem modification 
made for the tes t was that the s c r a m levels for the in termediate and power 
range safety sys tems were set at flux levels corresponding to powers of 
approximately 1 Mwt. This prevented the reac to r from inadvertently ex
ceeding the maximum power level allowed for the low-power t e s t s . 

C. NEUTRON SOURCE AND INSTRUMENTATION 

During the tes t , a r e t r ac tab le neutron source was positioned in the 
r eac to r in the location normal ly occupied by safety rod No. 5. A t empora ry , 
p r ec i s ion - t empera tu re readout stat ion was set up in the r eac to r control 
roonn so that an accura te r ecord of r eac to r t empera tu re could be maintained. 
The subcr i t ica l count r a t e , positive and negative period, and power drift 
r a te information requ i red during the tes t we re obtained from special ly in
stal led neutron de tec to r s . The rennaining tes t data, i. e. , the p r i m a r y sodium 
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flow ra te s and the control rod and safety rod posi t ions, we re obtained from 
the permanent plant instrunnentation. 

1. Neutron Source 

Throughout the rod cal ibrat ion tes t , the r e t r ac t ab le ant imony-
berylliunn (Sb-Be) neutron source replaced safety rod No. 5 in the core 
position P03-P00 . The portion of the source (T1/2 = 60 days) consist ing 
of radioact ive antimony-124 is a rod approximately 0. 7 in. in diam by 
25-in. long. Its activity at the t ime of the tes t was about 120 cu r i e s . The 
antimony rod fits inside a hollow beryl l ium cylinder which is approximately 
30-in. long and which contains 3. 4 kg of bery l l ium. The berylliunn cylinder 
is in turn located inside a square , s teel can which has the external d imen
sions of a nornnal lower safety rod guide tube. To r e t r a c t the source from 
the core , the handling head of the antimony section is engaged with the grippe 
of the safety rod drive extension. 

The presence of the r e t r ac t ab le source during the t e s t pernnitted 
accura te react ivi ty measu remen t s at low po^ver, thus minimizing the a c t i 
vation of core components. The approach to cr i t ica l i ty was nnade with the 
antinnony source rod fully inser ted . After c r i t ica l i ty was attained at low 
po^wer, the source was withdrawn from the core to el iminate source r eac t i v 
ity effects in the subsequent react ivi ty m e a s u r e m e n t s . It was rea l ized , 
however, that the beryl l ium can portion of the source would have a nnoder-
ating effect on the core neutrons and as a resu l t it would tend to enhance the 
wor th of the nearby shim control rod cal ibrated in the tes t . 

Calibrat ion measu remen t s made at the tinne the r e t r ac tab le 
source was instal led had shown that, with the source r e t r ac t ed 30 in. , source 
react ivi ty effects were negligible. They a lso showed that the antimony rod 
portion of the source had a negative react ivi ty wor th of 7, 80 cents . 

The source was kept fully inser ted for the subcr i t ica l react ivi ty 
m e a s u r e m e n t s . 

2, Instrumentat ion 

The instrunnentation used to nnonitor neutron flux during the tes t 
was essent ia l ly the sanne as that descr ibed in detail in Reference 1, The 
only difference was that in this t es t no in -core ins t rumentat ion was used. 
This was because the tennporary ins t rument thinnble, normal ly installed 
during the low-power tes ts in place of safety rod No, 5, had been replaced 
by the re t rac tab le source . 

All of the nuclear instrunnentation used was t empora ry in s t ru 
nnentation, instal led specially for the low-power tes t progrann. Briefly, it 
consis ted of two high-sensi t ivi ty B F , proport ional detector channels and 
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six B-10- l ined ion chamber channels . All de tec tors were located inside 
the six neut ron-counter tubes ennbedded in the graphite shield surrounding 
the r eac to r vesse l (Fig, 1). The two BFo de tec tors were connected to 
mechanica l s c a l e r s located in the r eac to r control room. They provided 
data from which the subcr i t i ca l count ra tes and r eac to r per iods were d e t e r 
mined in the tes t ; they were a lso used to supply both count ra te and period 
signals to the source range safety sys tem of the r eac to r . Five of the six 
B-10-l ined ion chambers provided power level protect ion for the in te r 
nnediate and power range safety systenns. The internnediate range de tec tors 
a lso provided period protection. The sixth ion chamber provided a l inear 
cu r r en t signal to a Keithley mic ro -mic roannmete r r e c o r d e r located in the 
r eac to r control room. This r e c o r d e r a lso gave period infornnation during 
the tes t and it was used to m e a s u r e any drift in power which took place 
during the c r i t i ca l rod position react ivi ty nneasurements . 

The tennperature of the prinnary systenn was monitored during the 
t e s t by use of the normal plant tennpera ture-sens ing elennents. These s e n s 
ing elements consist of i ron-cons tantan thernnocouples and platinum r e s i s 
tance t empera tu re de tec to r s . The thermocouples a r e instal led on the fuel 
support plates located below the core and on the holddown plate located 
above the core ; they m e a s u r e the tennperature of the core inlet and core 
outlet sodium, respect ive ly . The r e s i s t ance t empera tu re detectors a re 
located in the p r i m a r y sodiunn piping leading to and from the r eac to r ; they 
m e a s u r e the t empera tu re of the r eac to r inlet and outlet sodium. In the tes t , 
the data from all of these t empera tu re sensor s were re layed via special 
c i rcu i t s to a t empora ry , p r ec i s ion - t empera tu re readout station located in 
the r eac to r control room. The thermocouples were connected to a high-
sensi t ivi ty potent iometer , and the r e s i s t ance detec tors were connected to 
a r e s i s t ance br idge. With the equipment used, t empera tu re s could be read 
to an accuracy of +̂  1 F and the react iv i ty data could be correspondingly 
co r rec ted for t empera tu re drift between m e a s u r e m e n t s . 

The permanent plant ins t rumentat ion was used to obtain the r e 
maining requi red data. This consisted of p r i m a r y sodium flow ra tes and 
control and safety rod posit ions. The p r i m a r y sodium f lowmeters , located 
in the control room, could be read to within +̂  0. 05 x 10" Ib /h r / l oop . The 
positions of the control and safety rods , read on the Gilmore indicators 
located in the control room, could be determined to within + 0, 03 in. 
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IV. METHOD OF ANALYSIS 

The basic techniques used in this tes t to obtain the react iv i ty effect 
of a change in rod position were : (1) positive and negative period m e a s u r e 
ments ; (2) subcr i t ica l count ra te m e a s u r e m e n t s ; and (3) in terca l ibra t ion 
nneasurements (cr i t ical rod position nneasurements) . Application of these 
techniques is s t ra ightforward 8 and has been d iscussed in detail in other 
r epor t s ' ^ ' 7, 10. therefore , the nnethods of analysis will be reviewed only 
briefly. 

A. PERIOD CALIBRATION MEASUREMENTS 

The regulating rod was ca l ibra ted ent i re ly by nneans of positive and 
negative period m e a s u r e m e n t s . The rod positions were obtained from the 
Gilnnore ind ica tors . The period data were obtained fronn the two B F j de 
tec tor channels connected to s c a l e r s , and from the ion chamber channel 
connected to the Keithley micro-nnicroannmeter (Section III-C-2). Integrated 
counts taken fronn the s ca l e r s at 15-sec in tervals were plotted on s e m i -
logarithnnic graph paper to obtain the per iods . The Keithley signal oper 
ated a t imer set to s t a r t and stop automatical ly on e-fold power i n c r e a s e s , 
thus giving a d i rec t readout of the r eac to r period. The th ree periods ob
tained •were averaged for use in the ana lys i s . The average period w^as 
converted to react ivi ty using the inhour re la t ionship for the r eac to r . This 
was available in tabular form for increased accuracy . 

As seen e a r l i e r , each period measu remen t gave the react iv i ty effect 
of rod nnotion re la t ive to a reference c r i t i ca l rod position. Therefore , the 
data had to be cor rec ted for any react ivi ty feedback resul t ing from tennper
a ture drift in the r eac to r in the t ime in terval between the c r i t i ca l and period 
m e a s u r e m e n t s . To do th is , the i so the rmal t empera tu re at the t ime of each 
measurennent was determined, using the tennperature sensors descr ibed 
e a r l i e r (Section III-C-2), Any tempera tu re , difference found was then mul t i 
plied by the value of the r eac to r isothernnal tennperature coefficient (de ter -
nnined in an ea r l i e r experinnent •'̂ '̂ ), to obtain the cor rec t ion . This was the 
only cor rec t ion to the period data requi red . No source react ivi ty cor rec t ion 
was neces sa ry because of the re t rac tab le source . 

The connplete s e r i e s of regulating rod period cal ibrat ion nneasure
ments was analyzed as outlined above. Thus, for each shim rod shadowing 
position, the rod worth over a l imited portion of its t r ave l was obtained 
re la t ive to a s e r i e s of reference c r i t i ca l positions of increas ing rod i n s e r 
tion corresponding to the different loadings. Since care had been taken to 
make a period measu remen t each t ime using the c r i t i ca l rod position of the 
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previous loading, the connplete rod cal ibrat ion normal ized to ze ro worth 
fully inser ted could then be obtained in a s t ra ightforward manner . 

The accuracy of this method of cal ibrat ion depended on the accuracy 
of the rod position, tennperature, and period m e a s u r e m e n t s . The unce r 
tainty in each of these components had been es t imated and a net cal ibrat ion 
e r r o r had been calculated in e a r l i e r studies ^. The resu l t s gave an e s t i 
mated accuracy for the regulating rod cal ibrat ion of approximately +_ 4 per 
cent for the total rod worth and +̂  2 per cent for the slope of the rod ca l i 
bra t ion curve . 

B. SUBCRITICAL COUNT RATE CALIBRATION MEASUREMENTS 

The shinn rod cal ibrat ion data, and mos t of the measu red safety rod 
cal ibrat ion data, were obtained by means of subcr i t ica l count ra te react iv i ty 
measurennents . Rod positions were read from the Gi lmore ind ica tors . The 
count ra te data were obtained fronn the two BF3 channels connected to 
s c a l e r s , and the data were averaged for use in the ana lys i s . Care was 
taken to ensure that the count ra te had stabil ized before a nneasurennent 
was made . The basic re la t ionship between count ra te and subcr i t ica l r e 
activity, as a function of rod position, is given by the following equation:* 

l-k2 = C1/C2 (1-ki) (1) 

where , 
CT = the initial count ra te obtained with the rod under tes t 

e i ther fully withdrawn or fully inser ted , cpm 

* Derived fronn simple subcr i t ica l multiplication theory: 

If, 
M a (1-keff)"^ 

Then, 

Thus, 
C = A (l-kgff)- l (2) 

C l / C 2 = | ^ (3) 

where . 
M = the source multiplication 

(l-kg£f) = the subcr i t ica l react ivi ty 
C = the count ra te 
A = a constant which depends on the source s t rength, 

the energy of the source neutrons , the geometry 
of the source and de tec to r s , and the type of detector 
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C-, = the count ra te obtained at in termedia te positions of 
inser t ion or withdrawal, cpm 

l -k i = the amount the r eac to r was subcr i t ica l , init ially, cents 

1-k = the annount of subcr i t ica l i ty at the in te rmedia te rod 
posi t ions, cents 

The initial subcr i t ica l i ty , 1-kj, for the unshadowed shim rod cal ibrat ion 
was that which existed with the shim and regulating rods fully withdrawn 
pr io r to the m e a s u r e m e n t s . It was determined fronn the re t rac tab le source 
worth and fronn the period m e a s u r e m e n t made with the regulat ing rod at 20 
in, , as descr ibed e a r l i e r (Section III-A-1). 

For the shadowed shim rod nneasurements , l-kj^ was the react ivi ty 
with the regulating rod fully inser ted and the shim rod fully withdrawn. The 
value of 1-ki in this case was found by using an equation identical to Eq, (1), 
but with the t e r m s defined somewhat differently. In par t icu la r , l-k_ was de 
fined as the subcr i t ica l react ivi ty with both control rods fully withdrawn, 
i. e. , it had the sanne value as l -k , in the unshadowed shinn rod cal ibrat ion. 
The count ra te data obtained with both rods fully withdrawn versus that ob
tained with the regulating rod fully inser ted could then be used to calculate 
the des i red value of l - k j needed for the shadowed shinn rod cal ibrat ion. 

In the case of the subcr i t ica l safety rod ca l ibra t ions , 1-kj was the 
subcr i t ica l react ivi ty with the rod(s) under t es t fully inser ted , p r ior to b e 
ginning the withdrawal m e a s u r e m e n t s . Similar to the case of the shadowed 
shim rod calculation, 1-kj was calculated using Eq. (1) with the t e r m s 
defined differently. In par t icu lar , l -k2 was defined as the subcr i t ica l r e 
activi ty with all safety rods fully withdrawn, and both control rods and the 
source fully inser ted . This react ivi ty was determined from the cr i t ica l 
regulating rod position found pr io r to safety rod inser t ion and control rod 
withdrawal (see Section III-A-2) and the value of l - k j could then be ca lcu
lated using the appropr ia te ly measu red count ra tes Cĵ  and C2. 

Correc t ions for t empera tu re drift occurr ing between the initial count 
ra te measu remen t and subsequent measu remen t s in a s e r i e s were nnade in 
the same nnanner as descr ibed e a r l i e r for the period m e a s u r e m e n t s . No 
cor rec t ion for source decay was requi red because the measu remen t s were 
made over a t ime interval which was short , re la t ive to the half-life of the 
source . 

The rod worths found from the above analysis were in the fornn of 
subcr i t ica l react ivi ty as a function of rod position re la t ive to an initial sub -
cr i t i ca l react ivi ty . The des i red rod cal ibrat ion, normal ized to zero worth 
at the ful ly- inser ted position, could then be obtained by subtract ing the 
init ial subcr i t ica l react iv i ty from each value. 
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The accuracy of this cal ibrat ion method depended on the accuracy of 
the rod position, tennperature, init ial subcr i t ica l i ty , and count ra te m e a s 
urennents. Calibrat ion accuracy a lso depended on the validity of Eq. (1). 
Neglecting this la t te r point for the moment , it can be seen that the subcr i t ica l 
count ra te cal ibrat ions were inherently l ess accura te than the regulating rod 
period ca l ibra t ions . This is because , in addition to the other uncer ta in t ies , 
the regulating rod cal ibrat ion was used to obtain the initial subcr i t ical i ty 
va lues . An e r r o r analysis made for the subcr i t ica l rod cal ibrat ions on this 

5 6 b a s i s , ^ ' ° showed that they had an uncertainty about twice as large as the 
regulating rod period cal ibrat ion uncertainty, i. e. , j ^ 8 per cent in the rod 
worth and +_ 4 per cent in the slope of the curve . 

The extent to which Eq. (1) was valid in the cal ibrat ions is conjec
tu ra l . Its derivat ion a s sumes that al l generat ions of the neutron flux in the 
core resul t ing from the mult ipl icat ion of source neutrons have a fundamen
tal nnode distr ibut ion, both in energy and space . When the reac to r is close 
to cr i t ica l i ty , this assumption is t rue . However, when the reac tor is f a r -
subcr i t ica l , this is not t rue , and the subcr i t ica l react iv i ty does not vary 
l inear ly with the inverse of the detector r e sponses as given by Eq. (1), 
Calculations for the F e r m i reac to r for the case where the source is located 
near the core center indicate that apprec iable e r r o r s using Eq. (1) begin to 
appear at -2 , 50 to - 3 , 00 do l l a r s , subcr i t ica l . In addition to this source 
of e r r o r , nonlinear per turbat ions in the detector r e sponse can also occur 
as a r e su l t of the geonnetrical re la t ionship between the source and de tec to rs , 
and the effects of flux and spec t r a l per turbat ions due to core inhomogene-
i t i e s . Therefore , the exact point at which Eq, (1) beconnes invalid is 
conjectural . 

In the case of the shim rod and individual safety rod cal ibrat ions 
made at modera te degrees of subcr i t ica l i ty ('^4 dol lars ) , it was assumed 
that use of Eq, (1) caused no significant e r r o r s . In the case of the ganged 
safety rod cal ibrat ion m e a s u r e m e n t s , a portion of which was made with the 
r eac to r f a r - subcr i t i ca l , significant e r r o r s over par t of the cal ibrat ion due 
to nonlineari t ies in the detector response were anticipated. As will be seen 
l a te r , some e r r o r occur red . 

C. INTERCALIBRATION MEASUREMENTS 

The major portion of the unshadowed individual safety rod ca l ib ra 
tions and a smal l portion of the ganged safety rod cal ibrat ion were obtained 
by means of in terca l ibra t ion measu remen t s made at cr i t ica l i ty , using the 
previously cal ibra ted control rods . Only the las t par t of the rod with
drawal was cal ibrated in this way, however, the initial withdrawal being 
cal ibrated subcr i t ica l ly . 

The in terca l ibra t ion data were obtained in a s t ra ightforward manner 
by measur ing the amount of control rod inser t ion needed to compensate for 
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the reac t iv i ty addition resul t ing fronn safety rod withdrawal . The rod po
sition data were converted to react iv i ty using the control rod cal ibrat ion 
cu rves , assuming that nei ther the control rod or safety rod cal ibrat ions 
were affected by the p resence of the other rod. Tempera tu re drift c o r 
rect ions were made to the data as before. The des i r ed normal izat ion of 
the in terca l ibra t ion data for the upper rod t r ave l was obtained by adding 
to each data point the total rod worth obtained from subcr i t ica l m e a s u r e 
nnents for the lower t rave l . The es t imated uncer ta inty in the i n t e r ca l i b r a 
tion nneasurements is +̂  6 per cent in the rod worth and +_ 3 per cent in the 
curve s lope ." 
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V. EXPERIMENTAL RESULTS 

A la rge amount of data for period, count r a t e , rod position, and 
tennperature were obtained in the rod cal ibrat ion exper iments . These data 
and the resu l t s of the various data-reduct ion steps (data averaging, r e 
activity conversion, t empera tu re correc t ion , worth normalizat ion) a r e not 
included he re since the details of the experinnents have been previously 
explained. Therefore , only the final r esu l t s of the tes t a r e given. These 
a r e compared with predic t ions , and a shor t d iscuss ion of the resu l t s is 
given. 

1,2,3 
The p re l iminary rod cal ibrat ion resu l t s obtained in other tes ts 

a r e not given he r e , except in those cases where they a r e needed to fill in gap 
in the experinnental data, i. e. , the safety rod ca l ibra t ions . No la rge d i s 
crepancies were found between the prelinninary cal ibrat ions and the conn-
parable resu l t s of this tes t , 

A. CONTROL ROD CALIBRATIONS 

1. Regulating Rod Calibrat ion 

The resu l t s of the regulating rod cal ibrat ion, shown in Table 2, 
give the regulating rod worth for 0 to 20 in. of withdrawal at 2-in. i n c r e 
nnents in shim rod shadowing between 0 and 20 in. Also given is a ca l i 
brat ion of the regulating rod worth for 0 to 30 in. of withdrawal with the 
shim rod set at 30 in. The la t te r cal ibrat ion was not specified in the o r ig i 
nal procedure , since it is beyond the normal operating range of ei ther rod; 
ho-wever, it was added to obtain an indication of the maximum excess r e 
activity which could be held down by one rod. 

In Table 2 it appears that nnany of the regulating rod positions 
were chosen in a r a the r haphazard fashion, i. e. , the re a r e many noninteger 
positions at which cal ibrat ion data were obtained, and they vary with the 
degree of shadowing. The reason for this is that no control could be ma in 
tained over the c r i t i ca l regulating rod positions found pr ior to making period 
m e a s u r e m e n t s , •when the shim rod •was set at 2-in. integer shadowing in
t e rva l s in each of the seven tes t loadings. 

No attennpt •was nnade in Table 2 to show the different loadings in 
which the various data were obtained. However, a delineation between 
positive and negative period data was made. The positive period data a r e 
on the right of the heavy black line and the negative period data a r e on the 
left of the l ine. 
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TABLE 2 - REGULATING ROD CALIBRATION 

Shim Rod Withdrawal, 
in. 

0 
(fully-shadowed) 

2 

4 

6 

8 

10 

12 

14 

16 

18 

20 
(fully-unshadowed) 

30 
(nonoperating position) 

1.0 
6,68 

1,0 
'6,31 

2.0 
16.28 

1.69 
11.55 

2.0 
14,80 

1.71 
12.30 

2.0 
17.94 

2.0 
14,84 

2,19 
15.77 

1,47 
9.78 

0.87 
5.40' 

9.0 t 
90.05 

2.0 
14.50 

1.79 
i;i,39 

4,16 
36.13 

4.0 
32.62 

3.89 
32,07 

3.22 
25.51 

4.0 
32.43 

4.0 
32.40 

2,0 
14,27 

13.22 
125,05 

3.42 
26. 50 

4,0 
31,85 

4.0 
32,73 

4,51 
42.15 

4,0 
33.26 

5.5 
48.80 

5.5 
48.37 

4.0 
32.02 

14.0 
129.79 

4.0 
31.90 

6.0 
52.31 

6.0 
55.59 

6.0 
53.58 

6.0 
54.45 

6.0 
54.37 

6.0 
58.47 

6.0 
55.07 

6.0 
54.36 

5,93 
53,88 

5.5 
49.51 

16.0 
138.75 

( 

r 
6.0 

52.11 

6,12 
54.13 

8.0 
76.34 

6.03 
"54.04 

7.88 
74,24 

8.0 
76.34 

8,0 
80.81 

7,16 
68,78 

6,4 
59.17 

6.0 
54,05 

6.0 
54.48 

18.0 
144,48 

Calibration Values * 
) Regulating Rod Withdrawal, in. 
) Worth, inhours 

7.57 
68.80 

8.0 
73.79 

8.18 
77.87 

8.0 
74.88 

8.0 
7B764 

10.0 
95,71 

8.4 
85.31 

8.0 
77.59 

8.0 
7B.99 

8.0 
76.29 

8.0 
76.21 

20.0 
148.84 

10.0 
92.15 

10.0 
92.78 

10.0 
95,09 

10.0 
93.92 

10,0 
94,82 

10.17 
98.05 

10.0 
100.82 

10.0 
97.62 

9.54 
91.84 

9.54 
91.81 

22.0 
152.12 

10.32 
95.50 

10.32 
96.34 

12.0 
110.80 

12.0 
112.44 

12.0 
117.30 

11.77 
111,30 

10,0 
96.74 

10.0 
95.82 

24.0 
153.91 

12.0 
107.94 

12.0 
108.51 

12.0 
110.52' 

12.0 
109.36" 

12.97 
117.68 

13.80 
127.86 

12.0 
113.90 

10.64 
101,68 

12.0 
112.18 

12,0 
111.50 

25.0 
154.52 

12.24 
109.83 

14.0 
120.58 

13.52 
120.25 

14.0 
121.77 

14.0 
123.37 

14.0 
124.77 

14.0 
129.79 

14.0 
125.80 

14.0 
124.87 

14.0 
124.76 

14.0 
124.13 

26.0 
155.07 

14.0 
120.72 

16.0 
133,40' 

15,29 
130.70" 

14.36 
126.11 

27,0 
155,36" 

16.0 
129.51 

16,0 
129.79 

16,0 
131,59 

16,0 
130.10" 

16.0 
132.14 

18.0 
138.86 

16.0 
137.40 

16.0 
134.33 

16.0 
133.75 

16.0 
133.30 

16.0 
132.95 

28.0 
155.61 

18.0 
134.89 

18.0 
135.38 

18.0 
137.24 

18.0 
135."SB" 

18.0 
137.50' 

19.08 
141.34 

18.0 
142,94 

18,0 
139,80 

17,08 
136,59 

18,0 
139,07 

18,0 
138,65 

29.70 
155.79 

20.0 
139.52 

19.21 
138.06 

20.0 
141.68 

19.52 
139.78 

20.0 
141.85 

20.0 
142.34 

20.0 
146.91 

20.0 
143.86 

18.0 
138.80 

20.0 
143.14 

20.0 
142.98 

30.0 
156.09 

* All calibrations normalized to zero worth for full rod insertion (zero-in. withdrawal) 
t Extrapolated from the shim rod data at 20 in., calibration data with the shim rod set at 30 in. were obtained 

only for withdrawal of 9 in. through 30 in., the 9 in, - 13,22 in. calibration being based on negative period 
measurement and the remaining portion being based on positive period measurement. To obtain the complete 
calibration, it was observed that these data indicated a 3-1/2-per cent increase in the slope of the calibration 
curve compared with the 20-in, shadowing case. Therefore, the rod worth between 0 in. and 9 in., with the 
shim rod at 20 in. , was multiplied by 1.035 to obtain the value shown. 



Table 2 shows that the fully-shadowed worth of the regulat ing rod 
obtained was 139. 52 inhours (43. 74 cents) , whereas the fully-unshadowed 
worth was 142. 98 inhours (44. 82 cents) . The shadowed worth is therefore 
about 2 -1 /2 per cent snnaller than the unshadowed worth. 

The fully-shadowed and fully-unshadowed data a r e plotted in Fig. 
7, together with the predicted worth curves obtained in the c r i t i ca l expe r i 
ment.-"^^ The predicted wor ths , 148. 1 inhours (46.43 cents) and 153.0 in
hours (47. 96 cents) , respect ive ly , a r e both about 6-1/2 per cent l a rge r 
than those nneasured. The predicted reduction in rod worth due to shadow
ing is therefore about 3. 2 per cent, compared to the nneasured value of 
2 -1 /2 per cent. The shapes of the predicted and m e a s u r e d cal ibrat ion 
curves a r e very s imi l a r , the nneasured curve being somewhat f lat ter . 

The agreement between nneasurement and predict ion shown in 
Fig. 7 is considered good. A di rec t connparison of the t̂ wo se ts of resu l t s 
cannot be made, however, because of the following differences in the two 
c a s e s . 

(a) Since the t ime of the c r i t i ca l experinnent, the core design 
has been changed. The fuel enrichnnent w^as uniformly de 
c reased by about 2 per cent, from 26. 1 w /o U-235 to 25. 6 
w/o U-235. This resul ted in an approximate 8 per cent 
inc rease in core s ize . The worth of the rod, in ternns of its 
effect on Ak (the effective multiplication factor) , is dec reased 
because of the increased core s ize . Ho^wever, its worth in 
dol lars ($ = -x ) i nc reases because of a proport ionally l a r g -

•^eff 
er dec rease in the P gff value for the r eac to r . 

(b) The control rod design has been changed since the t ime of 
the c r i t i ca l exper iment . The enr ichment of the boron in the 
B .C of the rod was increased from 18. 8 w/o B-10 (natural 
B) to 34 w/o B-10, keeping the total weight of B-10 in the 
rod constant (88 g). This resu l t s in a dec rease in rod worth 
because of the increased self-shielding in the rod. 

(c) The control rods were cal ibrated over only a 19-in. s t roke 
in the cr i t ica l experiment , whereas in the tes t the ca l ib ra 
tion was for 20-in. withdrawal (see Fig, 7), The c r i t i ca l 
exper iment worth for 20 in, of withdrawal would be slightly 
l a r g e r than that given. 

The net effect of i tems (a), (b), and (c) on the agreement 
between measu red and predicted rod worth, although r e l a 
tively snnall and sonnewhat compensating, has not been ex
amined in detail and will not be considered further he r e . 
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Two additional points in Table 2 should also be mentioned. F i r s t , 
is the r a the r pecul iar behavior in regulat ing rod worth m e a s u r e d at i n t e r 
mediate conditions of shadowing. The data show that although the min imum 
rod worth is obtained with the shim rod fully inser ted , as expected, and the 
rod worth inc reases fairly uniformly upon initial sh im rod withdrawal, a lso 
as expected, that when the shim rod withdrawal reaches 12 in, the regulat ing 
rod worth at tains a maximum. Following this , the regulat ing rod worth 
dec r ea se s slightly with further shim rod withdrawal . Therefore , there 
appears to be l ess shinn rod shado^ving at 1-2 in. than at 20 in. No p r e d i c 
tions of in termedia te shadowing effects were made in the c r i t i ca l expe r i 
ment to which these resu l t s can be connpared. 

The second point is the observed c ros sove r in the cal ibrat ion 
curves of the fully-unshadowed and fully-shadowed regulat ing rod at 4 in. 
of withdrawal (see Fig. 7). This effect is s imi la r to that d i scussed above 
in that the shadowed rod appears to be worth slightly more than the un
shadowed rod, but only for the f i r s t 4 in. of withdrawal . Similar behavior 
can also be seen in some of the other data in Table 2. 

The two effects d iscussed above a r e re la t ively smal l , and could 
possibly be at t r ibuted to "exper imenta l uncer ta in t i es" . However, it appears 
valid that the regulating rod at tains its maximum worth at an in termedia te 
condition of shadowing. There is a complex geonnetrical situation which 
exists in the r eac to r during rod withdrawal due to the fact that the poison 
sections of the control rods a r e only 10-in. long, whereas the total t r ave l 
of each rod is 20 in. The c ros sove r effect is more difficult to explain. It 
could resu l t f rom geometry , a l so . Ho^vever, since the react ivi ty differ
ences involved a r e quite smal l , and since they occur p r imar i ly for only 
smal l withdra^wals where the cal ibrat ion was made by less accura te negative 
period m e a s u r e m e n t s , the c ros sove r can probably be at t r ibuted to expe r i 
menta l uncer ta int ies more than anything e l se . 

One further clarif ication should be made . Although the m e a s u r 
ed shadowed worth of the regulat ing rod was 2 -1 /2 per cent less than the un
shadowed worth, this implies that the shadowing effect of one rod on another 
rod is actually only one-half of th is , or 1-1/4 per cent. This is t rue b e 
cause nnutual shadowing or coupling between the two identical rods can be 
assunned. * This distinction is not innportant he r e , but it will be important 
l a te r on when the safety rod resu l t s a r e considered. 

* Another way of looking at this is that when the shadowed regulating rod is 
withdrawn from the core , a snnaller net react ivi ty addition is seen, com
pared to the unshadowed case , because of the combination of (1) the r e 
duced regulating rod worth due to the shim rod shadowing on it, and (2) 
the increased (negative) worth of the shim rod, as the regulating rod is 
withdrawn, due to the elimination of the regulating rod shadowing on it. 
These two shadowing effects a r e equal for identical rods . 
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2, Shim Rod Calibrat ion 

The resu l t s of the shinn rod cal ibrat ion, shown in Table 3, give 
the shim rod worth for 0 to 20 in, of withdrawal for the fully-shadowed and 
fully-unshadowed c a s e s . 

All data were obtained by subcr i t ica l count ra te measurennents . 
Because of th is , the measu remen t s could be made at any shim rod position 
des i red and no haphazard a r r a y of noninteger positions appea r s , as in Table 
2. Both cal ibrat ions were made at 2-in. in tervals in shim rod position. 

TABLE 3 - SHIM ROD CALIBRATION 

Worth With Regulating Rod Withdrawn 
Zero in. and 20 in. , inhours 

Shim Rod 
Withdrawal, in. Zero in. (fully-shadowed) 20 in. (fully-unshadowed) 

0 
2 
4 
8 
12 
14 
16 
18 
20 

0 
11. 
34. 
74. 
112. 
125. 
134. 
140. 
146. 

89 
62 
10 
16 
60 
93 
71 
74 

0 
15. 
34. 
80. 
118. 
132. 
141. 
147. 
151. 

32 
05 
67 
97 
48 
47 
39 
66 

Table 3 shows that the measu red fully-shadowed worth of the 
shim rod was 146. 74 inhours (46. 0 cents) , whereas the fully-unshadowed 
wor th was 151. 66 inhours (47, 54 cents) . The shadowed worth is therefore 
about 3. 2 per cent less than the unshadowed worth. 

The shinn rod data a r e plotted in Fig. 8. The predicted curves 
a r e not shown since they a r e the same as those given e a r l i e r for the regu
lating rod, the two rods being identical and located at symmet r i ca l lat t ice 
posi t ions. The predicted shadowed and unshadowed worths a r e therefore 
46.43 cents and 47. 96 cents , respect ively , with a 3. 2 per cent predicted 
reduction due to shadowing. 

The measu red shim rod worths a r e in very close agreement with 
the predicted values. As shown below, the agreernent is fortuitous. The 
worths a r e not consistent with the regulat ing rod resu l t s obtained ea r l i e r , 
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the comparable shim rod worths being about 5-1/2 per cent l a rge r , on 
the average . * 

The explanation for the close agreement of the shim rod worth 
with predict ion, and its d i sagreement with the regulating rod worth has 
been at t r ibuted to the presence of the r e t r ac t ab le neutron source during 
the tes t . As seen ea r l i e r , the source was located near the shim rod during 
the tes t , in lat t ice position P03-P00 , and it contained 3. 4 kg of beryl l ium 
in the form of a hollow cylinder of the same height as the core . The m o d e r 
ation of core neutrons in the vicinity of the shim rod by the beryl l ium is 
believed to have been a per turbat ional effect that would tend to enhance the 
rod worth. Evidence of this was seen at the t ime the source was instal led. 
P r e l i m i n a r y nneasurements then indicated a shim rod worth inc rease of 5 
to 10 per cent due to the source . •'̂ ^ 

It may be assumed that, in the absence of the re t rac tab le source , 
the shim rod •worth would be very near ly the same as that m e a s u r e d for the 
regulat ing rod. Although in termedia te shadowing measurennents were not 
nnade, the shim rod probably has its maxinnum worth at an in termedia te 
condition of shado^wing a lso . There is some evidence in Table 3 and Fig. 
8 of a c ros sove r effect in the cal ibrat ion curves of the fully-shadowed and 
fully-unshadowed shim rod at 4-in, withdrawal, but it is not as pronounced 
as in the case of the regulat ing rod. 

B, SAFETY ROD CALIBRATION 

1. Calibrat ion of Individual Rods 

The resu l t s of the fully-unshadowed and fully-shadowed ca l ib ra 
tions of the th ree typical safety rods (Nos. 1, 2, and 4) a r e shown in F igs . 
9, 10, and 11, respect ively . The unshadowed worths obtained in each case 

* An indication of the accuracy achieved in the shim and regulating rod ca l i 
brat ions can be obtained by comparing the sunn of the unshadowed shim 
rod worth and shadowed regulating rod worth to the sum of the shadowed 
shim rod worth and unshadowed regulat ing rod worth. These two sums 
should be equal since the net effect on r eac to r react ivi ty is the same 
whether the regulat ing rod is withdrawn before the shim rod or vice ve r sa . 
F r o m the rod cal ibrat ion data, the two forementioned sums a r e 91.28 
cents and 90. 82 cents , respect ive ly . The difference of 0. 46 cents is 
therefore an indication of the total experinnental e r r o r (rms) in the four 
ca l ibra t ions . The s ta t i s t ica l e r r o r in any one cal ibrat ion, assuming no 
sys temat ic e r r o r s and equal e r r o r s in each, is then approximately j ^ one-
half (1/ tA) of 0. 46 cents or + 0. 23 cents . This is only 1/2 per cent e r r o r 
and nnuch bet ter than had been predicted (Section IV-A), 
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were 1.26 do l l a r s , 1.48 dol lars and 1.22 do l l a r s , respect ive ly , whereas 
the corresponding shadowed worths were 1. 10 do l l a r s , 1.35 dol la rs , and 
98 cents . The apparent reduction in safety rod worth due to shadowing by 
the two adjacent rods therefore ranges from 9 per cent (rod No, 2) to 20 
per cent (rod No. 4). Although no predicted rod worth curves a r e shown 
in F igs , 9 through 11, the predicted curves have essent ia l ly the same shape 
as those measu red , but the predicted worths a r e general ly somewhat l a rge r 
than m e a s u r e d . " This will be d iscussed in more detai l l a t e r on. 

Severa l points in F igs , 9 through 11 requ i re clarif ication. F i r s t , 
a l l of the worth curves dip below the ze ro -wor th line in the withdrawal 
range from 0 to 6 in. This behavior resu l t s from the fact that when the rods 
a r e fully inser ted in the r eac to r , thei r poison section is not axially centered 
about the core midplane.'* Instead, there is approximately a 3-in, "ove r 
shoot" which re su l t s in 21 in, of the 36-in, -long poison section being below 
the core midplane and 15 in, above it. Therefore , during the f i rs t 3 in, of 
rod withdrawal requi red to center the poison section about the core m i d 
plane, negative react iv i ty is added to the r eac to r r a the r than positive r e 
activity. Approximately 3 in. of subsequent withdraw^al is then requi red to 
overconae this initial react ivi ty l o s s , and to leave the r eac to r in the same 
m i r r o r - i m a g e geometr ica l configuration, regarding poison and fuel d i s t r i 
bution, that it had when the rod was fully inser ted . 

Another point to be noticed in F igs , 9, 10 and 11 is that a l l of 
the cal ibrat ion curves a r e t e rmina ted at 48 in, of withdrawal, whereas the 
full s t roke of a safety rod is 54 in, (Section I I -B-2) , The reason for this 
is that no further react ivi ty addition was measu red beyond 48 in. 

The unshadowed cal ibrat ion curves in F igs , 9 through 11 show 
the point at which the method of cal ibrat ion changed from subcr i t ica l count 
ra te measu remen t s to c r i t i ca l inter cal ibrat ion m e a s u r e m e n t s . This was 
at 16 in. of withdrawal in a l l c a s e s . However, a portion of the cal ibrat ion 
between 16 in, and the next data point (20 in, ) requi red calculation of the 
degree of r eac to r subcr i t ica l i ty with the rod at 16 in, , using count ra te 
data, and also requi red knowledge of the r e t r ac tab le source worth (Section 
III-A-2), Since the shadowed rod worths were obtained ent irely by sub-
cr i t i ca l count ra te m e a s u r e m e n t s , no s imi l a r designation is made on their 
cu rves . 

The resu l t s of the cal ibrat ions for safety rods Nos. 1, 2 and 4 
a r e summar ized in Table 4 which also gives the predicted worths of all 
(eight) safety rods and the worths obtained in e a r l i e r rod drop test ing for 
the seven installed rods ,^ 

The predicted worths were based on data obtained in the Core A 
cr i t i ca l exper iment l^. they were modified for changes in r eac to r design 
since the t ime of the c r i t i ca l exper iment ,4 The principal modifications 
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TABLE 4 - SAFETY ROD CALIBRATIONS 

Predicted Worth From 
Critical Experiment ^2 

Measured Worth From 
Rod Drop Tests 

Measured Worth From 
This Test 

CO 

Safety Rod No, 

1 

2 

3 

4 

5 

6 

7 

8 

Total Unshadowed 
Worth, 8 Rods 

Total Unshadowed 
Worth, 7 Rods 

Unshadowed, 

1.45 

1.65 

1.45 

1.34 

1.34 

1.45 

1.65 

1.45 

11.78 

10.44* 

$ Shadowed,$ 

1.13 

1.29 

1.13 

1.05 

1.05 

1.13 

1.29 

1.13 

Reduction 

22 

22 

22 

22 

22 

22 

22 

22 

Unshadowed,$ 

1.28 

1.46 

1.19 

1.20 

TIT 

1.25 

1.38 

1.16 

10.12 t 

8.92 

Shadowed, $ 

1,02 

1.14 

(1.04) # 

1.01 

TIT 

1.00 

1.08 

(1.02)# 

% 
Reduction 

20 

22 

(12-1/2)# 

16 

TIT 

20 

22 

(12-1/2)# 

Unshadowed, $ 

1.26 

1.48 

-

1.22 

RS 

-

-

Shadowed,$ 

1.10 

1.35 

-

0.98 

RS 

-

-

% 
Reduction 

13 

9 

-

20 

RS 

-

-

* Value with safety rod No. 5 eliminated, i. e., the position occupied by either the temporary instrument thimble 
(TIT) or retractable source (RS) in the later experiments. 

t Value assuming that the worth of rod No. 5 is the same as rod No. 4. 
# Values in parenthesis for safety rods Nos. 3 and 8 are half-shadowed results. They were all that could be 

obtained for these rods because of the instrimient thimble location in one adjacent safety rod position. 



affecting rod worth since the c r i t i ca l mockup were an inc rease in the boron-
10 weight per rod, and the previously mentioned dec rea se in fuel enr ichment 
( increase in the core s ize) . Although al l safety rods a r e of identical design, 
the i r predicted worths vary somewhat due to differences in dis tances from 
the core center . The predicted worths in Table 4 a r e based on a uniform 
loading of 535 g of boron-10 per rod. 

The safety rod drop t e s t r e su l t s repor ted in Table 4 were obtained 
by measur ing the neutron flux decay when rods were dropped into the core . 
This •was done •with the r eac to r operat ing at a low initial c r i t i ca l power level . 
The subcr i t ica l flux decay as a function of t ime after s c r a m could then be 
analyzed to obtain react ivi ty as a function of t ime and, hence, the rod 
worth,2 The unshadowed rod worths were de termined by dropping rods 
singly into the core , and the shadowed worths were found by dropping rods 
together in two- and t h r e e - r o d c l u s t e r s . 

Table 4 shows that the unshadowed worths measu red in this tes t 
agreed very closely with the corresponding resu l t s from the rod drop t e s t s . 
The agreement between the two sets of r esu l t s was within approximately 
1-1/2 per cent and it confirmed the validity of the rod drop wor ths . It was 
therefore concluded that it would be unnecessa ry to repea t the cal ibrat ions 
for the remaining four safety rods in this tes t , since the rod drop tes t 
r esu l t s could be used. 

Table 4 a l so shows that the m e a s u r e d unshadowed safety rod 
worths were somewhat l ess than predicted. The d iscrepancy var ied from 
rod to rod but the average m e a s u r e d -value of 1. 27 dol la rs was about 15 
per cent less than predicted. In no case , however, were any of the un
shadowed worths l ess than 1. GO dol la r . Therefore , they were well with
in the l imits of the design specif icat ions. 

A par t ia l explanation for the differences between measu red 
and predicted unshadowed wor ths , and for the seve ra l instances in Table 
4 where symmet r i ca l rods have different m e a s u r e d wor ths , is that the a s -
built safety rods do not have a uniform boron-10 loading of 535 g per rod, 
as designed. Investigations have shown that safety rods Nos, 1 , 2 , 3 and 8 
contain only 507 g of B-10, while rods Nos, 4, 5, 6 and 7 have a 546-g 
loading. 

The shadowed safety rod worths given in Table 4 a r e inconsistent . 
The rod worth reduction due to shadowing m e a s u r e d in this tes t var ied b e 
tween rods , and it was less than predicted, averaging about 14 per cent; the 
shadowing effect from the rod drop tes ts was 22 per cent for al l rods , in 
excellent ag reement with predic t ions . The question therefore a rose as to 
vrhich set of resu l t s •was co r rec t . 

44 



The in terpre ta t ion which has been given to the safety rod shadow
ing re su l t s is that the shadowing effect m e a s u r e d in this t es t was too smal l , 
i. e, , the shadowed worths obtained were too l a rge . The rod drop re su l t s 
a r e considered to be more accu ra t e . It is believed that e r r o r s were i n t r o 
duced in the measu remen t s of shadowed rod worth because initially, with 
the rod under tes t and two adjacent safety rods fully inser ted , the degree 
of r eac to r subcr i t ica l i ty was l a rge , approximately 3, 00 dol lars (Section 
III-A-2), This is at or beyond the l imit for accura te subcr i t ica l count r a t e 
ana lys i s , using simple subcr i t ica l mult ipl icat ion theory (Section IV-B). 
In this situation, it appears that the method tends to give react iv i ty changes 
•which a r e l a r g e r than those which actually occur . This point w^ill be i l l u s 
t ra ted m o r e c lear ly below when the resu l t s of the ganged safety rod worth 
measurenaents a r e given. They were made with the r eac to r very f a r - s u b -
cr i t i ca l over mos t of the withdrawal dis tance. The reduction in rod worth 
due to shadowing obtained from the rod drop t e s t s , 22 per cent, has t h e r e 
fore been accepted as the c o r r e c t value. 

2, Ganged Calibration 

The re su l t s of the ganged safety rod cal ibrat ion a r e shown in 
Fig, 12, The ganged worth obtained for the seven instal led rods was 9. 85 
do l l a r s . The curve was found to be flat beyond 48-in, withdrawal. The 
two subcr i t ica l stop points for ganged rod withdrawal, shown in Fig, 12, 
were a lso cal ibrated. The react ivi ty increment obtained between the f i r s t 
and second s tops, and between the second stop and full withdrawal, was 
25, 10 cents in both c a s e s . 
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The predicted ganged rod cal ibrat ion curve is shown by the dotted 
line in Fig. 12. It is based on c r i t i ca l exper iment data.* The genera l shape 
of the predicted curve , its worth of 9.45 do l l a r s , and the subcr i t i ca l stop 
reac t iv i t ies a r e in close ag reemen t with the m e a s u r e m e n t s ; this was unex
pected and is inconsistent with the data obtained e a r l i e r on individual rod 
worth. 

Most of the ganged rod cal ibrat ion was obtained by subcr i t ica l 
count r a t e react iv i ty m e a s u r e m e n t s . This is indicated by the a r r o w s in 
Fig. 12. Only the las t "^80 cents of the cal ibrat ion (beyond 28-in. ^vith-
drawal) was made by c r i t i ca l in terca l ibra t ion with the control rods . Also, 

* In the Core A cr i t i ca l exper iment , cal ibrat ion of the ganged safety rods 
could not be made by means of s imultaneous •withdrawal of a l l (eight) rods . 
This ^vas because of the excess react iv i ty l imitat ions of the mockup,^^ 
However, each of the individual unshadowed safety rod worths was ob
tained, as v^ell as the shadowing effect of the tAvo adjacent rods on each 
rod in the a r r a y (Table 4), These data •were used to calculate the total 
ganged rod worth. It was a s sumed that the ganged rod worth curve would 
have the same shape as m e a s u r e d for an individual shado^wed rod ," 

This same procedure was used to predic t the resu l t s of this t e s t , ! ^ shown 
in Fig, 12, allowing for the fact that safety rod No, 5 had been replaced by 
the r e t r ac tab le source . To do th is , it was reasoned that during ganged 
rod withdrawal, safety rods Nos, 1, 2, 4, 6 and 7 would be shadowed by 
two adjacent rods , and rods Nos, 3 and 8, adjacent to the source , by only 
one. F u r t h e r m o r e , allowance was made for the fact that the 22 per cent 
reduction in rod worth due to shadowing m e a s u r e d in the c r i t i ca l expe r i 
ment actually r ep resen ted the total effect of the mutual coupling between 
adjacent rods (see Section V-A-1) , Since th ree rods were involved in the 
shadowed m e a s u r e m e n t s , and the central ly located one acted on each of the 
two adjacent rods and they on it, the shadowing effect of one rod on another 
was taken to be one-fourth of 22 per cent or 5-1/2 per cent. On this b a s i s , 
the reductions in the individual unshadowed rod worths for seven ganged 
rod withdrawal predict ions were 11 per cent and 5-1/2 per cent, r e s p e c 
tively, in the case of the five fully-shadowed and two half-shadowed rods . 
Thus, 

Pred ic ted ganged worth (7 rods) = 0.89 22 Wp.s. +0 .945 Z-r W (4) 
i=l ,2 ,4 i=3,8 1 

= 9. 45 dol lars 
where . 

W = unshadowed rod worth from c r i t i ca l exper iment of rod i 
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s imi l a r to the unshadowed individual rod ca l ibra t ions , a portion of the c a l i 
bra t ion between 28-in. and 32-in. withdrawal involved calculation of the 
r e a c t o r subcr i t ica l i ty at 28 in, and knowledge of the r e t r ac tab le source 
worth. 

The curve of m e a s u r e d ganged rod worth does not show the dip 
below ze ro -wor th in the initial par t of the rod withdrawal which was p r e 
dicted and which Avas seen in the individual rod ca l ibra t ions . 

There is an obvious inconsis tency in the r e su l t s of the ganged rod 
wor th found in this tes t . The inconsis tency is the fact that while the m e a s 
ured ganged worth, 9. 85 do l l a r s , is 4. 2 per cent l a rge r than the predicted 
value of 9. 45 do l la r s , the individual unshadowed rod worths m e a s u r e d ea r l i e r 
averaged 15 per cent l e s s than predicted, and the measu red shadowing effect 
agreed with predic t ions . On the bas is of the la t te r r e s u l t s , it would be ex
pected that the measu red ganged worth would a lso be 15 per cent less than 
predicted. For example, if the individual unshadowed rod worths from this 
t es t and the rod drop tes t (Table 4) a r e used in Eq. (4) to calculate a seven-
rod ganged worth, a value of 8. 07 dol lars is obtained. This is 15 per cent 
l e ss than predicted and it is a lso in close ag reement with a seven-rod 
ganged worth value of 8. 00 dol lars found in the rod drop tests.-^ 

The conclusion reached is that the ganged worth measu red in 
this t es t is apparent ly in e r r o r and too large by approximately 19 per cent. 
The best seven- rod value is therefore about 8, 00 do l l a r s . If al l (eight) rods 
were instal led, s imi l a r analysis using Eq. (4) with 11 per cent shadowing for 
a l l rods , and using the exper imenta l worths in Table 4, gives a value of 
9. 01 dol lars for the e ight-rod ganged worth. 

The reason for the ganged cal ibrat ion e r r o r is believed to be 
the same as d iscussed e a r l i e r in explaining the individual shadowed safety 
rod r e s u l t s . It is believed that e r r o r s were introduced because the major 
par t of the cal ibrat ion was calculated from simple subcr i t ica l multiplication 
theory, using count ra te data obtained when the reac to r was fa r - subcr i t i ca l . 
The actual situation at the degree of subcr i t ical i ty used is far m o r e complex 
than allowed for in the s imple theory. La rge r d iscrepancies no doubt ex
is ted in the case of the ganged cal ibrat ion than for the individual shadowed 
rod m e a s u r e m e n t s . 

The subcr i t ica l stop react ivi ty inc rement s , 25. 10 cents in each 
case , ag ree very closely with the predicted values of 25. 0 cents . This was 
expected since the stops occur at the upper end of the rod t rave l . Their 
cal ibrat ion was therefore made with the r eac to r c r i t i ca l by in tercal ibra t ion 
m e a s u r e m e n t s . These a r e considered to be much more accura te than the 
cal ibrat ion by subcr i t ica l methods utilized over the major portion of the 
ganged rod withdrawal. 
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The stop reac t iv i t ies a r e not in close ag reement with the values 
of 32 cents and 33 cents , which mus t be used under the normal rod wi th
drawal sequence in the approach to cr i t ica l i ty , to co r rec t ly predic t f rom 
count ra te data the c r i t i ca l control rod positions with the safety rods fully 
withdrawn, ^^ This may be due to the fact that during ganged safety rod 
withdrawal , the shadowing effect of the safety rods on the neutron de tec tors 
located outside the r eac to r vesse l and above the core midplane is con
stantly changing. If this effect were la rge it would produce a change in 
flux at the detec tors which is not d i rect ly proport ional to the change in mu l t i 
plication. The 32- and 33-cent values can therefore be r ega rded as e m p i r i 
cal values which co r rec t ly predic t the c r i t i ca l rod positions during normal 
rod withdrawal using s imple subcr i t ica l mult ipl icat ion theory. The actual 
react iv i ty increments a r e probably c lose r to 25 cents , however, 

A s imi la r shadowing effect during single rod withdrawal would 
be minimal . Therefore , the individual safety rod cal ibrat ions obtained by 
subcr i t ica l count ra te measu remen t s could not have been s imi la r ly effected. 
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VI. CONCLUSIONS AND RECOMMENDATIONS 

Accura te cal ibrat ions of the control and safety rods were obtained 
for various degrees of shadowing. In genera l , the rod worths found were 
somewhat l ess than had been predicted from cr i t i ca l exper iment data. 
However, the differences can largely be accounted for by subsequent 
changes in the core and rod design. 

Based on the experience gained in conducting the exper iment , the 
following recommendat ions a r e offered: 

• The control rod exper iment could be shortened considerably 
without detract ing from the utility or accuracy of the r e s u l t s . 
The measu red shadowing effect between the rods was smal l 
enough that, for all p rac t ica l purposes , the investigations of 
internaediate shado^wing could have been el iminated. Also, the 
differences in the positive period and subcr i t ica l count ra te r e 
sults were very smal l ; it would have been adequate to cal ibra te 
the tw ô control rods ent i re ly by the subcr i t ica l count ra te method. 
If the la t te r had been done, only one fuel loading would have been 
necessa ry , and the cal ibrat ion m e a s u r e m e n t s for both rods 
could have been completed in one day. 

• The safety rod cal ibrat ions made by rod drop measu remen t s 
a r e considered to be more accura te than those made a lmost 
ent irely by subcr i t ica l counting techniques. The accuracy of the 
data using the la t te r techniques was general ly not sat isfactory; 
only the individual unshadowed rod cal ibrat ions appeared to be 
sufficiently accura te , due to the smal l degree of reac to r sub
cr i t ica l i ty at the t ime of the m e a s u r e m e n t s . Therefore , it is 
recommended that rod drop m e a s u r e m e n t s be used for future 
safety rod cal ibra t ions . 
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