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FOREWORD 

This repor t 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 Enrico F e r m i 
fast b reede r r eac to r . The Nuclear Test P r o g r a m is planned, directed, and 
evaluated by Atomic Power Development Assoc ia tes , Inc. (APDA). The 
t es t s a re conducted by Power Development Company (PRDC). The reac to r 
proper is owned and operated by PRDC. The s team genera tors and e lec
t r i ca l generation facili t ies a r e owned by The Detroit Edison Company (DECo), 

Many people have contributed to the success of the nuclear test ing of 
the Enrico F e r m i r eac to r . Listed below a r e the nanaes of those people, ex
clusive of the au thors , who made significant contributions to some phase of 
the work repor ted in this document. 

APDA PRDC DECo 

C. E. Branyan E. L. Alexanderson F . J . Locke 
R. E. Home W. R. Olson J. A. Nyquist 

J . D. Herb 
G. C. Tyson 



TABLE OF CONTENTS 

Page 

LIST OF ILLUSTRATIONS 5 

LIST OF TABLES 6 

SUMMARY 7 

I. PURPOSE OF TEST 8 

II. DESCRIPTION OF THE ENRICO FERMI REACTOR AND 
ITS TEMPERATURE EFFECTS 9 
A. GENERAL DESCRIPTION OF THE REACTOR 9 
B. TEMPERATURE E F F E C T S IN THE REACTOR 12 
C. PREDICTED VALUE OF THE ISOTHERMAL 

TEMPERATURE COEFFICIENT 13 

III. EXPERIMENTAL PROCEDURE 18 
A. DESCRIPTION OF TEST 18 

1. Measurement Over the Tempera tu re Range 
400 F to 520 F 18 

2. Measu remen t s Over the Tempera tu re Range 
500 F to 540 F 18 

3. Measurements Over the Tempera tu re Range 
400 F to 600 F 20 

B. REACTOR FUEL LOADINGS AND PLANT CONDITIONS , . 23 
C. INSTRUMENTATION 27 

1. Nuclear Instrumentat ion 27 
2. Tempera tu re Sensing Instrumentat ion 28 
3. Rod Posi t ion Instrumentat ion 28 
4. Miscel laneous Plant Instrumentat ion 30 

IV. EXPERIMENTAL DATA 31 

V. MATHEMATICAL ANALYSIS OF THE DATA AND 
EXPERIMENTAL RESULTS 34 
A. DETERMINATION OF THE ISOTHERMAL 

TEMPERATURE COEFFICIENT 34 
1. F i r s t Set of Measurements 34 
2. Second and Third Sets of Measurements 35 

a. Analysis of the Cr i t ica l Rod Data 35 
b . Analysis of the Posi t ive Per iod Data 38 

3 



TABLE OF CONTENTS (Continued) 

Page 

3. E r r o r Analysis 45 
B. DETERMINATION OF THE GROWTH OF THE 

CONTROL ROD EXTENSIONS 46 

DATA REDUCTION 47 
A. AVERAGE ISOTHERMAL TEMPERATURE 

COEFFICIENT VALUES 47 
B. EXPERIMENTAL EQUATION FOR THE ISOTHERMAL 

TEMPERATURE COEFFICIENT 48 
C. STANDARD ERROR OF THE MEASUREMENTS FROM 

THE EXPERIMENTAL DATA 50 

CONCLUSIONS 53 

REFERENCES 54 

4 



LIST OF ILLUSTRATIONS 

Title Page 

Perspec t ive View of Reactor 10 

Reactor Cross Section 11 

Variation of Thermal Expansion Coefficients with 

Tempera tu re 16 

Core Loading for the F i r s t Measurement 24 

Core Loading for the Second Measurement 25 

Core Loading for the Third Measurement 26 

Location of Neutron Guide Tubes in Graphite Shield 29 
Excess Reactivity versus Cri t ical Regtilating Rod Position . . 36 

Excess Reactivity versus Cri t ical Shim Rod Posit ion 37 

Reactivity versus Reactor Per iod ^1 

I so thermal Tempera tu re Coefficient versus Tempera tu re . . . 51 

5 



LIST O F T A B L E S 

T a b l e T i t l e P a g e 

I. P r e d i c t e d I s o t h e r m a l T e m p e r a t u r e Coeff ic ient of R e a c t i v i t y . 15 

II . C r i t i c a l Rod Da ta f r o m the F i r s t M e a s u r e m e n t 31 

III . C r i t i c a l Rod Data f r o m the Second and T h i r d M e a s u r e m e n t s . 32 

IV. P o s i t i v e P e r i o d Data f r o m the Second and T h i r d 
M e a s u r e m e n t s 33 

V. I s o t h e r m a l T e m p e r a t u r e Coef f i c ien t s f r o m C r i t i c a l Rod 

P o s i t i o n Da ta 39 

VI. D e l a y e d and P r o m p t N e u t r o n Da ta for the F e r m i R e a c t o r . . . 40 

VII. I s o t h e r m a l T e m p e r a t u r e Coef f ic ien t s f r o m O n e - P e r i o d Da ta . 43 

VIII. I s o t h e r m a l T e m p e r a t u r e Coef f i c ien t s f r o m T w o - P e r i o d Da ta . 44 

IX. Va lue s of the A v e r a g e I s o t h e r m a l T e m p e r a t u r e Coef f ic ien t s . 47 

X. L e a s t S q u a r e Da ta i 49 

XI. S t a n d a r d E r r o r T a b u l a t i o n 52 

6 



SUMMARY 

The i so thermal t empera tu re coefficient of react ivi ty of the Enr ico 
F e r m i reac tor was measu red for var ious reasons on three different occa
sions during the r eac to r low-power nuclear tes t p r o g r a m . It was f irs t mea 
sured on September 3 and 4, 1963, concurrent with the absolute power ca l i 
brat ion m e a s u r e m e n t s . F r o m these m e a s u r e m e n t s , an average i so thermal 
t empera tu re coefficient of - 0 . 83 i h / F over the t empera tu re range 400 F to 520 F 
was obtained. The next determinat ion was made during the period October 16 
to 18, 1963. These m e a s u r e m e n t s were made over the nar row t empera tu re 
range 500 F to 540 F and yielded a value of - 0 . 84 i h / F . The thi rd set of 
t empera tu re coefficient measu remen t s was made during the period November 
8 to 16, 1963. These were detailed m e a s u r e m e n t s made over the tenaperature 
range 400 F to 600 F in 40 F inc remen t s . The magnitude of the t empera tu re 
coefficient var ied from - 0 . 8436 i h / F at the average t empera tu re of the lower 
t empera tu re increment of the tes t (420 F) to -0 .8665 i h / F at the average t e m 
pe ra tu re of the upper t empera tu re increment (580 F ) . During this portion of 
the tes t , it was also possible to m e a s u r e , mechanical ly, the the rma l expan
sion of the operating control rod drive extensions. The average expansion of 
the extensions was measu red to be +0. 0003 i n c h / F over the t empera tu re range 
of 400 F to 600 F . 

The agreement between the measu red and calculated values of the i so 
the rma l t empera tu re coefficient of react ivi ty is considered sat isfactory. The 
m e a s u r e d values a r e , on the average , about 7 per cent smal le r than predic ted . 
Because the calculations involved in the predict ions a r e quite complex, a d i s 
crepancy l a r g e r than this would not have been unexpected. F r o m the good 
agreement , it appear s that the method used for calculating t e m p e r a t u r e -
react ivi ty feedback effects in the reac tor is probably accu ra t e . This gives 
reason for optinnism that the calculated power coefficients will also be suffi
ciently accura te . 



I. PURPOSE OF TEST 

Each of the th ree naeasurements of the i so the rmal t empera tu re coef
ficient of react ivi ty (ITCR) that were made in the Enr ico F e r m i r eac to r 
served a different purpose . 

The f i r s t measu remen t was made at the beginning of the nuclear tes t 
p rogram, over the t empera tu re range 400 F to 520 F , to es tabl ish a p r e l im i 
na ry indication of i ts magnitude. If the measu red value had been gross ly 
different from the predic ted value, subsequent p rocedures in the tes t p r o 
g ram would have been re-evalua ted . 

The second measu remen t of the i so thermal t empera tu re coefficient 
was made to obtain values that could be used in making react ivi ty cor rec t ions 
for minor t empera tu re var ia t ions in the p r i m a r y sys tem during subsequent 
t e s t s . The na r row t empera tu re range investigated, 500 F to 540 F, bracketed 
the t e m p e r a t u r e s used for the major i ty of the low-power t e s t s . 

The thi rd and las t measu remen t was made to confirm reac to r design 
data pertaining to t empera tu re over r ide react ivi ty r equ i remen t s . In this 
par t of the tes t , the t empera tu re coefficient was measu red between 400 F 
and 600 F at 40 F in te rva l s . This broad range bracketed the reac tor refuel
ing t e m p e r a t u r e , 517 F, and establ ished whether any unexpected variat ion 
in the t empera tu re coefficient occur red with t e m p e r a t u r e . The value of the 
t empera tu re coefficient at refueling t empera tu re is important because it is 
used in determining the react ivi ty effect of changes in the p r i m a r y sodium 
coolant inlet t empera tu re during an approach to power. The data from the 
thi rd set of m e a s u r e m e n t s could also be compared to the predicted data to 
obtain an indication of the accuracy of the calculational method used for t em
pe ra tu re - r eac t iv i ty feedback studies in the design of the r eac to r . Therefore , 
the data gave a p re l iminary indication of the accuracy of the power coefficient 
of react ivi ty predic t ions . Because of the wide range of t empera tu re va r ia 
tion used in this portion of the tes t , it was also possible to measu re the 
the rma l expansion of the operat ing control rods and their extensions. With 
this information, the effect of t empera tu re on the rod calibrat ion curves 
could be de termined. 

8 



II. DESCRIPTION OF THE ENRICO FERMI REACTOR 
AND ITS TEMPERATURE EFFECTS 

A. GENERAL DESCRIPTION OF THE REACTOR 

The F e r m i reac tor and i ts associa ted s t ruc tu res a r e shown in p e r 
spective in Figure 1. The reac tor is contained in a s ta in less steel reac tor 
vesse l sealed at the top by a rotating shield plug which supports the control 
mechan i sms , the fuel subassembly hold-down mechanism and the subassembly 
handling mechanism. The reac to r is of the f a s t -b reede r type, cooled by 
sodium, and is operated at essent ia l ly a tmospher ic p r e s s u r e . The maximum 
reac to r power obtainable with the f i rs t core loading (Core A) is 200 Mwt. 

The core and blanket a r e located in the lower r eac to r vesse l and con
sist of 2. 646-square- inch subassembl ies containing the fuel pins and blanket 
rods . The core and blanket subassembl ies a r e a r r anged to approximate a 
cylinder about 80 inches in d iameter and 70 inches high. The core , which is 
contained in the cent ra l port ion of the core subassembl ies , approximates a 
right cylinder 31 inches in d iameter and 31 inches high; it is axially and 
radial ly surrounded by b reede r blankets . The fuel in the f i rs t core loading 
consis ts of z i rconium-clad pins, 0. 158 inch in d iameter , containing U-10 
w/o molybdenum alloy in which the uranium is enriched to 25. 6 w/o in U-235. 
Each fuel subassembly in the core contains 140 fuel pins for a total m a s s of 
approximately 4 .75 k i lograms of U-235 per subassembly. The inner and 
outer radial blanket subassembl ies each contain twenty-five 0.443-inch-
d iameter blanket rods of depleted U-3 w/o molybdenum alloy. 

The reac to r c r o s s section, shown in Figure 2, indicates the p lace
ment of individual components within the lower reac tor ves se l . There is a 
total of 149 cent ra l lat t ice posit ions that a r e occupied by core and inner 
radial blanket subassembl ies , the ant imony-beryl l ium (Sb-Be) neutron source , 
and the 10 operat ing control and safety rod channels . All of these posit ions 
a r e supplied with sodium coolant flowing upwards from a h igh -p re s su re 
plenum which is connected to the discharge l ines of the th ree p r i m a r y sodium 
pumps. The coolant flows upv/ard through the individual core and inner radial 
blanket subassembl ies and into a la rge upper plenum. F r o m there it flows 
by gravity to the th ree 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 lat t ice posit ions surrounding the inner radial blanket contain the 
outer radial blanket subassembl ies . Beyond the outer radial blanket a r e la t 
t ice posit ions used for s ta in less steel filled the rmal shield bar subassena-
b l ies . These subassembl ies provide the rma l and neutron shielding for the 
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r eac to r vesse l . The outer radial blanket and shielding lat t ice posit ions a r e 
both supplied with sodium coolant from a l o w - p r e s s u r e plenum. 

The reac to r i s controlled by two operat ing control rods and seven 
safety rods which a r e uniformly spaced around the center of the core . P r o 
vision for an eighth safety rod has been included in the design of the plant. 
The rods a re al l driven and actuated from the top. The rods a re of the 
poison type, containing boron carbide (B4C) in which the boron is enriched 
in boron-10 (B-10). One operating control rod is used for regulating pur 
poses and the other for shimming; the average react ivi ty inser t ion ra t e s of 
these rods a re approximately one cent per second and one cent per minute, 
respect ive ly . Each control rod has a react ivi ty worth of approximately 46 
cents ("^147 ih). The seven safety rods a r e worth more than $1 . 00 ('^319 ih) 
each and provide shutdown react ivi ty . During operat ion of the r eac to r , they 
a re held just above the upper axial blanket section of the core so that they 
can be rapidly inse r ted into the core if it becomes n e c e s s a r y to s c r a m the 
r eac to r . During a normal shutdown, the safety rods a re driven slowly into 
the core where they remain during refueling to provide the neces sa ry shut-
dow^n react ivi ty . 

A more detailed descr ipt ion of the F e r m i reac to r may be found in the 
Enrico F e r m i Hazards Summary Report.•'• 

B, TEMPERATURE E F F E C T S IN THE REACTOR 

The Doppler coefficient is the only t rue , nuclear t empera tu re coeffi
cient in the r eac to r . All other components of the total i so thermal t e m p e r a 
ture coefficient resul t from changes in ei ther the r eac to r composition or 
r eac to r geometry due to t he rma l expansion of the core fuel, the core coolant, 
and the core steel s t ruc tu re , plus s imi la r but l e s s e r effects in the blanket. 
All of the components a r e predicted to be negative. 

The Doppler coefficient i s a small react ivi ty effect result ing from 
the broadening of the uranium fuel 's c ro s s - s ec t i on resonances with increased 
t e m p e r a t u r e . This resu l t s in more neutron captures in the U-Z38, a negative 
react ivi ty effect, and m o r e fissions in the U-235, a positive effect. Theory 
indicates that the two opposing react ivi ty effects a r e approximately equal in 
magnitude for a U-238 to U-235 atomic rat io of one. In the F e r m i reac tor 
core , the atomic rat io i s about th ree and consequently the net Doppler effect 
is predicted to be negat ive. 

The l a rges t predic ted t empera tu re coefficient r esu l t s from the radial 
core expansion which occurs as the r eac to r t empera tu re i n c r e a s e s . This 
expansion includes both the radia l expansion of the steel subassembly wrap 
per cans at the i r point of contact near the core midplane, and the radial ex
pansion of the upper and lower support s t ruc tu res of the core la t t ice . The 
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react ivi ty effect of this expansion is negative because it causes fuel to be 
shifted radial ly outward in the core to a position of l e s s e r worth. 

The sodium t empera tu re coefficient is another la rge contributor to 
the total i so the rmal t empera tu re coefficient in the r eac to r . As the sodium 
coolant in the core i s heated, it expands and the sodium density i s dec reased . 
In F e r m i , the sodium coolant has a positive react ivi ty worth because the 
pr incipal effect of the sodium is to reduce neutron leakage from the reac to r ; 
therefore , the react ivi ty effect due to a dec rease in the sodium density when 
heated is of opposite sign, or negative. 

The other major component of the t empera tu re coefficient in the r e 
ac tor is the react ivi ty effect result ing from expansion of the core fuel p ins . 
The fuel pins expand both axially and radial ly inside thei r subassembly wrap 
per cans as the fuel t empera tu re i n c r e a s e s . The axial fuel pin expansion 
moves fuel axially outward to the core edge and the radia l expansion of the 
fuel pins causes a displacement of sodium within the subassembly cans . 
Therefore , the t empera tu re coefficients resul t ing from these two the rmal 
expansions a r e analogous to those resul t ing from the core radial expansion 
and the core sodium expansion, respect ively, and thei r values, although 
smal le r , a r e negative a l so . 

The other components of the total i so the rmal t empera tu re coefficient 
a r e small effects due to s imi la r the rmal expansions of the blanket fuel, the 
blanket coolant and the blanket s t ruc tu re . 

C. PREDICTED VALUE OF THE ISOTHERMAL TEMPERATURE 
COEFFICIENT 

As descr ibed above, the components of the total i so thermal t e m p e r a 
ture coefficient of react ivi ty in the Enr ico F e r m i reac tor a r e the Doppler 
coefficient and the var ious coefficients due to t he rma l expansion of the r e a c 
tor fuel, coolant, and s t ruc tu re . The total i so the rmal t empera tu re coefficient 
is the sum of the var ious components . The predicted values for each of the 
components were based on calculations descr ibed in detail in Reference 1. 
Briefly, the method of calculation in each case was as follows: 

Doppler Coefficient - The Doppler coefficient was calculated by a 
s ta t is t ica l method*^ in which the react ivi ty effect of the broadening of 
the fuel 's c r o s s - s e c t i o n resonances with t empera tu re was calculated 
using the assumption that the resonances a r e isolated and do not over 
lap. The effect of inelas t ic neutron scat ter ing was also included. 
The in tegral effect over the ent i re core was obtained by the calcula
tional method used. 

Expansion Coefficients - The expansion t empera tu re coefficients 
resu l t from slight movements of the core nriaterials, both fuel and 
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s t ruc tu ra l , to locations of different react ivi ty worth as the t e m p e r a 
ture i n c r e a s e s . This causes relat ively smal l changes in the reac tor 
composition and /o r geometry, and the result ing react ivi ty effects 
were calculated by per turbat ion theory . In addition, because the r e 
ac tor s t ruc tu re is e last ic and the ma te r i a l p roper t i e s ( thermal ex
pansion coefficients and moduli of elast ici ty) a r e near ly independent 
of t e m p e r a t u r e , the react ivi ty effects due to expansion were calculated 
as the sum of the effects result ing from local t empera tu re var ia t ions 
throughout the r eac to r . In p rac t ice , the local t empera tu re coefficients 
for each connponent were found from s t ruc tura l deflection calculat ions 
and the local ma te r i a l danger coefficients of react ivi ty . The local 
t empe ra tu r e coefficients were then integrated over the ent i re core 
volume to obtain the i so the rmal t empera tu re coefficient of each com
ponent. 

Table I l i s t s the calculated values of the var ious components of the 
i so the rmal t empera tu re coefficient in the F e r m i reac to r at 550 F.-'̂  The p r e 
dicted change in each component over the t empera tu re range of 400 F to 600 F 
is also given in Table I. This la t te r information is shown because it c o r r e s 
ponds to the exper imenta l data obtained in the thi rd par t of the tes t (Section 
III, A. 3). With the exception of the Doppler coefficient, the predicted change 
over this t e m p e r a t u r e range is re lat ively smal l for all the components. The 
t empera tu re dependence of the Doppler coefficient was calculated using the 
approximation that i t s value va r i e s inverse ly as the th ree -ha lves power of 
the absolute t e m p e r a t u r e . The t empera tu re dependence of each of the var ious 
expansion t empe ra tu r e coefficients was calculated from the ma te r i a l t he rma l 
expansion coefficient data shown in F igure 3. Based on these data, the p r e 
dicted inc rease in the absolute value of the total negative i so the rmal t em
pera tu re coefficient between 400 F and 600 F is 6. 0 per cent. 

The predic ted t empera tu re dependence of the t empera tu re coefficient 
may also be expressed in equation form. Using the data from Table I, and 
assuming that the coefficient va r i e s l inear ly with t e m p e r a t u r e , t, over this 
range, the slope of the predic ted straight line fit to the data i s : 

ITCRtz - ITCRti 
S l o p e s ^^--^^ (1) 

^ [ ( - 0 . 9 3 8 ) - ( - 0 . 8 8 5 ) ] i h / F 
200 F 

= - 2 . 6 5 X 10-4 i h / F ^ 

The l inear equation for the predicted i so the rmal t empera tu re coefficient of 
react ivi ty as a function of t empera tu re can then be wri t ten as : 

ITCR = -0 .912 + (-2.65 x 10-4)(t - 500) i h / F (2) 
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T A B L E I - P R E D I C T E D I S O T H E R M A L T E M P E R A T U R E C O E F F I C I E N T O F R E A C T I V I T Y 

C o m p o n e n t 

D o p p l e r 

F u e l P i n E x p a n s i o n 

Sod ium E x p a n s i o n 

C o r e R a d i a l E x p a n s i o n 

B l a n k e t E x p a n s i o n s 

T o t a l Coeff ic ient 

C a l c u l a t e d Value 
a t 550 F , i h / F ^ 

-0.069 

-0.165 

-0.303 

-0.380 

-0.009 

400 F 

+27.5 

-10.0 

- 3.4 

- 8.6 

- 8.6 

P r e d i c t e d Change Re l a t i ve 
to 550 F , P e r Cent 

600 F 

• 7 . 0 

+3 .5 

+ 1. 1 

+2 .2 

P r e d i c t e d V a l u e s a t 
New T e m p e r a t u r e , i h / F 

400 F 

• 0 .088 

- 0 . 1 4 9 

• 0 .293 

• 0 .347 

- 0 . 9 2 6 - 4 . 5 ' 

+ 2 . 2 - 0 . 0 0 8 

;b 

600 F 

-0. 

-0. 

-0. 

-0. 

-0. 

064 

171 

306 

388 

009 

+ 1 .5 ' • 0 .885 •0 .938 

a. The r e a c t i v i t y c o n v e r s i o n s for the F e r m i r e a c t o r a r e : 

1 cen t = 3 . 19 i n h o u r s 
1 i nhou r = 2 . 08 x l O ' ^ A k / k 

^eff ^ 0 .00662 

b . Weigh ted va lue for a l l c o m p o n e n t s . 
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In this equation, t is the i so the rmal r eac to r t empera tu re in degrees Fah ren 
heit . The equation is valid only for the t empera tu re range of 400 F to 600 F . 
The f irst t e r m , -0 .912 i h / F , is the predicted value of the coefficient at 500 F 
obtained by l inear extrapolation of the data in Table I. The equation is given 
in this form, with the reference intercept axis t rans la ted to 500 F, because 
the exper imental data obtained in the thi rd par t of the tes t was fitted to an 
equation of this form (Section VI, B). 

The previous discussion shows that the calculation of the i so the rmal 
t empera tu re coefficient of react ivi ty for the Enr ico F e r m i r eac to r was com
plex and it requi red knowledge of many aspec ts of the reac tor design. Cal
culation of the expansion t empe ra tu r e coefficients required detailed knowledge 
of the spatial react ivi ty worths and the rma l expansion coefficients of the r e 
actor fuel, coolant, and s t ruc tura l m a t e r i a l s . It also required knowledge of 
the complex s t ruc tura l expansions which occur in the reac tor w^ith t e m p e r a 
t u r e . Calculation of the Doppler coefficient required detailed information 
on the neutron c ro s s sections of the fuel in the resonance region. Because 
of the complexity of the calculat ions, and the fact that much of the basic data 
were not well known, the uncertainty ass igned to the calculated i so the rmal 
t e m p e r a t u r e coefficient was l a r g e . Therefore , the close agreement between 
the predicted value and the exper imental value \vhich was subsequently de te r 
mined by measuremen t , was an important confirmation of the validity of the 
calculational model used for t empera tu re - r eac t iv i t y feedback studies in the 
design of the F e r m i r eac to r . 
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m . EXPERIMENTAL PROCEDURE 

A. DESCRIPTION OF TEST 

The th ree m e a s u r e m e n t s of the i so the rmal t empera tu re coefficient 
of reactivity of the Enr ico F e r m i reac tor were made in accordance with de
tailed, preplanned procedures .^ ' ' ^ '^ P r i o r to the conduct of the tes t , the 
p rocedures were reviewed for all aspec ts of completeness and safety. Re
visions were made to incorporate improvements , and additional steps were 
added where n e c e s s a r y to facili tate the acquisit ion of complete and p rec i se 
data during the t e s t s . These p rocedures were also the bas is used by the 
operating staff of the Enrico F e r m i Power Plant in the prepara t ion of opera t 
ing guides for the conduct of the t es t . 

1. Measurements Over the Tempera tu re Range 400 F to 520 F 

A p re l imina ry measu remen t of the i so the rmal t empera tu re coef
ficient of react ivi ty was made on September 3 and 4, 1963, concurrent with 
absolute power cal ibrat ion m e a s u r e m e n t s . With the p r i m a r y sys tem t e m 
pera tu re at 407. 1 F i so thermal , the r eac to r was made cr i t ica l at a power 
level of 112 watts and the c r i t i ca l operating control rod positions were m e a 
sured. The p r i m a r y sys tem t empera tu re was then ra i sed to 518. 1 F i so 
the rmal , the r eac to r was once again made cr i t ica l at a power level of 112 
watts and the new cr i t i ca l rod posit ions were measu red . The loss in r eac to r 
react ivi ty for this t empera tu re i nc rea se , as evidenced by the different c r i 
t ical rod posit ions at the two t e m p e r a t u r e s , was then determined using the 
p re l iminary rod cal ibrat ion data obtained during the init ial loading to c r i t i -
cality of the r eac to r . " F r o m these data, the average i so thermal t empera tu re 
coefficient could be de termined by dividing the measured react ivi ty change 
by the change in t e m p e r a t u r e . 

2. Measurements Over the Tempera tu re Range 500 F to 540 F 
' '•"" '" • I ' • • 11 -11— •! I I I .BI—..— H , .11 • I II .1 l l l l l l ^ III I — M 

The second set of measu remen t s of the i so the rmal t empera tu re 
coefficient of react ivi ty was made over the na r row range of t empera tu re 
from 500 F to 540 F . This included the sys tem t empera tu re , 517 F, used in 
the majori ty of the low-power t e s t s . The use of a r e t rac tab le antimony-
beryl l ium (Sb-Be) neutron source located in the core position normally desig
nated for the osc i l la tor rod (Figure 2) el iminated the need for applying source 
neutron reactivi ty cor rec t ions to the measu red data. The p r i m a r y sys tem 
was adjusted to the specified t e m p e r a t u r e s required in the tes t by using the 
p r i m a r y sys tem cold t r ap , and was held at these t e m p e r a t u r e s with minimum 
drift by making var ia t ions in the p r i m a r y sodium flow ra te (Section III, B). 
The ins t rumentat ion used to acquire the data is d i scussed in Section III, C of 
this repor t . 
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The exper imenta l procedure used in this portion of the tes t was 
s t ra ightforward. Starting at a r eac to r t empera tu re of 540 F , the c r i t i ca l 
control rod posit ions were determined and a reference positive period mea
surement was made . The r eac to r t empera tu re was then lowered to 500 F in 
two 20 F incrennents and the react ivi ty change resul t ing from each t e m p e r a 
ture change was determined from the difference in the c r i t i ca l rod posit ions 
at each t e m p e r a t u r e . The react ivi ty effect of lowering the t empera tu re was 
also determined from the difference in the positive per iods measured at each 
t empera tu re with the rods set at the 540 F reference period position, and 
also from the positive per iods nneasured with the rods set at the cr i t ica l po
sitions found e a r l i e r at the higher t e m p e r a t u r e s . A detailed descr ipt ion of 
the exper imenta l procedure is given below. 

a. The p r i m a r y sodium sys tem t empera tu re was adjusted to a 
nominal i so the rmal value of 540 F and held the re with minimum drift ( -0.68 
F / h r ) by maintaining the p r i m a r y sodium flow ra te at 7. 19 x 10^ Ib/hr."" 

The reac to r was brought to cr i t ica l i ty at a power level of 
~600 w^atts on the shim and regulating control rods; the cr i t ica l rod posi t ions, 
the r eac to r power, the power drift r a te , and the p r i m a r y sys tem t e m p e r a 
t u r e s were recorded . 

The regulating rod was withdrawn to a position that put the 
reac tor on a 189. 7-second positive per iod. The rod position, reac to r t em
pe ra tu re , and period data were recorded . The regulating rod position used 
in this step was used as a reference for the comparat ive period m e a s u r e 
ments at lower t e m p e r a t u r e s in the t es t . 

b . The reac to r was shut down and the t empera tu re of the p r i m a r y 
sodium sys tem was lowered 20 F to a nominal i so the rmal value of 520 F . It 
was held at this value with minimum drift (+0. 36 F / h r ) by maintaining the p r i 
m a r y sodium flow ra te at 6. 78 x 10" Ib /h r . 

With the shim rod set at the c r i t i ca l position determined at 
540 F, the reac tor was brought to cr i t ica l i ty at a power level of ~600 watts 
on the regulating rod. The cr i t ica l rod position, the reac tor power, the 
power drift r a t e , and the reac to r t empera tu re data were recorded . 

The r eac to r power was reduced by inser t ing the regulating 
rod. The regulating rod was re turned to the c r i t i ca l position establ ished at 
540 F and the resul t ing positive period was me a s u re d . The rod position, the 
reac tor t empera tu re , and the per iod data were recorded . 

* All sodium flows given refer to 3-loop operat ion unless otherwise stated. 
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The reac to r was taken off the positive per iod and the power 
reduced by re inser t ing the regulating rod. The regulating rod was then r e 
turned to the position used for the reference period measu remen t at 540 F 
and the result ing positive period was measu red and recorded . The rod pos i 
tions and r eac to r t e m p e r a t u r e s were also measured and recorded . 

c. The reac to r was shut down and the p r i m a r y sodium sys tem 
t empera tu re was reduced another 20 F to a nominal i so the rmal value of 500 F . 
It -was held at this value with minimum drift (+0. 04 F / h r ) by maintaining the 
p r i m a r y sodium flow ra te at 6. 61 x 10° Ib /h r . With the shim rod set at the 
c r i t i ca l position determined at 540 F , the reac tor was brought to cr i t ical i ty 
at a pov/er level of ~600 watts on the regulating rod. The c r i t i ca l rod pos i 
tion, the r eac to r power, the pow^er drift r a t e , and the r eac to r t empera tu re 
data were r ecorded . 

The reac tor power was reduced by inser t ing the regulating 
rod. The regulating rod was re turned to i ts c r i t ica l position determined at 
520 F and the resul t ing positive period was measu red and recorded . The 
rod posit ions and reac tor t e m p e r a t u r e s were also measu red and recorded . 

The reac to r was taken off the positive per iod and the power 
reduced by re inser t ing the regulating rod. The regulating rod was re turned 
to the cr i t ica l position determined at 540 F, and the result ing positive period 
was measu red and recorded . The rod posit ions and reac tor t e m p e r a t u r e s 
•were also measu red and recorded . 

d. The reac to r was shut down. 

3. Measuremen t s Over the Tempera tu re Range 400 F to 600 F 

The thi rd set of measu remen t s of the i so the rmal t empera tu re 
coefficient of react ivi ty was made over a range of t e m p e r a t u r e s from 400 F 
to 600 F . The re t rac tab le Sb-Be neutron source was also in place in the r e 
actor during these measu remen t s and it was possible to conduct the tes t at 
low power levels with no cor rec t ions being requi red for source neutron con
tr ibutions to react ivi ty . As in the previous me a s u re me n t s , the p r i m a r y 
sys tem was adjusted to the requi red t e m p e r a t u r e s , using the cold t r ap , and 
was held at these t e m p e r a t u r e s with minimum drift by making var ia t ions in 
the p r i m a r y sodium flow r a t e . The ins t rumentat ion used to acquire the data 
is d iscussed in Section III, C of this r epor t . 

The exper imental p rocedure used in this portion of the tes t was 
s imi la r to that used for the measu remen t s over the t empera tu re range 500 F 
to 540 F . Starting at a r eac to r t empera tu re of 600 F, the cr i t ica l posit ions 
of the operating control rods were de termined. This was done with the shim 
rod fully withdrawn. The reac tor t empera tu re was then lowered to 400 F , 
in 40 F inc remen t s , and the react ivi ty changes that resul ted from the t e m -
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pera tu re changes were determined from the difference in the cr i t ica l rod 
positions at each t e m p e r a t u r e . The react ivi ty effect of lowering the t em
pera tu re was also determined from positive period measu remen t s made with 
the rods set at the cr i t ica l posit ions found previously at higher t e m p e r a t u r e s . 
Because of the relat ively la rge react ivi ty inc rease which occur red in the r e 
actor as the t empera tu re was being lowered 200 F , the c r i t i ca l position of 
the shim rod had to be changed during the course of the m e a s u r e m e n t s . The 
shim rod was moved, half-way through the tes t , from i ts initial fully with
drawn cr i t ica l position to a par t ia l ly inser ted position; near the end of the 
tes t , it was moved to a fully inse r ted position. A detailed descr ipt ion of the 
exper imental p rocedure used is given below. 

a. The p r i m a r y sodium sys tem t empera tu re was ra i sed to a 
nominal i so the rmal value of 600 F . It was held at th is value with minimum 
drift (+0. 03 F / h r ) by maintaining the p r i m a r y sodium flow rate at 8.42 x 10 
Ib /h r . P r i o r to making the t empera tu re coefficient me a s u re me n t s , a s e r i e s 
of mechanical measu remen t s were made on the control rod extensions to de
t e rmine the fully inser ted posit ions of each of the two operating control rods 
at this t e m p e r a t u r e . The data from these measu remen t s were compared to 
s imi la r data obtained la te r at 400 F to determine the ver t ica l growth of the 
control rod extensions with t e m p e r a t u r e . 

b . The reac tor was brought to cr i t ical i ty at a power level of 
~100 watts on the regulating rod, with the shim rod fully withdrawn. The 
cr i t ica l rod posi t ions, r eac to r power, power drift r a te , and p r i m a r y sys tem 
t e m p e r a t u r e s were recorded . To improve the s ta t i s t ica l accuracy of the data, 
the reac tor was made subcr i t ica l by inser t ing the regulating rod and the c r i 
t ical measu remen t s were repeated. 

c. The t empera tu re of the p r i m a r y sys tem was reduced 40 F 
to a nominal i so thermal value of 560 F . It was held at this value with min i 
mum drift (+0.4 F / h r ) by maintaining the p r i m a r y sodium flow ra te at 6. 78 x 
106 Ib /h r . 

The reac to r was brought to cr i t ical i ty at a power level of 
~100 watts on the regulating rod, with the shim rod fully withdrawn. The 
c r i t i ca l rod posi t ions, r eac to r power, power drift ra te , and p r i m a r y sys tem 
t empe ra tu r e s were recorded . This measurement was repeated th ree t i m e s . 

The regulating rod was set at the cr i t ica l position de te r 
mined at 600 F and the result ing positive period was measu red . The rod po
sition, r eac to r t empera tu re , and positive period data were recorded . This 
measuremen t was also repeated three t i m e s . 

d. The reac tor was shut down and the t empera tu re of the p r i 
mary sodium sys tem was reduced another 40 F to a nominal i so thermal 
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value of 520 F . It was held at this value with minimum drift (+0. 15 F / h r ) 
by maintaining the p r i m a r y sodium flow rate at 6. 78 x 10" Ib /h r . 

The reac to r was brought to cr i t ical i ty at a power level of 
~100 watts on the regulating rod, with the shim rod fully withdrawn. The 
rod posi t ions, r eac to r power, power drift r a te , and p r i m a r y sys tem tem
p e r a t u r e s were measu red and recorded . 

The regulating rod was re turned to the cr i t ica l position de
te rmined at 560 F and the resul t ing positive period was m e a s u r e d and r e 
corded. The rod posit ions and reac to r t e m p e r a t u r e s were a lso nneasured 
and recorded . This measu remen t was repeated once, and all data again 
recorded . 

An additional c r i t ica l regulating rod measu remen t was made 
at 520 F with the shim rod par t ia l ly ra ther than fully withdrawn (6. 00 inches 
withdrawn). The c r i t i ca l rod posi t ions, r eac to r power, power drift r a te , 
and t e m p e r a t u r e s were recorded . This measu remen t establ ished new c r i 
t ical regulating and shim rod posit ions for the comparat ive cr i t ica l rod and 
positive period react ivi ty measu remen t s which were made at the next lower 
t e m p e r a t u r e . New reference posit ions were needed because of the relat ively 
la rge i nc rease in r eac to r react ivi ty that had occur red due to lowering the 
t empera tu re 80 F . 

e. The r eac to r was shut down and the t empera tu re of the p r i 
m a r y sys tem was reduced 40 F m o r e to a nominal i so thermal value of 480 F . 
It was held at this value with minimum drift (+0. 20 F / h r ) by maintaining the 
p r i m a r y sodium flow rate at 6. 28 x 10° I b / h r . 

The reac tor was brought to cr i t ical i ty at a power level of 
•̂ 100 watts on the regulating rod, with the shim rod withdrawn 6. 00 inches . 
The rod posi t ions, r eac to r power, power drift ra te , and r eac to r t e m p e r a 
tu re s were recorded . This measu remen t was repeated once. 

The regulating rod was re turned to the c r i t i ca l position 
found at 520 F and the resul t ing positive period was measured and recorded . 
The rod position and reac to r t empera tu re data were also measu red and r e 
corded. This measu remen t was repeated once. 

Another c r i t ica l regulating rod measu remen t was made at 
480 F with the shim rod fully inser ted ra the r than withdrawn 6. 00 inches . 
The cr i t ica l rod position, r eac to r power, power drift r a te , and reac to r t em
pera tu re data were measu red and recorded . This measu remen t provided a 
reference point for the c r i t i ca l and per iod m e a s u r e m e n t s made after subse
quent t empera tu re reductions in the t e s t . 
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f. The reac to r was shut down and the t empe ra tu r e of the p r i 
mary sys tem was reduced by 40 F to a nominal i so the rmal value of 440 F . 
It was held at this value with minimum drift (+1.20 F / h r ) by maintaining the 
p r i m a r y sodium flow rate at 6. 09 x 10" Ib /h r . 

The r eac to r was brought up to cr i t ica l i ty at a power level of 
MOO watts on the regulating rod, with the shim rod fully inse r ted . The rod 
posi t ions, r eac to r power, power drift ra te , and reac tor t empe ra tu r e s were 
recorded . This measu remen t was repeated once, and all data were recorded . 

The regulating rod was re turned to the reference cr i t ica l 
position found at 480 F and the result ing positive period was measured and 
recorded . The rod position and t empera tu re data were a lso measu red and 
recorded . This measu remen t was repeated once. 

g. The reac tor was shut down and the t empera tu re of the p r i 
m a r y sys tem w^as reduced by 40 F to a nominal i so thermal value of 400 F . 
It was held at this value with minimum drift (+0. 58 F / h r ) by maintaining the 
p r i m a r y sodium flow rate at 6. 03 x 10" Ib /h r . 

The reac to r was brought to cr i t ica l i ty at a power level of 
~100 watts on the regulating rod, with the shim rod fully inse r ted . The rod 
position, r eac to r power, power drift r a te , and reac tor t empera tu re data 
were recorded . This measurennent v/as repeated once. 

The regulating rod was set at the c r i t i ca l position determined 
at 440 F and the result ing positive period was measu red and recorded . The 
rod position and t empe ra tu r e data were also measu red and recorded . This 
measu remen t was repeated once. 

h. The reac tor was shut down and the mechanical measu remen t s 
which had been made on the control rod extensions at 600 F were repeated to 
obtain the change in length of the extensions for a 200 F change in reac tor 
i so thermal t e m p e r a t u r e . 

B. REACTOR FUEL LOADINGS AND PLANT CONDITIONS 

The core fuel subassembly loadings used for each of the th ree sets 
of t empera tu re coefficient measu remen t s a r e given in F igures 4, 5, and 6. 
It will be noted that one l e s s core subassembly was required for the las t two 
measu remen t s than for the f i rs t m e a s u r e m e n t . This is because the r e t r a c t 
able Sb-Be neutron source was in place in the reac tor during these m e a s u r e 
ments . The 3.4 kg of beryl l ium which is contained in the re t rac tab le source , 
located as shown in F igures 5 and 6, has a react ivi ty worth approximately 
equal to that of a core subassembly located at the edge of the co re . The only 
l imitation on the core loading during the tes t was that there must be l ess than 
293.48 ih (92 cents) excess react ivi ty at any tes t t e m p e r a t u r e . Because the 
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FIG.4-C0RE LOADING FOR FIRST MEASUREMENT 400F TO 520F 
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FIG. 5-CORE LOADING FOR SECOND MEASUREMENT 500 F TO 540 F 
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FIG. 6-CORE LOADING FOR THIRD MEASUREMENT 400 F TO 600 F 
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ear ly determinat ion of the value of the i so the rmal t empera tu re coefficient 
was - 0 . 8 3 i h / F , and the proposed range of tes t t e m p e r a t u r e s was a maximum 
of 200 F, the maximum react ivi ty change anticipated was only about 166 ih; 
therefore , there was adequate latitude available for the core loadings. The 
maximum excess react ivi ty of the core loading used for the f i rs t set of mea 
surements was 230 ih. This was the value at 400 F , the lower t empera tu re 
l imit of the t es t . The maximum excess react iv i t ies of each of the core load
ings used for the second and thi rd sets of measu remen t s were the same, ap
proximately 225 ih, this being the value at 400 F a l so . 

The t empera tu re of the p r i m a r y sys tem was inc reased to the required 
values in the f i rs t set of measu remen t s by operating the p r i m a r y sodium 
pumps at high flow ra t e s and using thei r heat input, and by using the r e s i s t 
ance and inductance heating available for the p r i m a r y sys tem. The maximum 
rate at which the t empera tu re could be inc reased by this procedure was ap
proximately +6 F / h r . In the l a t t e r two se ts of m e a s u r e m e n t s , where the 
p r i m a r y sys tem t empe ra tu r e was reduced from one measuremen t to the next, 
the p r i m a r y sodium pumps were put on minimum flow operat ion and the cold 
t r ap of the p r i m a r y sodium service sys tem was used to reduce the sys tem 
t e m p e r a t u r e . The maximum rate of t empera tu re dec rease achieved using 
this method was approximately -4 F / h r . Neither the secondary sodium sys 
tem nor the s team-feedwater sys tem was in serv ice during the course of the 
m e a s u r e m e n t s . When the des i red t empera tu re for a measuremen t was 
reached, it was maintained at this value with minimunn drift by making minor 
adjustments in the p r i m a r y sodium flow r a t e . The re su l t s of a previous tes t 
had demonstra ted that var ia t ions in p r i m a r y sodium coolant flow ra te had no 
effect on react ivi ty at zero power . ' Therefore , it was not n e c e s s a r y to cor 
rec t the react ivi ty data for differences in sodium flow r a t e s . 

C. INSTRUMENTATION 

The th ree p a r a m e t e r s of p r i m a r y in te res t in the tes t were the neutron 
signals during the t ime of the period and cr i t ica l m e a s u r e m e n t s , the p r i m a r y 
sys tem t e m p e r a t u r e s , and the operating control rod posit ions; however, data 
on sodium flo-ws, cover gas p r e s s u r e , r eac to r sodium level, and graphite 
shield t empe ra tu r e s were also taken. 

1. Nuclear Instrumentat ion 

Two high-sensi t iv i ty BF3 proport ional de tec tors were used to 
de termine reac to r per iods in the t es t . They were connected to the safety 
sys tem source range ins t rumentat ion and to two RIDL s c a l e r s , switched with 
an Eagle T imer to count for 12 seconds every 15 seconds, located in the main 
control room. The count ra te data obtained from the s ca l e r s were plotted 
on semi- logar i thmic graph paper to obtain the reac to r pe r iods . Per iod in
formation was also obtained from an ion chamber connected to a Keithley 
m i c r o m i c r o a m m e t e r located in the r eac to r control room. The output of 
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the m i c r o m i c r o a m m e t e r was connected to a r e c o r d e r that had back-se t 
switches at 30 per cent and 81 . 5 per cent of full scale (an e-fold power in
c rease ) ; the switches operated a t imer that gave a d i rect readout of the r e 
ac tor period. The th ree per iods thusly obtained were averaged for use in 
the ana lys i s . The m i c r o m i c r o a m m e t e r was also used to de termine the 
neutron flux (power) drift during cr i t ica l rod position react ivi ty naeasure-
men t s . F r o m these data, react ivi ty cor rec t ions for power drift could be 
made. The data from the normal source range and in termedia te range de
t ec to r s in the plant were also recorded to provide a reference in the event 
a failure occur red in the tes t ins t rumentat ion. All of the neutron de tec tors 
were located outside of the core inside detector guide tubes which penetra te 
the graphite shield surrounding the reac tor vesse l (Figure 7). 

2. Tempera tu re Sensing Instrumentat ion 

Whenever t empera tu re data were required in the tes t , eleven 
individual measu remen t s of the t empera tu re of the p r i m a r y sys tem were 
made using five thermocouples and six res i s t ance t empera tu re de tec tors 
which a r e par t of the normal plant ins t rumentat ion. Each of the five t h e r m o 
couples i s connected through a switch to a common potent iometer . Four of 
the thermocouples a r e mounted in the f ingers of the hold-down mechanism 
and monitor the sodium t e m p e r a t u r e s at the outlet of th ree core subassem
blies and one inner radia l blanket subassembly. The fifth thermocouple is 
located on the lower support plate and moni tors the sodium tempera tu re at 
the core inlet (Figure 1). Each of the six res i s tance t empera tu re de tec tors 
is connected through a switch to a common res i s t ance br idge . The six r e 
s is tance detec tors a r e located in the piping of the p r i m a r y sodium system; 
one in each of the th ree 30-inch exit sodium pipes that leave the reac tor and 
one in each of the three 6-inch inlet pipes that supply the l ow-p re s su re inlet 
plenum to the reac to r (Figure 1). 

The t e m p e r a t u r e data from the five thermocouples were used to 
de termine the t empera tu re drift rate in the tes t and the data from the six 
res i s t ance t empera tu re de tec tors were averaged to determine the i so thermal 
t empera tu re of the p r i m a r y sodium sys tem. 

The t empera tu re measur ing sys t ems , consisting of the sensing 
and measur ing devices , were cor re la ted in a preopera t ional tes t and cor 
rect ion factors were de termined for each of the eleven t empera tu re m e a s u r 
ing channels ." Curves were developed that permi t ted d i rec t conversion of 
the tes t ins t rument readings to co r rec ted t e m p e r a t u r e s . 

3. Rod Posi t ion Instrumentat ion 

During the tes t , the posit ions of the two operating control rods 
were determined from Gilmore digital indicators that were connected to po
sition potent iometers located on the rod dr ives and from di rec t reading 
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sca les that were located at the rod d r ive s . The data from the di rect reading 
scales were the more accura te and were used a lmost exclusively in the an
a lys is of the tes t . 

4 . Miscel laneous Plant Instrumentat ion 

The no rma l plant ins t rumentat ion, descr ibed in Reference 1, was 
used to de termine p r i m a r y sodium flows, graphite shield t e m p e r a t u r e s , gas 
p r e s s u r e s , and sodium leve l s . The re t r ac tab le Sb-Be neutron source used 
is descr ibed in Reference 9. 
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IV. EXPERIMENTAL DATA 

The cr i t i ca l rod data obtained in the f i rs t measu remen t of the i so 
the rma l t empe ra tu r e coefficient of react ivi ty, over the t empera tu re range 
407 F to 518 F, a r e summar ized in Table II below. 

TABLE II - CRITICAL ROD DATA FROM 
THE FIRST MEASUREMENT 

Average Iso- Cr i t ica l Regulating Cr i t ica l Shim 
Tempera tu re t he rma l Reactor Rod Posi t ion, Rod Posit ion, 

Range, F Tempera tu r e , F Inches Withdrawn Inches Withdrawn 

407 407.1 7.53 fully inser ted 
to 

518 518.1 13.34 5.02 

The exper imental data from the second and thi rd sets of m e a s u r e m e n t s , 
over the t empe ra tu r e ranges 500 F to 540 F and 400 F to 600 F , a r e sum
mar ized in Tables III and IV. Table III l i s t s the c r i t i ca l rod data obtained in 
each of these two m e a s u r e m e n t s , and Table IV l i s t s the per iod data. The 
t e m p e r a t u r e s l is ted a r e the average of the t e m p e r a t u r e s measu red by the six 
res i s t ance t empera tu re de tec to r s . The rod posit ion and power drift data 
l is ted were used to make minor react ivi ty cor rec t ions to account for small 
var iat ions in reference rod posit ions and to account for smal l deviations from 
t rue cr i t ica l i ty . The reac tor per iods measu red by each of the three neutron 
de tec tors a r e individually tabulated and the average per iods a r e a lso given. 
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TABLE m - CRITICAL ROD DATA FROM THE SECOND AND THIRD MEASUREMENTS 

Tempera tu re 
Range, F 

540 
to 

500 

600 

to 

400 

Run No. 

65-4 
67-4 
68-4 

101-4 
101-5 
101-6 
101-8 
101-10 
101-12 
102-4 
102-7 
103-4 
103-6 
103-8 
105-4 
105-6 
106-4 
106-6 

Average Iso
the rmal Reactor 
Tempera tu re , F 

539.48 
519.92 
500.17 

599.52 
599.56 
561.24 
561.34 
560.72 
560.17 
520. 15 
519.98 
480,01 
480.33 
480.58 
440.90 
441. 18 
400.17 
400.02 

Crit ical Regulating 
Rod Posit ion, 

Inches Withdrawn 

8.16 
6.64 
5.07 

9.52 
9.53 
6.31 
6.33 
6.27 
6.22 
2.99 

12.50 
8.40 
8.42 

18.79 
11.35 
11.38 

7.55 
7.55 

Cri t ical Shim 
Rod Posit ion, 

Inches Withdrawn 

10.98 
10.97 
11.00 

19.90 
19.90 
19.90 
19.90 
19.90 
19.90 
19.99 

5.96 
5.96 
5.97 

fully inser ted 
fully inser ted 
fully inser ted 
fully inser ted 
fully inser ted 

Power Drift 
Rate 
P e r 

, P e r Cent 
5 Minutes 

0 
0 
0 

-1 .00 
0 
0 
0 
0 
0 
0 
0 
0 

-0 .67 
0 
0 
0 

- 0 . 3 0 
+0.33 



TABLE IV - POSITIVE PERIOD DATA FROM THE SECOND AND THIRD MEASUREMENTS 

OJ 
OJ 

Tempera tu re 
Range, F 

540 
to 

500 

600 

to 

400 

Run No. 

65-5 
67-5 
67-6 
68-5 
68-6 

101-7 
101-9 
101-11 
101-13 
102-5 
102-6 
103-5 
103-7 
105-5 
105-7 
106-5 
106-7 

Average Iso
the rma l Reactor 
Tempera tu re , F 

539.48 
519.98 
520.06 
500. 14 
500.36 

561.41 
561.28 
560.56 
560.02 
520. 15 
520.17 
480.07 
480.38 
440.92 
441.34 
400.07 
400.07 

Regulating 
Rod Posit ion, 

Inches Withdrawn 

9.86 
8.16 
9.86 
6.64 
8.16 

9.53 
9.50 
9.53 
9.55 
6.30 
6.30 

12.56 
12.56 
18.90 
18.74 
11.29 
11.29 

Shim 
Rod Position, 

Inches Withdrawn 

10.98 
10.97 
10.97 
11.00 
11.00 

19.90 
19.90 
19.90 
19.90 
19.99 
19.99 

5.96 
5.97 

fully inser ted 
fully inser ted 
fully inser ted 
fully inser ted 

Measured Pe 

Scaler 
No. 1 

188.2 
191.3 

80.2 
177.0 

77.5 

80.0 
80.2 
78.4 
75.7 
75.4 
76.5 
77.5 
77.9 
77.5 
80.4 
77.2 
77.3 

Seconds 
Scaler 
No. 2 ] 

191.9 
188.2 
80.2 

178.5 
78.5 

80.1 
80.8 
78.4 
76.6 
75.4 
76.7 
76.9 
78.1 
78.8 
79.0 
77.6 
77.6 

riod. 

Keithley 

189. 1 
194. 1 

79.9 
178. 1 

78.4 

79.7 
79.9 
77.2 
75.6 
75.2 
76.2 
76.6 
76.8 
78.5 
79.9 
75.8 
76.6 

Average 
Per iod , 
Seconds 

189.7 
191.2 

80. 1 
177.9 

78. 1 

79.9 
80 ,3 
78 ,0 
76 ,0 
75.3 
76.5 
77 .0 
77.6 
78 .3 
79 .8 
76,9 
77.5 



V. MATHEMATICAL ANALYSIS OF THE DATA 
AND EXPERIMENTAL RESULTS 

A. DETERMINATION OF THE ISOTHERMAL TEMPERATURE 
COEFFICIENT 

The i so the rmal t empera tu re coefficient of react ivi ty was calculated 
using the cr i t ica l rod and /o r positive period data obtained in the m e a s u r e 
ments over the three different t empera tu re ranges . The data were cor rec ted 
for power drift and rod position e r r o r s where applicable. 

1, F i r s t Set of Measurements 

The analysis of the data obtained in the p re l imina ry measu remen t 
of the i so thermal t empera tu re coefficient of react ivi ty (400 F to 520 F) was a 
simple calculation of the rat io of the change in the excess react ivi ty of the 
reac to r , pex, to the corresponding change in t empera tu re , t 

pex _ pex (3) 
ITCR = ; i h / F 

2 - S 

where the subscr ip ts 1 and 2 r ep resen t the two t e m p e r a t u r e s . Only c r i t i ca l 
rod data, shown in Table II, Section IV, were obtained in this portion of the 
t es t . The excess react iv i t ies at each t empera tu re were calculated from the 
c r i t i ca l rod data using the control rod cal ibrat ion curves repor ted in Refer-
ence 6.'' The resul t ing values were : 

pexj = 219. 6 ih 
pex2 - 127. 5 ih 

t i = 407.1 F 
t2 = 518.1 F 

therefore : 

127.5 - 219.6 (4) 
^ ^ ^ ^ = 518.1 - 4 0 7 . 1 = - 0 . 8 3 i h / F 

* These were p re l iminary rod cal ibrat ion curves obtained ear ly in the nuclear 
tes t p rog ram and the only ones available at the t ime the measu remen t s were 
made . 
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2. Second and Third Sets of Measurements 

The second and third measu remen t s of the i so the rmal t e m p e r a 
ture coefficient of react ivi ty (500 F to 540 F and 400 F to 600 F) were more 
detailed than the f i rs t and included both cr i t ica l rod position data and positive 
period data. 

a. Analysis of the Cri t ical Rod Data - In making the cr i t ica l 
rod m e a s u r e m e n t s in the second and thi rd pa r t s of the tes t , the c r i t i ca l shim 
rod position at each t empera tu re was very close to the c r i t i ca l shim rod po
sition used at the preceding higher t e m p e r a t u r e . Therefore , the g ross 
change in excess react ivi ty for the two different i so the rmal r eac to r t e m p e r a 
tu re conditions, pex2 - pexj^, could be determined from the difference in the 
c r i t i ca l regulating rod posit ions at each t e m p e r a t u r e . To obtain the reac t iv i 
t i es , the regulating rod cal ibrat ion curve shown in Figure 8 was used. The 
gross excess react ivi ty change was then cor rec ted for any slight differences 
in the shim rod posit ions that might have existed and for any power drift that 
might have occur red if the r eac to r was not exactly cr i t ica l at the t ime of 
e i ther measu remen t . Thus, the equation used to determine the net excess 
react ivi ty change with t empera tu re was: 

Apex = pex - pex + Aps + Apd (5) 

where: 

. Apex = net excess react ivi ty change, ih 

pexj = excess react ivi ty read from the regulating rod 
cal ibrat ion curve for the c r i t i ca l position of 
the rod at higher t empera tu re , t]^, ih 

pex2 = excess react ivi ty read from regulating rod 
cal ibrat ion curve for the cr i t ica l position of 
the regulating rod at the lower t empera tu re , 
t2 , ih 

Aps = react ivi ty cor rec t ion for differences in the 
reference shim rod position at the two t em
p e r a t u r e s , ih 

This was obtained by multiplying the slope of 
the shim rod cal ibrat ion curve (Figure 9) in 
i ts operating region by the difference in rod 
posit ion. The sign of this t e r m was plus or 
minus depending on whether the shim rod in
ser t ion at the lower t empera tu re , t2» was more 
or l e s s than at the higher t e m p e r a t u r e , t^, r e 
spectively. 

35 



REGULATING ROD POSITION , INCHES WITHDRAWN 

FIG. 8-EXCESS REACTIVITY VERSUS CRITICAL REGULATING ROD POSITION 
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SHIM ROD POSITION, INCHES WITHDRAWN 
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FIG.9-EXCESS REACTIVITY VERSUS CRITICAL SHIM ROD POSITION 



Apd = r e a c t i v i t y c o r r e c t i o n fo r p o w e r dr i f t wh ich 
o c c u r r e d d u r i n g e i t h e r of the two c r i t i c a l 
m e a s u r e m e n t s , ih 

T h i s c o r r e c t i o n w a s equa l to 0. 12 ih p e r cen t 
dr i f t in five m i n u t e s . T h e s ign of the c o r 
r e c t i o n a t each t e m p e r a t u r e d e p e n d e d on t h e 
d i r e c t i o n of the d r i f t . If the dr i f t w a s p o s i t i v e 
(upward) a t t j , t he c o r r e c t i o n w a s n e g a t i v e and 
v i c e - v e r s a . C o n v e r s e l y , a t t2 p o s i t i v e dr i f t 
w a s a p o s i t i v e c o r r e c t i o n and v i c e - v e r s a . 

The equa t ion u s e d to find the va lue of the i s o t h e r m a l t e m p e r a t u r e coeff ic ient 
in the t e m p e r a t u r e r a n g e tj^ to t2 w a s : 

ITCR = f £ ^ i h / F (6) 
*2" 1 

T a b l e V l i s t s the i s o t h e r m a l t e m p e r a t u r e coef f ic ien t v a l u e s 
t ha t w e r e c a l c u l a t e d f r o m the da t a ob t a ined in the s e c o n d and t h i r d s e t s of 
m e a s u r e m e n t s . The v a l u e s in T a b l e V a r e b a s e d on t h e c r i t i c a l r o d d a t a 
g iven in T a b l e III, Sec t ion IV. 

b . A n a l y s i s of t h e P o s i t i v e P e r i o d Da ta - The o n e - p e r i o d 
m e t h o d w a s the p r i n c i p a l e x p e r i m e n t a l t e c h n i q u e u s e d in m a k i n g p e r i o d r e 
a c t i v i t y m e a s u r e m e n t s in the s e c o n d and t h i r d p a r t s of the t e s t . In t h i s 
m e t h o d , the r e a c t i v i t y effect of s u c c e s s i v e l y l o w e r i n g the t e m p e r a t u r e w a s 
d e t e r m i n e d f r o m t h e p o s i t i v e p e r i o d s m e a s u r e d wi th t h e c o n t r o l r o d s s e t a t 
the c r i t i c a l p o s i t i o n s found at t he p r e c e d i n g h i g h e r t e m p e r a t u r e . T h u s , the 
g r o s s e x c e s s r e a c t i v i t y change in the r e a c t o r for the two i s o t h e r m a l t e m 
p e r a t u r e cond i t i ons could be c a l c u l a t e d d i r e c t l y f r o m the i n h o u r f o r m u l a : 

(7) 
Tk „ Z^ 1 + X.T 

eff i zz 1 1 
Apg = 

.,„,,, f 

^\u ' 
i 

3600 k ^^ 
eff 

+ 

6 

E 
i = 1 

6 

E 
i = l 

Pi 
1 + X.T 

1 

h 
1 + 3 60 OX,. 

1 

w h e r e : 

A p g = g r o s s e x c e s s r e a c t i v i t y change b e t w e e n t e m p e r a 
t u r e s ti and t 2 , ih 

T = a v e r a g e p e r i o d m e a s u r e d a t t h e l o w e r t e m p e r a 
t u r e , t2f w i th the r o d s se t a t t he c r i t i c a l p o s i 
t i o n s found a t t he h i g h e r t e m p e r a t u r e , t j , s e c o n d s 
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TABLE V ISOTHERMAL TEMPERATURE COEFFICIENTS FROM CRITICAL ROD POSITION DATA 

Temper 
a ture 

Range, 
F 

540 
to 

500 

OJ 
> i ^ 

600 

to 

400 

-

Run 
Temper-

No» a ture , t^, 
Compared 

65-4 to 67-4 
67-4 
65-4 

101-4 
101-4 
101-4 
101-4 
101-5 
101-5 
101-5 
101-5 
101-6 
101-8 

to 68-4 
to 68-4 

to 101-6 
to 101-8 

F 

539.48 
519.92 
539.48 

599.52 
599.52 

to 101-10 599.52 
to 101-12 599.52 
to 101-6 
to 101-8 

599.56 
599.56 

to 101-10 599.56 
to 101-12 599.56 
to 102-4 
to 102-4 

101- lOto102-4 
101-12 to l02 -4 
102-7 
102-7 
103-8 
103-8 
105-4 
105-4 
105-6 
105-6 

to 103-4 
to 103-6 
to 105-4 
to 105-6 
to 106-4 
to 106-6 
to 106-4 
to 106-6 

561.24 
561.34 
560.72 
560.17 
519.98 
519.98 
480.58 
480.58 
440.90 
440.90 
441.18 
441.18 

Temper 
a ture , t2, 

F 

519.92 
500.17 
500.17 

561.24 
561.34 
560.72 
560.17 
561.24 
561.34 
560.72 
560.17 
520.15 
520.15 
520.15 
520.15 
480.01 
480.33 
440.90 
441.18 
400.17 
400.02 
400.17 
400.02 

Temper 
a ture 

Change, 
t 2 - t p 

F 

-19.56 
-19 .75 
-39.31 

-38.28 
-38.18 
-38.80 
-39.35 
-38.32 
-38.22 
-38.84 
-39.39 
-41.09 
-41.19 
-40.57 
-40.02 
-39.97" 
-39 .65 
-39.68 
-39.40 
-40.73 
-40.88 
-41.01 
-41.16 

Gross 
Excess 

Reactivity 
Change, 

pex2 - pexi , 
ih 

15.80 
16.20 
32.00 

33. 10 
32.90 
33.50 
34.00 
33.30 
33.10 
33.70 
34.20 
36.00 
36.20 
35.60 
35.10 
34.30 
34.20 
33.60 
33.40 
34.50 
34.50 
34.70 
34.70 

Shim Rod 
Posit ion 

Reactivity 
Correct ion, 

Aps, 
ih 

+0.08 
-0 .24 
-0 .16 

0 
0 
0 
0 
0 
0 
0 
0 

-0 .18 
-0 .18 
-0 . 18 
- 0 . 18 

0 
-0 .11 

0 
0 
0 
0 
0 
0 

Power 
Drift 
Reac
tivity 
Cor

rection, 
i^pd 

ih 

0 
0 
0 

+0. 12 
+0. 12 
+0.12 
+0.12 

0 
0 
0 
0 
0 
0 
0 
0 
0 

-0 .08 
0 
0 

-0 .04 
+0.04 
-0 .04 
+0.05 

Net 
Excess 
Reac 
tivity 

Change, 
Apex, 

ih 

15.88 
15.96 
31.84 

33.22 
33.02 
33.62 
34. 12 
33.30 
33.10 
33.70 
34.20 
35.82 
36.02 
35.42 
34.92 
34.30 
34.01 
33.60 
33.40 
34.46 
34.54 
34.66 
34.75 

I so thermal 
T e m p e r a t u r e 

Coefficient 
Between 

tĵ  and t2, 
i h / F 

-0 .8119 
-0 .8081 
-0 .8100 

-0 .8678 
-0 .8649 
-0 .8665 
-0 .8671 
-0 .8690 
-0 .8660 
-0 .8677 
-0 .8682 
-0 .8717 
-0 .8745 
-0 ,8731 
-0 .8726 
-0 .8581 
-0 .8579 
-0 .8468 
-0 .8477 
-0 .8461 
-0 .8449 
-0.8452 
-0 .8440 



kg££ = effective multiplication factor M.00''~ 

{• = prompt neutron l ifet ime, seconds 

i = delayed neutron group (i = 1 to 6) 

Pĵ  = effective delayed neutron fraction for the i 
group of delayed neutrons 

ĵ  = p r e c u r s o r decay constant for the i'''^ group 
of delayed neut rons , sec"-*-

The values of i , P ,̂, and X^ for the F e r m i reac to r which were 
used in the calculations a r e given in Table VI. The relat ionship between the 
period, T , and the excess react ivi ty for the F e r m i r eac to r calculated from 
Equation (7) is shown graphically in F igure 10. 

TABLE VI - DELAYED AND PROMPT NEUTRON 
DATA FOR THE FERMI REACTOR 

Effective Delay P r e c u r s o r Decay 
Group, i Frac t ion , Pi Constant, ^.i, sec"-*^ 

1 0.00021 -0.01275 
2 0.00127 0.03196 
3 0.00123 0.12040 
4 0.00262 0.32260 
5 0.00104 1.40500 
6 0.00026 3.94400 

Prompt neutron l ifetime: i = 1.38 x 10" ' sec . 

The gross react ivi ty change calculated from the period data 
was co r rec ted for any small differences which existed in ei ther the regula t 
ing or shim rod posit ions at the two t e m p e r a t u r e s and for any power drift 
which was measu red during the cr i t ica l rod determinat ion at the higher t em
p e r a t u r e . Thus, the net excess react ivi ty change with t empera tu re was: 

Apex = Apg + Apr + Apd (8) 

A value of 1. 00 could be used for kgff because of the relat ively long per iods 
(small excess react iv i t ies) measu red in the t e s t . 
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where: 

Apex = net excess react ivi ty change between tenapera-
t u r e s t i and t2, ih 

Apg = g ross excess react iv i ty change between t em
p e r a t u r e s t j and t2, ih 

Apr = react ivi ty cor rec t ion for slight differences in 
the regulating and shim rod posit ions at the two 
t e m p e r a t u r e s , ih 

This was obtained by multiplying the slope of 
the rod cal ibrat ion curve (Figures 8 and 9) in 
i ts operating region by the difference in rod 
position, 

Apd = react ivi ty cor rec t ion for power drift occuring 
during the base c r i t i ca l measu remen t at the 
higher t empera tu re , t]^, ih. 

The average value of the i so the rmal t empera tu re coefficient 
in the t empera tu re range t j to t2 was then calculated using Equation (6). 
Table VII l i s t s the values which were calculated from the one-per iod data 
obtained in the second and th i rd se ts of m e a s u r e m e n t s using this method. 
The values in Table VII a r e based on the c r i t i ca l rod posit ions and one-
period data given in Tables III and IV, Section IV, respect ive ly . 

A second per iod measu remen t technique, the two-per iod 
method was also used to de termine the react ivi ty change with t e m p e r a t u r e . 
In this method, the react ivi ty effect of a t empera tu re change was found by 
making per iod measu remen t s at t e m p e r a t u r e s tĵ  and t2 with the control rods 
set at the same position in each case and comparing the two different per iods 
obtained. The gross excess react ivi ty at each t empera tu re for these rod 
posit ions was calculated from the period data using Equation (7) and the dif
ference between the two reac t iv i t ies gave the g ross excess react ivi ty change 
between the two i so the rmal t e m p e r a t u r e s . This value was then cor rec ted 
for slight differences in e i ther the regulating or shim rod posi t ions, if they 
existed, to obtain the net excess react ivi ty change. The i so thermal t e m p e r a 
ture coefficient was calculated from Equation (6). The two-per iod technique 
was used only during the second set of t empera tu re coefficient measu remen t s 
between 500 F and 540 F (Table IV, Section IV). The calculated t empera tu re 
coefficient values using this method a r e given in Table VIII. 
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TABLE VII ISOTHERMAL TEMPERATURE COEFFICIENTS FROM ONE-PERIOD DATA 

Temper 
a ture 

Range, 
F 

540 
to 

500 

4^ 
t »J 

"^ 600 

to 

400 

-

Run No. 
Compared 

65-4 to 67-5 
67-4 
65-4 

101-4 
101-4 
101-4 
101-4 
101-5 
101-5 
101-5 
101-5 
101-6 
101-6 
101-8 
101-8 

to 68-5 
to 68-6 

to 101-7 
to 101-9 
t o l O l - 1 1 
to 101-13 
to 101-7 
to 101-9 
to 101-11 
to 101-13 
to 102-5 
to 102-6 
to 102-5 
to 102-6 

101-lOto 102-5 
101-10 to l02-6 
101-12to 102-5 
101-12to 102-6 
102-7 
102-7 
103-8 
103-8 
105-4 
105-4 
105-6 
105-6 

to 103-5 
to 103-7 
to 105-5 
to 105-7 
to 106-5 
to 106-7 
to 106-5 
to 106-7 

T e m p e r 
ature , t j . 

F 

539.48 
519.92 
539.48 

599.52 
599.52 
599.52 
599.52 
599.56 
599.56 
599.56 
599.56 
561.24 
561.24 
561.34 
561.34 
560.72 
560.72 
560.17 
560.17 
519.98 
519.98 
480.58 
480.58 
440.90 
440.90 
441.18 
441.18 

T e m p e r 
a ture , t2, 

F 

519.98 
500.14 
500.36 

561.41 
561.28 
560.56 
560.02 
561.41 
561.28 
560.56 
560.02 
520.15 
520.17 
520.15 
520.17 
520,15 
520.17 
520.15 
520.17 
480.07 
480.38 
440.92 
441.34 
400.07 
400,07 
400.07 
400.07 

Temper 
ature 

Change, 
t 2 - t l , 

F 

-19.50 
-19.78 
-39.12 

-38.11 
-38.24 
-38.96 
-39.50 
-38 .15 
-38 .28 
-39.00 
-39.54 
-41.09 
-41,07 
-41.19 
-41,17 
-40.57 
-40 .55 
-40.02 
-40.00 
-39.91 
-39,60 
-39.66 
-39.24 
-40.83 
-40.83 
-41.11 
-41.11 

Average 
Pe-^iod, 

T, 

s e c 

191,2 
177.9 
78.1 

79.9 
80.3 
78.0 
76.0 
79.9 
80.3 
78.0 
76.0 
75.3 
76.5 
75.3 
76.5 
75.3 
76.5 
75,3 
76.5 
77.0 
77,6 
78.3 
79.8 
76.9 
77.5 
76.9 
77.5 

Gross 
Excess 
Reac
tivity 

Change, 
^Pg. 

ih 

16.25 
17.30 
33.61 

33.04 
32.92 
33.66 
34.33 
33.04 
32.92 
33.66 
34.33 
34.54 
34.16 
34.54 
34.16 
34.54 
34. 16 
34,54 
34, 16 
33.98 
33.79 
33.57 
33.09 
34.03 
33.82 
34.03 
33.82 

Rod 
Posit ion 

Reactivity 
Correct ion, 

Apr, 
ih 

+0.08 
-0 .24 
- 0 . 16 

-0 .09 
+0. 18 
-0 .09 
-0 .27 

0 
+0.27 

0 
-0 .18 
-0 .07 
-0 .07 
+0. 15 
+0. 15 
-0 .51 
-0 .51 
- i , 0 6 
-1 ,06 
-0 ,42 
-0 .53 
-0 .24 
+0. 11 
+0.45 
+0.45 
+0.71 
+ 0.71 

Power 
Drift 

Reac
tivity 
Cor

rection, 
Apd, 

ih 

0 
0 
0 

+0.12 
+0. 12 
+0. 12 
+0.12 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

Ne t 
Excess 
Reac
tivity 

Change, 
Apex, 

ih 

16.33 
17.06 
33.45 

33.07 
33.22 
33.69 
34. 18 
33.04 
33.19 
33.66 
34.15 
34.47 
34.09 
34.69 
34.31 
34.03 
33.65 
33.48 
33.10 
33.56 
33.26 
33.33 
33.20 
34.48 
34.27 
34.74 
34.53 

I so the rmal 
T e m p e r a t u r e 

Coefficient 
Between 

t l and t2, 
i h / F 

-0 .8374 
-0 .8625 
-0 .8551 

-0 .8678 
-0 .8687 
-0 ,8647 
-0 .8653 
-0 .8661 
-0 .8670 
-0 .8631 
-0 .8637 
-0 .8389 
-0 .8300 
-0 .8422 
-0 .8334 
-0 .8388 
-0 .8298 
-0 .8366 
-0 .8275 
-0 .8409 
-0 .8399 
-0 .8404 
-0 .8461 
-0 .8445 
-0 .8393 
-0 .8450 
-0 .8399 



TABLE VIII ISOTHERMAL TEMPERATURE COEFFICIENTS FROM TWO-PERIOD DATA 

Temiper-
a ture 

Range, 
F 

Run No. 
Compared 

T e m p e r 
a tu re , t j . 

F 

T e m p e r 
a tu re , t2 . 

F 

Temper 
ature 

Change, 
t 2 - t l . 

F 

Gross 
Excess 
React
ivity 

Change,* 
Apg, ih 

Rod Pos i 
tion React

ivity 
Correct ion, 

Apr, 
ih 

Net 
Excess 
React

ivity 
Change, 
Apex,ih 

I so the rmal 
T e m p e r a t u r e 

Coefficient 
Between 

t j and t2 . 
i h / F 

4^ 500 
6 5 - 5 

to 539 .48 5 2 0 . 0 6 19.42 16.64 +0 .08 16.72 -0 .8610 

to 

6 7 - 6 

6 7 - 5 

540 
to 

6 8 - 6 

5 1 9 . 9 8 500.36 -19.62 17.48 0 . 2 4 17.24 •0 .8787 

* See Section V, A. 2 b 



3. E r r o r Analysis 

The es t imated standard e r r o r s of the c r i t i ca l rod and positive 
period react ivi ty naeasurements were computed from the es t imated uncer ta in
t ies in the basic exper imenta l data. These es t imates a r e as follows: 

Rod Posi t ion Uncertainty - The control rod posit ions could be 
read to an es t imated accuracy of-t,0. 03 inch. This corresponded 
to an uncertainty in react ivi ty of-tO. 38 ih at the position of maxi 
mum slope on the rod worth curve . 

Per iod Measurement Uncertainty - The period measuremen t 
accuracy was dependent on the length of per iod measu red . This 
var ied in the t e s t . However, for the purpose of the e r r o r analys is , 
an es t imated accuracy of i 2 . 5 per cent was assumed for the m e a 
surement of a typical l60-second per iod. This corresponded to 
an uncertainty of +.0, 39 ih in excess react ivi ty determined from 
the period data. 

Control Rod Calibration Curve Uncertainty - The uncertainty in
t roduced by the use of the rod cal ibrat ion curves was es t imated to 
b e ± 0 , 38 ih. 

Tempera tu re Measurement Uncertainty - The es t imated accuracy 
to which the i so thermal t empera tu re could be read was i l F . This 
corresponded to a react ivi ty uncertainty of approximately i O . 9 ih 
in the t empera tu re coefficient m e a s u r e m e n t s . 

The individual uncer ta int ies in the exper imental data above were 
combined in the following standard s ta t is t ica l formula to compute the es t i 
mated e r r o r s for the cr i t ica l rod and positive period reactivity m e a s u r e 
ments : 

0" -•A^/L/o- (9) 

where-

(T = the es t imated s tandard measu remen t e r r o r , ih 

o-i = the es t imated individual uncer ta int ies in the react ivi ty 
measuremen t , ih 

If thi same react ivi ty measuremen t was repeated N t imes , the standard e r r o r 
of the average of the measu remen t s was the single measuremen t e r r o r value 
divided by the V N . 
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In the case of the t empera tu re coefficient determinat ions from 
cr i t ica l rod m e a s u r e m e n t s , both the rod position and t empera tu re uncer ta in
t ies occur red twice, i. e. , once at each of the two t e m p e r a t u r e s t j and t2. A 
rod cal ibrat ion curve uncertainty also existed. Therefore , the es t imated 
e r r o r in Apex for a non-repeated cr i t ica l rod measu remen t was: 

0- (cr i t ical) = V2(0. 38)2 + 2(0. 9)^ + (0. 38)2 (10) 

= ± 1 . 4 3 ih. 

Similar ly, the e r r o r associa ted with a period measu remen t determinat ion of 
the t empera tu re coefficient included two rod position and two t empera tu re un
cer ta in t ies , and one-per iod measu remen t uncertainty. Thus, the es t imated 
e r r o r in Apex for nonrepeated per iod measu remen t s was: 

0- (period) = V2(0. 38)2 + 2(0. 9)2 + (0. 39)2 (11) 

= ± 1. 44 ih. 

The e r r o r s in the exper imental t empera tu re coefficient values 
were then found by dividing the above e r r o r s by the t empera tu re interval over 
which the measu remen t s were made. 

B. DETERMINATION OF THE GROWTH OF THE CONTROL ROD 
EXTENSIONS 

To determine the growth of the control rod extensions with t e m p e r a 
tu re , the rods were fully inse r ted at the beginning of the th i rd set of mea
surements and a reference mark was establ ished on each extension at an i so 
the rma l r eac to r t e m p e r a t u r e of 600 F . At the end of the set of m e a s u r e m e n t s , 
when the t empera tu re had been reduced to 400 F , the control rods were again 
fully inser ted and the change in elevation of each reference mark was m e a 
sured. The measu remen t s were repeated twelve t imes for each operating 
control rod, and the average of the twelve measu remen t s was used to obtain 
the growth of the rod extensions. 

The resu l t s of the measu remen t s indicated a net growth for each ex
tension of approximately 0. 060 of an inch for the 200 F t empera tu re change 
from 400 F to 600 F . Based on this resul t , the expansion coefficient of the 
rod extensions is 0. 0003 in. / F . The effect of this growth on the rod ca l ibra
tion curves was not factored into the t empera tu re coefficient calculations for 
two reasons ; (1) it is a smal l cor rec t ion amounting to about 0. 004 i h / F with 
the rods located at the position of maximum slope on their worth curves , and 
(2) the growth was measured with the rods fully inser ted with the maxinrium 
length of the extensions exposed to the high t e m p e r a t u r e s , whereas during 
the t empera tu re coefficient measu remen t s the control rods were located at 
in termediate posit ions of withdrawal . 
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VI. DATA REDUCTION 

A. AVERAGE ISOTHERMAL TEMPERATURE COEFFICIENT VALUES 

The t empera tu re coefficient values found by the var ious experinaental 
techniques (Tables V, VII, and VIII) were averaged to obtain an average i so 
the rma l t empera tu re coefficient for each t empera tu re in terval investigated 
in the t es t . All values were given equal weight r ega rd l e s s of the m e a s u r e -
ing technique used to obtain the value. These data a r e summar ized in 
Table IX below. 

TABLE IX - VALUES OF THE AVERAGE ISOTHERMAL 
TEMPERATURE COEFFICIENTS 

M e a s u r e 
ment No. , 

n 

1 
2 
3 
4 
5 
6 
7 
8 

Nominal 
Tempera tu re 

Range, 
F 

400 - 440 
440 - 480 
480 - 520 
500 - 520 
500 - 540 
520 - 540 
520 - 560 
560 - 600 

Average 
Tempera tu re 
Coefficient, 

i h / F 

-0 .8436 
-0 .8453 
-0 .8492 
-0 .8498 
-0 .8326 
-0 .8388 
-0 .8474 
-0 .8665 

Es t imated 
Standard 

E r r o r , o-n. 
i h / F 

±0 .0127 
± 0 . 0 1 7 9 
+ 0.0179 
± 0 . 0 4 1 4 
± 0 . 0 2 5 3 
± 0 . 0 4 1 4 
± 0 . 0 1 0 4 
± 0 . 0 0 9 0 

The es t imated e r r o r s shown in Table IX for the average t empera tu re coeffi
cients were calculated using the react ivi ty e r r o r s for single cr i t ica l and 
period measu remen t s given by Equations (10) and (11). Since both e r r o r s a r e 
the same, the e r r o r s in the average t empera tu re coefficients could be ob
tained by dividing the single measu remen t e r r o r by the t empera tu re in terval 
over which the measu remen t was made and reducing this value by the square 
root of the number of t imes the measuremen t was repeated. As seen in 
Table IX, the es t imated e r r o r s vary considerably with the t empera tu re range . 
The variat ion occurs because in some cases the t empera tu re in tervals a r e 
different and because some measurenaents were repeated more t imes than 
o the r s . The es t imated standard e r r o r , W, for all the measu remen t s l is ted 
in Table IX is : 
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1 N 

n 
n = ± 0 . 0251 i h / F 

(12) 

where: 

n = the number of the measuremen t (n = 1 to 8) 

crn = the es t imated standard e r r o r for the n^^ m e a s u r e 
ment, i h / F 

N = the total number of m e a s u r e m e n t s made (N = 8) 

B, EXPERIMENTAL EQUATION FOR THE ISOTHERMAL 
TEMPERATURE COEFFICIENT 

The predicted t empera tu re dependence of the i so the rmal t empera tu re 
coefficient over the t empera tu re range 400 F to 600 F is given in Section II, 
C by Equation (2). As indicated below, it is the s tandard equation for a 
s t raight l ine. 

y = a + b ( t-500) (13) 

where: 

y = the predicted i so the rmal t empera tu re coefficient as a 
function of t e m p e r a t u r e , i h / F 

a = the predicted i so the rmal t empera tu re coefficient value at 
the reference t empera tu re 500 F , -0 .912 i h / F 

b = the predicted slope of the s traight line, -2 .65 x 10"^ i h / F 

t = the i so thermal t empera tu re , F 

The exper imental data given in Table IX were used to obtain an equa
tion analogous to Equation (13). A least square fit of the data was made by 
solving the two normal equations given below for the constants a and b: 

aN + b E ( t - 5 0 0 ) = E y e ^ _ r ^^^^ 
n n n exper^^ 

a E (t-500) + b E (t-500)^ = L ye„„er (t-500) (15) 
n n n n n c^pcxj^ ^ 
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w h e r e : 

a = the t e m p e r a t u r e coeff ic ient va lue a t 500 F f r o m the l e a s t 
s q u a r e fit of the e x p e r i m e n t a l da t a , i h / F 

b = the s lope of the s t r a i g h t l ine fit to the e x p e r i m e n t a l da t a , 
i h / F ^ 

n = the m e a s u r e m e n t s o v e r the d i f fe ren t t e m p e r a t u r e r a n g e s 
(n = 1 to 8) 

y e x p e r ~ *^® e x p e r i m e n t a l va lue of the i s o t h e r m a l t e m p e r a t u r e coef
f ic ient for the n^^ m e a s u r e m e n t , i h / F 

N = the t o t a l n u m b e r of n a e a s u r e m e n t s m a d e (N = 8) 

t = the a v e r a g e i s o t h e r m a l t e m p e r a t u r e of the m e a s u r e m e n t , 
F , i . e . , the m i d p o i n t of the n o m i n a l t e m p e r a t u r e r a n g e 
o v e r wh ich the m e a s u r e m e n t w a s m a d e . 

T h e da ta u s e d in the l e a s t s q u a r e fit a r e g iven in T a b l e X . 

M e a s u r e 
m e n t No . , 

n 

1 
2 
3 
4 
5 
6 
7 
8 

T A B L E 

A v e r a g e 
T e m p e r 
a t u r e , t . 

F 

420 
460 
500 
510 
520 
530 
540 
580 

E 

X - LEAST SQUARE DATA 

( t -500) 
F 

-80 
-40 

0 
+ 10 
+20 
+30 
+40 
+80 

+60 

y e x p e r 
i h / F 

- 0 . 8 4 3 6 
- 0 . 8 4 5 3 
- 0 . 8 4 9 2 
- 0 . 8 4 9 8 
- 0 . 8 3 2 6 
- 0 . 8 3 8 8 
- 0 . 8 4 7 4 
- 0 . 8 6 6 5 

- 6 . 7 7 3 3 

( t -500)2 
F 2 

6400 
1600 

0 
100 
400 
900 

1600 
6400 

+ 17 ,400 

(yexpe r ) ( t -500 ) 
ih 

+67 .488 
+33 .812 

0 
- 8 . 498 
- 1 6 . 6 5 2 
- 2 5 . 1 6 4 
- 3 3 . 9 0 0 
- 6 9 . 3 2 0 

- 5 2 . 2 3 4 
n 

If the above n u m b e r s a r e s u b s t i t u t e d in E q u a t i o n s (14) and (15), and 
the equa t ions a r e so lved for the coef f ic ien t s a and b , one o b t a i n s ; 

8a + 60b = - 6 . 7 7 3 3 (16) 

60a + 17 ,400b = - 5 2 . 2 3 4 (17) 
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o r a = - 0 . 8 4 6 0 i h / F 

b = - 0 . 8 4 6 X 1 0 - ^ i h / F ^ 

T h e r e f o r e , t he f o r m of E q u a t i o n (13) c a l c u l a t e d f r o m the e x p e r i m e n t a l 
da ta i s : 

y c a l c " - 0 . 8 4 6 0 + ( - 0 . 8 4 6 x 10-4) ( t -500) i h / F (18) 

F i g u r e 11 shows both the v a r i a t i o n of the i s o t h e r m a l t e m p e r a t u r e c o 
eff icient b e t w e e n 400 F and 600 F g iven by Equa t ion (18)and the e x p e r i m e n t a l 
da ta on w h i c h the equa t i on i s b a s e d (Tab le IX) . A l s o shown in F i g u r e 11 i s 
the p r e d i c t e d va lue of t h e t e m p e r a t u r e coeff ic ient o v e r t h i s t e n a p e r a t u r e r a n g e 
(Equa t ion (13)). 

C . STANDARD ERROR O F T H E M E A S U R E M E N T S F R O M T H E 
E X P E R I M E N T A L DATA 

T h e e s t i m a t e d s t a n d a r d e r r o r , ô , of a l l t he m e a s u r e m e n t s b a s e d on 
the a s s u m e d u n c e r t a i n t i e s in the b a s i c m e a s u r e m e n t s , i s g iven by E q u a t i o n 
(12) in Sec t ion VI, A. The a c t u a l s t a n d a r d e r r o r , o ' exper ' °-̂  ^^^ m e a s u r e 
m e n t s b a s e d on the e x p e r i m e n t a l da ta m a y be found by eva lua t ing the r e s i d u a l s 
of the m e a s u r e m e n t s and us ing the fol lowing equa t ion : 

0" n 
e x p e r " K " jq I ERn^ (19) 

•where: 

n = the m e a s u r e m e n t s o v e r the d i f fe ren t t e m p e r a t u r e r a n g e s 
(n = 1 to 8) 

N = the t o t a l n u m b e r of m e a s u r e m e n t s m a d e (N = 8) 

R^ = the r e s i d u a l of the n̂ -"̂  m e a s u r e m e n t , i h / F 

The r e s i d u a l , R^ ,̂ i s equa l to the d i f f e r ence b e t w e e n the c a l c u l a t e d t e m p e r a 
t u r e coeff ic ient for the n^" m e a s u r e m e n t , b a s e d on the l e a s t s q u a r e fit of the 
e x p e r i m e n t a l da ta (Equat ion(18)) , and the a c t u a l expe r innen ta l va lue (Tab le IX), 

^ n = y c a l c n " y e x p e r ^ ^^O) 

The p a r a m e t e r s for E q u a t i o n s (19) and (20) a r e l i s t e d in T a b l e XI . 
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0.83 

0.84 

0,8 5 
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TABLE XI - STANDARD ERROR TABULATION 

Average 
M e a s u r e - T e m p e r -
m e n t N o . , a tu re . t, Ycalc, Yexper, ^n , ^n , 

n F i h / F i h / F i h / F ( ih/F) 2 

1 
2 
3 
4 
5 
6 
7 
8 

420 
460 
500 
510 
520 
530 
540 
580 

-0.8392 
-0.8426 
-0.8460 
-0.8468 
-0.8477 
-0.8485 
-0.8494 
-0.8528 

-0.8436 
-0.8453 
-0.8492 
-0.8498 
-0.8326 
-0.8388 
-0.8474 
-0.8665 

+0.0044 
+0.0027 
+0.0032 
+0.0030 
-0.0151 
-0.0097 
-0.0020 
+0.0137 

19.36 X 10-^ 
7.29 X 10-^ 
10.24 X 10-6 
9.00 X 10-6 

228.01 X 10-6 
94.09 X 10-6 
4.00 X 10-6 

187.69 X 10-6 

E R X I ^ - 559.95 X 10-6 (ih/F)2 

Based on these data, the actual s tandard e r r o r of the measu remen t s , 
as determined by Equation (19), is ± 8 . 37 x 10-3 i h / F . When this e r r o r is 
compared with the es t imated e r r o r , ± 2 5 . 1 x 10-^ ih/F, ' ' ' it appears that the 
e r r o r s assumed for the basic measu remen t s** were too l a rge . The differ
ence is probably due to the fact that the average i so thermal t empera tu re , the 
l a rges t uncertainty in the naeasurement, could be determined with g rea te r 
accuracy than originally assumed (±1 F) since the experimental values were 
an average of six t empera tu re sensor readings . 

Section VI, A 
Section V, A 
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VII. CONCLUSIONS 

A comparison of the measu red and predicted values of the i so thermal 
t empera tu re coefficient of react ivi ty for the Enrico F e r m i reac to r shows 
that there is sat isfactory agreement over the t empera tu re range 400 F to 
600 F . In this range , the measured values average about 7 per cent l e ss than 
the predicted va lues . The difference is l e s s than might be expected cons ider 
ing the complexity of the calculations involved in obtaining the predicted 
values . P r e l i m i n a r y studies indicate that the discrepancy which does exist 
i s p r ima r i l y due to an overes t imate of the core radial expansion component of 
the t empera tu re coefficient which resul ted from an inaccurate ly predicted 
radial fuel worth distr ibut ion. Never the less , on the bas is of the good over
all agreement found, it can be concluded that the method •which •was used for 
the calculation of t empera tu re - r eac t i v i t y feedback in the reac tor is probably 
accura te . This gives reason for opt imism that the calculated power coeffi
cients will also be sufficiently accura te . Thus it would appear that the ex
cess react ivi ty allowances for t empera tu re overr ide in the reac tor design 
a r e probably adequate. 

The agreement between the measured and predicted slope of the i so 
the rma l t empera tu re coefficient variat ion with t empera tu re is not as good 
as the agreement between the absolute va lues . The predicted slope is approxi
mately th ree t imes l a r g e r than the slope actually measured . However, it is 
not too surpr i s ing that the slopes differ by this much since they a re a mea
sure of a small second o rde r effect, i. e. , an effect which is so small that it 
could not be determined accura te ly from the exper imental data. Another 
reason for the discrepancy between the values of the slope was that the cal 
culation of the predicted slope depended on knowledge of the variat ion of the 
mate r ia l the rmal expansion coefficients with t empera tu re and these data a r e 
not accura te ly known. 

The resu l t s of the measu remen t s of the growth of the operating con
t ro l rod extensions with t empera tu re show that the effect of t empera tu re on 
the rod cal ibrat ion curves is negligible. 
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