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ABSTRACT 

During a routine startup for EBR- II Run 25 on April 21, 
1967, significant changes were noted in the basic behavior of 
the power coefficient. The magnitude of the integral power co
efficient decreased by a factor of approXlmately two while the 
magnitude of the differential power coeliicient m the midpower 
region decreased by a factor of approximately four 

As the result of considerable analytical effort, the change 
in the power coefficient has been identified with thermomechani
cal deformation effects m a stainless steel reflector that was 
installed before the startup. Reversed thermal gradtents in the 
outer row of the two- row reflector were manifested by mechani
cal action that, in turn, modified tht; power coeffictent by re
stricting the normal outward "flowering" of the core at upper 
elevations while augmenting the normal mward bowing of fuel 
subassemblies at core midplane . The two effects, both nonlinear 
with respect to power, affected the power coefficient by de
creasing the negative (flowering} component and increasmg the 
positive (inward- bowing} component 

I INTRODUCTION 

Up to and during Run 24, the power coefficient of EBR-ll was charac
teristic of a system in which the vanous feedback components were 
relatively prompt, strongly negative, and reasonably predictable over a 
considerable period of time. While a long-term tendency towards weaken
ing was noted, most changes were small and were attributed to gradual 
changes in core size, fuel concentration, and power distribution as irradia
tion subassemblies were added. Also noted was a consistent tendency 
towards lower integral power coefficients near the end of a fuel cycle. Such 
changes were also small and were correctly identified with differences in the 
initial and final positions of control rods during a given run. 

11 
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During the startup for Run 25, however, significant changes were d 
noted in the basic behavior of the power coefficient. The overall magnltu we 
of the integral power coefficient decreased by a facto~ of app~oxlmately t o, 
and the behavior of the differential power coefflclent ln the mldpower reglon 
changed markedly. Since such changes implied significant change s 1n me
chanically coupled rea c tivity feedback effects, conce rn was expressed for the 
operational stability of the system, particularly in the m1dpower range where 
the differential power coefficient was unusually weak. Also cons1dered a 
source of concern was the possibility that the change might have been associ
ated with a strong decrease in the magnitude of the prompt component of the 
power coefficient. Such a change would have affected the ability of the system to 
limit the consequences of inadvertent reactivity insertions or loss-of-flow 

incidents. 

S ince th e origin of the power- coefficient decrease was not understood 
and since stability and safety considerations were conceivably involved, much 
analytical and experimental effort was devoted to studies intended to explain 
the decrease and to recommend any necessary remedial action . To benefit 
those who may be concerned with similar problems in the design of sodium
cooled fast breeder reactors, a comprehensive summary of events and con
clusions relevant to the problem will be presented here. 

In preparing a report of this nature, it is difficult to present the de
tailed results of all experimental and analytical effort and at the same time 
convey to the reader a concise overall understanding of the problem and its 
solution. The approach considered the most beneficial, to casual and detailed 
readers alike, is one in which specific areas of effort, along with pertinent 
experimental and analytical data, have been treated in individual reports. 

Information documented in this manner has been abstracted and used in th1s 
report to present a more comprehensive view of the overall problem. Hope
fully, this approach will provide sufficiently detailed information for those 
who may wish to examine the information in depth and for those who are 
mainly interested in what the problem was and how it was treated. A brief 
review of the problem and the remedial action taken has been given by Sm1th 

et al. 1 

Spe cific areas of the overall power coefficient problem have been ex
amined by numerous investigators . Historical events leading up to the 
Run- 25 core configuration, the results of actual measurements of power co
efficient during Run 25, and a suggested model for the change in power co
efficient have been dis c ussed by Kirn, et al. 2 In his presentation, Kirn called 
attention to the reversal of temperature gradients across the stainless steel 
subassemblies in Row 8 and described a physical feedback model based on 

reversed bowing attitudes. 

Detailed c alculations , utilizing an extensively modified HECTIC-II 
program, were made by Cushman to determine temperature distr ibutions in 



the 7th, 8th, and 9th rows of the radial blanket. 3
•
4

•
5 As the result of these 

calculations, Cushman showed that whereas the temperature gradients across 
subassemblies in Row 7 were normal, i.e., higher temperatures on the In

board surface, the gradients across the subassemblies in Row 8 were 
reversed. 

Using Cushman's results as input information, Bump developed a 
program, BOW, 6•7 with which he estimated the thermomechanical deflections 
for each row of subassemblies and showed that the principal mamfestation 
of reversed temperature gradients in the subassemblies in Row 8 would be a 
reversal of the normal subassembly bowing attitude . Bump also calculated 
the resultant forces on bearing points between subassemblies and concluded 
that the forces from bowing were sufficient to cause both elasttc and inelastic 
compressional effects. 

The results of dimensional checks across the spacer pads of all sub
assemblies discharged from Runs 25 and 26 have been reported by Smith and 
Mitchell, 8 who found an average decrease of 0.001 2 in. These results ind•
cate that the deformational effects postulated by Bump very likely existed. 

A physical feedback model based on reversed bowing effects was 
rapidly developed. In attempts to correlate the physical model with experi
mental results, Persiani and others 9 -

14 used the results of reduced-flow 
studies to evaluate the component of the power coefficient associated with 
fuel expansion. By combining this measured fuel component w1th other 
linear components (primarily sodium expansion), Per siani was able to 
evaluate the nonlinear feedback by subtracting the sum of all hnear compo
nents from the measured feedback. The results of similar and auxiliary 
studies have been described in detail by Madell and Jarka. 15 

Using Bump•s 6
• 7 computed values for subassembly movement and 

Madell's 15•zo values for the effects of small changes in core radius on 
reactivity, Persiani9 • 10 evaluated the reactivity change caused by compres
sional movements of the core and showed that the power-dependent defor
mational eifects described by Bump were qualitatively and quantitatively 
consistent with those established experimentally. 

The effects of a decrease in the thermal conductivity of fuel (with 
burnup) on the power coefficient have been studied by Long16

•
17 and 

Persiani. 9 •10 Both investigators found that whereas the results of reduced 
flow measurements indicated that the power coefficient increased as a 
function of burnup, the results of actual power coefficient measurements 
indicated no significant change. To explain the difference, Long and Persiani 
suggested that the expected increase in the power coefficient was cancelled 
by a comparable change in the positive feedback, which presumably increased 
as the fuel subassemblies became compressed during a given run. 

13 
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The effect of co r e size and composition on the power coefficient has 
been investigated b y Blomberg, 18 • 19 Mad ell, and others. zo-z4 Using different 
theoreti c al approaches, these investigators concluded that the decrease noted 
in the Run- 25 powe r coefficient could not be attribut e d to the replacement of 

deple t e d uranium with stainless steel. 

A compilation of all power- coefficient data for Runs 24-29 has been 
ass embled by Long .zs Included in that report are summaries of pertinent 
time - powe r histories, a description of the various loadings, and complete 

summaries of p owe r - coefficient data in tabular form . 

A resolution of the net power coefficient i nto individual feedba c k 
comp onents wa s provided by a comprehens ive series of transfer-func tion 
and rod-drop measurements . A description of the te chnique for measuring 
the transfer function has been given b y H y ndman, et al.

26
-

27 
The rod-drop 

metho d along with the synthesis of a mathe mati c al feedback model have been 
discussed by Hyndman and Nicholson, 28 and a report summarizing the a c tual 
results of all transfer- function and rod- drop studies condu c ted during 
Runs 25-30A has been prepared b y Engen and H yndman.29 Additional effort 
in feedback synthesis has b een described by D e Shong . 30 

Ins ofar as possible the structure of this report will be based on a 
chronol ogical review of pertinent events and th e r e sults of power- coefficient 
measur e m e nts . To avoid disturbing chronolog ical continuity, the results of 
various experimental and analyti cal efforts will b e discussed separately. 
Finally, a physical model for the d ecrease in powe r coeffi cient will b e de
s cribed and will b e shown t o b e consis tent with the bulk of all experimental 
and analytical information. 



II. REVIEW OF PREVIOUS POWER- COEFFICIENT BEHAVIOR 

In assessing the stability characteristics of a new reactor system in 
its initial startup phase or in monitoring the day- to- day kinetic behavior of 
an operating system, valuable diagnostic information may be inferred from 
measurements of the static or steady- state power coefficient. Such mea
surements are simple to conduct, require only existing reactor instrumen
tation, and are acceptably reliable and accurate . Because such measurements 
are usually conducted over a period of time long enough for all reactlVlty 
feedback effects to be sensed by the system, the static power coefficient is 
simply the algebraic sum of all feedback amplitudes . 

If it is necessary to understand how individual feedback processes 
behave in the time and frequency doma1ns, resort must be made to much 
more sophisticated techniques. Usually such techniques involve d1sturbing 
the reactivity balance of the system, observing the resultant changes tn 

neutron level (power), and interpreting such changes, through the neutron 
kinetic equations, in terms of time- or frequency-dependent feedback com
ponents. In the ultimate all feedback information, whether static or kinetic, 
must be mutually consistent since at infinite time or at zero frequency the 
amplitudes of time- dependent or frequency- dependent feedback components 
must sum algebraically to the value established through statlc measure
ments. It follows that a complete description of reactivity feedback for a 
given reactor system must rely on the implementation and use of both 
static and dynamic techniques. 

In the startup phases of EBR-Il (July through October 1964). power
coefficient measurements were used to estiiblish the asymptotic feedback . 
These measurements were made by changing reactor power by moving a care
fully calibrated control rod and dividing the resultant reactiv1ty change by 
the asymptotic change in reactor power . Dynamic information was obtained 
by use of a technique that involved the sinusoidal insertion of reactivity w1th a 
reciprocating oscillator rod and a Fourier analysis of the fundamental wave 
of the oscillating power output. 31 

With the mechanical failure of the Mark-! reciprocating oscillator 
rod in October 1964, routine stability monitoring was based almost entirely 
on the results of static- power- coefficient measurements usually made at 
the beginning of each run. In the absence of a mechanical oscillator rod, 
attention was focused on two other techniques wh1ch at the time seemed 
capable of yielding useful information. One of these--the trapezoidal 
reactivity insertion method- -was based on an analysis of the power re
sponse following the programmed insertion and w1thdrawal of a control rod 
over a fixed distance (approximately 0 . 2 in.) . Because of power dnfts during 
measurements and the presence of extraneous noise, this method was never 
implemented as a routine stability- monitoring technique The other method 
considered as an interim measure involved an analysis of the power wave 

15 
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. l 12 Ih over a 
during a steep-ramp withdrawal of reactivity (approx1mate Y . ielded 
period of 280 milhseconds).n Development of this approach, which/ until 
reactivity m the system as a function of time, proceeded uneventful y 25 
the method was perfected and 1mplemented successfully during Runs d 
and 26 . Thus, until December 1966 , when a second rotary oscillator. ro . 
(Mark IIA) was installed during R un 24, the bulk of stability-monitonngm-

. ments of the stat1c 
formation essentially onginat ed from routine measure 
power coefficient . Throughout th e perJod between the initial start~p ln 

· D b 1966 nothmg m the July 1964 and the complet10n of Run 24 1n ecem er . 
· · · t ·mplied a s1gn1flcant change results of rout1ne power- coeff1c1ent mon1 or1ng 1 

· · h h affected reactiv1ty feedback . 1n the nature of phys1cal processes w lC . 
The failure of th e second oscillator rod during the final portions of Run 24 , 
however, intensified th e mterest m perfectmg the rod- drop technique . 

As the consequence of a large number of power - coefficient measure

ments taken between Runs l and 24, a reasonably consistent reactivity 
feedback model was beginning to emerge . In bnef, the model Involved the 
following components the pr ompt axial expans1on of fuel, bond sodium, 
and cladding , the slightly delayed expansion of pnmary coolant, and the 
slightly delayed outward movement of individual fuel elements 1n a sub
assembly. All of these components were assumed not only to be negative, 
but to be linear with respect to power The model was also based on the 
existence of relatively delayed positive and negative feedback components 
originating from bowing effects in fuel and blanket subassemblies Such 
effects were then and still are assumed to be highly nonlinear with respect 

to power . 

A simple illustration of the nonlinear nature of such components is 
given by the following considerations At zero power (1 e , from 50 to 
500 kW) the configuration of the core and blanket consists of a collection of 

subassemblies, each of which is separated from its neighbors by a more or 
less random system of c learances As the power increases, temperature 
gradients across fuel and blanket subassemblies increase . Inner surfaces 
are preferentially heated, and the subassemblies beg1n assuming the form of 
a bow, the form of which tends to move lower and upper ends outward. At 
lower levels of power, the clearances between the pole pieces and the outer 
edges of the sockets gradually close until the pole pieces are preferentially 
bearing on the outer edges of the sockets . Similarly , the upper ends of the 
subassemblies tend to blossom outward until they contact the tops of outlying 
neighbors At this point , stresses set up by thermal gradients across the 
subassemblies are manifested in the form of an inward bowing at midplane 
elevation. Such effects are positive because fuel material is displaced from 

a lower - to a higher - worth reg ion 

The hmiting constraint for inward bowing effects is a complete 
closure of clearances between subassemblies at m1dplane .

33
'
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Each face 
of a subassembly is equipped with a raised pad, 3/8 in. m diameter and 
0 . 014 in . in height Although the nominal clearance between subassemblies 



is 0.030 in., the clearance between pads is only 0.002 in. Upon the closure 
of clearances between adjacent pads, forces resulting from the effects of 
thermal deformation (bowing) and the thermal expansion of subassemblies 
are manifested in two ways: by a slight inward deformation of the sub
assembly walls (a positive reactivity effect), and by further closure of 
the clearances between outlying subassemblies (a negative reactivity 
effect). The net result of such effects 1s an increase in the effective radius 
of the core and a loss in reactivity since the negattve effects predommate . 

Complicating attempts to interpret the above model in mathematical 
terms is the statistical nature of bowing phenomena. For any given power 
level up to about 30 MWt, clearance systems between midplane spacer pads 
and between the tops of subassemblies are in various stages of ordering. 
While the tops of some subassemblies have made contact with the tops of 
neighboring subassemblies, others are still in the process of engagement. 
The differential power coefficient under these conditions reflects a con
tinuously changing competition between negative and positive reactiv1ty feed
back over this power region. 

If the above model is qualitatively correct, the expected dependency 
of power coefficient on power should be reasonably predictable. In the lower 
power range (0-20 MWt) the power coefficient should be relat1vely strong 
because the feedback originates from predominantly negative effects such as 
axial and radial fuel expansion, coolant expansion and expulsiOn, and the 
movement of subassemblies outward at upper and lower ends. Inward bowing 
components exist, but since only a limited number of subassembhes are m 
contact at the upper ends, the associated positive effects are small. 

In the power range from 20 to 30 MWt, clearances between the lower 
adapters of subassemblies and grid-plate holes and between the tops of sub
assemblies become increasingly closed. As the collectlon of subassemblies 
becomes increasingly ordered, the freedom for blossoming decreases and 
affects the feedback in two ways· by reducing the negat1ve feedback from 
blossoming and by increasing the positive feedback from inward bowing. 
While the overall result is still negative, the increased influence of posihve 
coefficients is reflected by a decrease in the power coefficient . 

Eventually the core bows inward to maximum mechanical compaction, 
i.e. all clearances between spacer pads become closed. For power levels 
greater than 30 MWt, the power coefficient increases as inward bowmg 
effects diminish and as core subassemblies tend to be forced outwardly in a 
radially contiguous manner . 

The consistency between the physical model descrtbed above and 
actual experimental results may be assessed from an inspection of Fig. 1, 
which illustrates typical behavior of the power coefficient observed during 
Run 16. From 0 to 20 MWt, the power coefficient is lmear w1th respect to 
power. Between 20 and 30 MWt, a slight decrease in the magnitude of the 
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differential power coefficient may be noted. For power levels greater 
than 30 MWt, the differential power coefficient increases and once again 
appears to be linear with respect to power . While not proving th e validity 
of the models, the agreement between anticipated behavior and actual be
havior is excellent. Obviously, a power coefficient dependence illustrated 
by that measured for Run 16 posed no operational problems . The slight 
weakening in the range from 20 t o 30 MW was never regarded with con
cern. Its existence was predicted and considered in detail in the original 
Hazards Summary Repore3

•
34 and little or no significant change was ever 

noted in its behavior until the b eginning of Run 25. 
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Fig. 1. Power-coefficient Data from Run 16, Taken 4/18/66 



III. RUN 25 

A. Loading Changes Implemented prior to Run-25 Startup 

During the startup for Run 25, marked changes in the nature of the 
power coefficient were noted. The amplitude of the integral power co
efficient decreased by a factor of approximately two, and the differential 
power coefficient in the midpower range decreased by a factor of approxi
mately four. Because such changes were unprecedented and unanticipated, 
the need for a definitive understanding of the changes was evident 

Full appreciation of the power - coefficient problem of Run 25 may be 
gained by reviewing those events that led directly and indirectly to the 
Run- 2 5 configuration. Fundamental to the problem was the increasing use 
of EBR-II as an irradiation facility. Up to and including Run 24, increasingly 
more irradiation subassemblies were added to the core. Because the worth 
of a typical experiment amounted to approximately one-half the worth of the 
driver subassembly it replaced, the result was, on balance, a core which 
gradually increased in effective radius. As a consequence, the power distri
bution was continually changing. With the operating power level fixed at 
45 MWt while the core size increased, previously installed irradiation ex
periments were being irradiated under lower flux conditions . To remedy 
this undesirable effect and to avoid the frequent remapping of the !lux, it 
was considered advisable to enlarge the core to some fixed reference con
dition that would remain relatively invariant with time. To implement this 
feature, six special subassemblies were fabricated. Each was filled with 
46 Mark-IA driver elements and 45 stainless steel dummy rods . As demon
strated by subsequent measurements, each was equivalent in reactivity 
worth to an average irradiation subassembly containing prototypal fuel. 

The objective at that time was the enlargement of the core to 88-91 
subassemblies (91 completing the sixth row) . The addition of future experi
ments would simply involve replacing an already installed half-fueled sub
assembly with the experiment without affecting the core outline . As it 
turned out, the actual change in loading involved an inc rease to 88 sub
assemblies from the 81 present in Run 24 . 

A more significant change implemented in Run 25 concerned the 
inner two rows of the depleted-uranium reflector . Because the results of 
surveillance measurements conducted on depleted-uranium blanket material 
indicated potential swelling problems, it was cons ide red advisable to re
place the inner two rows (7 and 8) with subassemblies filled with stainless 
steel rods. The latter were superficially identical with their depleted
uranium counterparts. Illustrations of the loadings for Runs 24 and 25 are 
given in Figs. 2 and 3, respectively. 
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KEY: 0 - OR I VER FUEL 
B - U BLANKET 
S - SAFETY ROO 
C - CONTROL ROO 
X - EXPERIMENTAL SUBASSEMBLY 

Fig. 2. EBR-11 Experimental Loading for Run 24, December 1966; 81-subassembiy Core 
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SECTOR B 

~EY: 0 - DRIVER FUEL 
R - SS REFLECTOR 
S - SAFETT ROO 
C - CONTROL ROO 
P - ! DRIVER FUEL. i STAINLESS STEEL 
X - EXPERIMENTAL SUBASSEMBLY 

Fig. 3. EBR-ll Experimental Loading for Run 25. Apnl 17, 196?; 88-subassembly Core 

The Run-25 loading was also characterized by other features which 
differed from much earlier loadings. These were a reduction in fuel-pin 
length from 14.22 to 13,50 in., an increase in the enrichment of 235 U from 
48.5 to 52.4 w/o , and the replacement of depleted uranium with stainless 
steel in the upper and lower axial reflectors. Such changes resulted from 
the replacement of Mark I with Mark IA fuel elements. However, because 
the fuel changeover occurred gradually (primarily during Runs 13 through 
23), such changes could not logically be associated with the Run-25 power
coefficient problem. 
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B . Run-25 Startup 

Upon completion of the loading changes described above, the reac ~ 
tor was started up on April 2 1 , 1967 . In accordance w ith standard operating 
pr ocedur es, the power was increased incrementally to establish the mag 
nitude of the power coefficient and its dep endence on power . In the range 
from 0 to 10 MWt nothing unusual was noted . The differential powe r co
efficient was negative and ave raged approximately -1.6 Ih/ MWt, a v alue 
about the same as that established from ea rlier loadings. At power levels 
above 10 MWt, however, a definite decrease was no t e d . This trend continued 
as the powe r increased, with the lowest value of the differential power co 
efficient reached in the vicinity of 25 MWt . In reaching 25 MWt from 50 kW, 
onl y 23 . 6 Ih of reactivity were required . Because the overall average v alue 
of the power coefficient at this point (-0 .9 5 Ih/ MWt) fell below the normal 
operating l imit of -1 . 00 Ih/ MWt, the sys tem was shut down . A graphical 
summary of the April 21 data is compa re d w ith e arlier Run 24 data in Fig . 4 . 
In a ll cases, corrections have been applied for changes in bulk sodium tem
perature and for fue l burnup effects during the measurements . As part of 
the program of investigation, the isothermal temperature coefficient wa s re
m easu red on Apri l 22 b y n o ting changes in the position of the regulating rod 
at 50 kW when the bulk sodium temperature was reduced from 700 to 650°F . 
The data r es ulte d in a valu e of -1 .04 Ih/°F, essentially the same v alue as 
-1.01 Ih/ °F es tabli s hed for ea rlier loadings . 

Permission to lowe r the operating limits to -0 . 5 Ih/ MWt was received 
on April 25, and the powe r level was increased to 3 0 MWt in the follo w ing 
steps: 500 kW, 25 , 27 .5, and 3 0 MWt . The power level was held at 30 MWt 
for approximately 18 hours and then reduced to 50 kWt to test the reproduci
bility of critical positions . As a result of these experiments, the following 
observations were made: ( l ) the data ob tained during the power increase s 
to 25 and 30 MW verified the original power-coefficient data taken on 
April 21; (2 ) no evidence of r eactiv ity drift was noted during the 18 hours of 
30 -MWt operation; and (3) critical positions were reproducible within a 
rang e of ±2-3 Ih . 

Additional confirmator y measurements were conducted over the range 
from 0 to 45 MWt on two successive occasions, one on April 26 and 27, and 
the other on April 28 . Power-coefficient data taken during thes e tests are 
summarized in Fig . 5 . For convenience, corresponding data for Run 24 have 
also been plotte d . In all cases, corrections have been applied for changes in 
bulk sodium temperature s and for the effects of burnup during the course 

of the measurements . 

C . Specia l Phys ics Tests 

In the period immediately following the initial startup , essentially 
all that was known was the fact that marked changes had occurred in the 



shape and the amplitude of the power-coefficient curve as indicated by the 
results of static measurements. Although a tendency for extremely low
frequency power oscillation was noted, the short-term kinetic behavior of 
the system appeared to be governed by a power-coefficient component that 
was prompt and negative. For example, when the regulating rod was driven 
out a small distance (a few tenths of an inch) the power decreased rapidly 
at first and eventually approached a steady-state value consistent with the 
measured power coefficient. No evidence of strong competing prompt posi
tive components was noted. 
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Fig. 4. Power-coefficient Data for Run 24, December 10, 1966, and 
Run-25 Startup, April 21, 1967 
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Fig. 5. Power -coefficient Data for Run 24 , December 10 , 1966, and Run 25, 
April 26 and 27 , 1967 

De spite the overwhelming bulk of evidence indicating that opera
tional stability was not a problem, imme diate effor ts were devoted to the 
implementation of techniques that could be used to provide information on 
the magnitude and the t ime dependence of individual feedback components. 
As discussed in Section II , the mechanical failure of the oscillator rod in 
December 1966 and the long lead time necessary for the fabrication of a 
replacement rod eliminated conventional transfer-function measurements 
as a possibility. Efforts to expedite the fabrication of a replacement rod , 
however were accelerated. The results eventually obtained with the re

placement rod are discussed in Section VIII.J · 



Some effort was made to differentiate between prompt and delayed 
feedback components by exciting the system with the programmed msert10n 
and withdrawal of a carefully calibrated control rod over a fixed distance . 
Unfortunately, this method, referred to as the trapezoidal reactivlty mser
tion technique, was handicapped by the slow drive speed of the control rods, 
the poor resolution of the power stgnal from system noise, and the mablltty 
to avoid strong power drifts dunng the measurements . Therefore, the 
method never yielded useful information For completeness, however, the 
principle of the method is discussed m Sectton Vlll.K 

The method that eventually provtded the most tmportant kmettc m
formation during Run 25 was based on the excttation of the system through 
the steep ramp withdrawal of reactivity While most of the effort devoted 
to the implementation of this technique dunng Run 25 was developmental, 
the results of actual measurements were useful m provtdmg qualitative and 
semiquantitative information. For example, from tests conducted in con
junction with the April 26-28 power coefficient measurements, the most 
prompt-acting power-coefficient component was shown to be strongly nega
tive. From additional measurements conducted penodtcally throughout 
Run 25, th e relative constancy of the magnitude of the prompt power
coefficient component was demonstrated. The method and typtcal re - ults 
obtained during Run 25 are discussed in Section VIlLI 

Durmg the earlier phases of power-coeffletent studtes (Apnl 21-28) 
attention was directed to the reproducibility of cnticality measurements 
On some occasions, differences of the order of 2-3 Ih were noted To deter
mme the effects of coolant flow rate on the mechanical dtsplacement of sub
assemblies on criticality measurements, two 50-kWt cntical poslttons were 
established, one under conditiOns of full flow and the other under 50"i'o flow . 
No detectable change m reactivity was noted . 

As discussed above, the only method avatlable for studying the nature 
of th e prompt power-coefficient component was that based on rod drops and, 
stnce this method was still under development throughout all of Run 25, 
attention was given to alternative methods which would indtcate any stgnifi
cant change in the prompt feedback components 

One such method involved measurements of the excess available re
activity under varying conditions of power and flow In these expenments, 
the power level and coolant flow were changed in a manner that maintamed 
the power/flow ratto constant Because the temperature differential across 
the reactor was maintained constant, the effects of a power change were 
reflected by changes in the average fuel temperature . Such changes are 
easily and reliably susceptible to computation. Knowing the temperature 
changes, the power change, and the reactivity change (from differences in 
regulating-rod position), an effective fuel-expansion power coefficient com
ponent may be derived. This method was successfully tmplemented during 
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. . h b f ·gnificant Run 25 and was used per10d1cally to demonstrate t e a sence o sJ. 
changes in the power-coefficient component assoc iated with the fuel. Even
tually, the data obtained from such tests were used successfully to effect a 
separation of the measured p owe r coefficient into linear and nonlinear com
ponents. A more detailed discussion of the method and the significance of 

actual results are given in Sections VIII.E and VIII.F . 

D. Continuation of Run 25 

Following the power-coefficient measurements of April 27 and 28, 
the power lev e l of the system was reduc e d to 10 MWt. Operations were 
continue d at this l eve l while detailed plans we re formulated for a compre
hensive program of tests and computations. The system was again brought 
incrementally to power on May 17 . The measured power reactivity decre
ment (PRD) at 45 MWt was found to be approximately the same as the values 
established during the April 27 and 28 measurements. On the following day , 
power was cut back to 40 MWt to carry out trapezoidal reactivity insertion 
tests . To provide the necessary zero-power calibration for this test, the 
power leve l was reduced to 50 kWt on May 18. The following day, power
coefficient data were taken over the range from 0 to 45 MWt . The results 
of these tests are summarized in Fig . 6. A comparison of these data with 
those established earlier (plotted in Fig. 5) shows that the behavior of the 
power coefficient remained essentially unchanged . 

E . Fission-product Release of May 24, 1967 

Upon the completion of the May - 19 power- coefficient measurements, 
plans called for completing Run 25 under 45-MWt operating conditions 
while the results of various physics tests were being analyzed . Implicit in 
this approach was the conviction that the system could be safely operated 
and that the orig in of the power coefficient decrease could be identified and 
remedied . Operations continued without incident until 1210 on May 24, when 
the fission-gas monitor (FGM) annunciated the release of gaseous fission 
products to the cover-gas system. In accordance with the existing emergency 
procedure the release was confirmed from the results of analyses conducted 
on cover gas samples and the sys tern was shut down . Since details relating 
to the release are given elsewhere, 35 •36 only a brief resume of principal 
events following the release will be given here . 

From the response of the FGM37 •38 and from the results of radio
metric analyses conducted on cover gas samples, 39 it was immediately clear 
that the release was much too large to be explained in terms of a failure in 
the driver fuel. In previous calibration tests with an unclad Mark IA fuel 
element, it was shown that the maximum signal expected from a sing l e un
clad fuel pin in Row 5 was approximately 10 . Based on this value and an 
estimate of 3000 for the signal increase from the FGM, it was concluded 
that, if driver fuel elements were involved, at least 300 would have been 



affected. If as many as 300 fuel elements were affected, relatively gross 
damage to the core was indicated. However, the lack of an increase in the 
signal from the fuel element rupture detector (FERD) eliminated the possi
bility of fuel exposure that almost certainly would have accompanied gross 
core damage. Accordingly, attention was focused on experimental sub
assemblies that contained encapsulated oxide and carbide fuel elements 
since such materials would release a much larger fraction of the rare-gas 
fission-product inventories. 
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Fig. 6. Power -coefficient Data for Run 25, May 19, 1967 

Aside from a few hours of operation at 2.5 MWt on May 29, the 
system remained inoperative until June 4, when the power was increased 
in 2.5-MWt increments to 30 MWt in an effort to provide reference data 
for future tests. Ope ration continued in this manner until June 11, when 
the FGM system annunciated a second release. The system was immedi
ately shut down. 
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h . 10 MWt and 
The system was restarted on June 19. After reac Ing 

f · · th June 11 after accumulating approximately 16 MW-hr o operation since e 
release a third FGM annunciation was given . The system was again shut 

' b l " U · higher down in preparation for the removal of suspect assem Ies . s ing 
burnup as a criterion of failure, subassemblies XG05, XA08, and XO ll were 
transferred from the core to the storage basket on June 21. The system 
was then cautiously brought to 30 MWt in 2 . 5-MWt increments and wa s held 
at this level for an additiona l accumulation of 150 MWd . No indication of a 

release noted during this period . 

Assuming that the suspect was one of the thre e experimental sub
assemblies removed from the core on June 21, the plan of action called for 
the reinsertion of these subassembl ies, one at a time , until the reinsertion 
of one would lead to an additional release . Accordingly, subassembly XOll 

was reinserted on June 2 7 . 

The pow er level was again increased in 2 . 5 MWt increments and , 
while operating a t 7 . 5 MWt, a fourth release occ urred . The system was 
shut down, XOll was removed, and XG 05 and XA08 were reinserted in their 
original locations . The sys tem was again brought to a power level of 
30 MWt in 2 . 5-MWt increments and operated uneventfully in this manner 
for another 150 MWd . Upon completion of the 150 MWd operating segment , 
the sys tem was shut down to permit the performance of special maintenance 

functions . 

F . Rod - bank Effect 

With the suspect subassembly identified , the plan of action called for 
the completion of Run 25 under 45-MWt op e rating conditions . The system 
was started to p ower on July 5 . Between 0 and 15 MW, power was increased 
in 2.5 - MWt increme nts . Between 15-45 MWt , the increments were increased 
to 5 MWt . The va lue es tablished for the 0-45 MW PRD was 38.8 Ih, approxi
mate l y the same as the ea rlier values . 

Operations under 45-MWt conditions continued w ithout incident until 
July 20 w hen the system was shut down to install subassemblies X023 and 
X024 , w hich were to be irradiated at 3 0 MWt for 24 hours . During the sub
sequent s tartup it was noted that values of the differential power-coefficient 
in the range from 10-20 MWt had decreased since the July-6 measurements . 
The system was shut down and, on the following day, power-coefficient 
measurements were made at 2 .5-MWt increments up to a power leve l of 
20 MWt . Following rod-drop tests at 20 MWt , the power level was increased 
to 3 0 MWt . Additional rod-drop tests were conducted and the system was 
shut down on July 2 3 to remove X023 and X024. Following the removal of 
these subassemblies, additional power-coefficient and rod-drop studies we re 
carried out over the range f rom 0 to 45 MWt in an attempt to pr ovide detailed 
information relating to the decrease noted in the differential power coefficient. 



Summaries of power-coefficient data taken on July 6 (before the decrease) 
and July 23 (after the decrease) are given in Fig. 7. From an inspection 
of the information, marked changes in the magnitude and power-dependence 
of the PRD may be noted. While the leading portion of the curve in the 
range from 0 to 10 MWt remained strongly negative and essentially un
changed, a significant weakening characterized higher-power data. 
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Fig. 7. Run-25 Power-coeffictent Data with Rod Bank of 11.4 and 13,0 in. 

Shortly after the decrease in power coefficient was noted, atten-
t ion was focused on the difference in control-rod positions for the July 6 
and July 23 data. As indicated in Fig. 7, the earlier data were taken with 
control rods banked at a position of 11.4 in., while the later data were taken 
with the control rods banked at 13.0 in. Eventually the indicated decrease 
in power coefficient was attributed to the effects of control-rod shaft ex
pansion. Since a detailed description of this effect is given elsewhere!0 

only a general description of the effect will be given here. 
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In EBR-Il the control rods are suspende d from structural features 
that are relative l y ins ensitive to changes in cool ant o utlet t e mperature . 
The upper extensions of control rods and parts of the rod handles, howeve r' 
are immersed in sodium that has traversed the core. Thus, power ln
creases tend to lengthen control-rod shafts . Such effec ts are sensed by the 
system as a decreas e in elevation of all control ro d s . While such 1ncreases 
in l ength cause changes in the position of control rods with respect to the 
core, such changes a re not indicated by the selsyn transmitters . C learly, 
the measured power coefficient automatically includ es shaft-expansion 

effects . 

A similar effect, of much smaller magnitude (approximately 5-lOo/o 

of the tota l ), involves the tendenc y for driver - fue l e lements to " outpace" 
control - rod fuel elements after a power increase . This phenomenon is a 
consequence of overcooling control rods by about 29°F at 45 MWt . Hence, 
a powe r increase tends to cause a disproportionate (larger) increase in the 
e l eva tion of driver fuel. This effect is reflected b y the system as a negative 

fee dback component w hich is also included in the measured power 

coefficient . 

If the control-rod - worth curve were strictly linear as a function of 
rod po s ition, such effects would go unnoticed, but because the worth curve 
is strongly nonlinear , the size of such effects depends on the actual position 
at w hich the control rods are banked . It is important to emphasize that the 
ext ent of rod growth i s a linear function of power and that the actual growth 
b etween Oand45MWtis a lmostentirely inde pendent of control-rod config ura
tion . The effect is such that when the rods are banked at a re lative l y low 
position, at the beginning of a run for example, the shaft growth causes a 
r e lative l y large reactivi t y decrease . At the end of a run, w ith the rods banked 
at a hig h position (in the low - wo rth portion of the control-rod calibration 
curve), shaft growth causes only a minor reactivity change . Since the as
sociat ed reactivity effect, w hether it is large or small, is a true portion of 
the powe r coefficient, the PRD at the beginning of a run (low -banked position-
high differential rod wo rth) will be stronger than it is at the end of the same 
run (high-banked po s ition--low differential rod w orth) . 

Henc e , in comparing power-coefficient values either between different 
runs or for different time periods in a given run , care must b e taken to cor
rect the data for any changes in banked position . Estimates of the corrections 
as a function of pow e r l eve l and banked position have been made from a 
knowledge of the differ e ntial rod w orth ; the temperature distribution in 
control-rod hexes, plenum , and cover plate ; and fue l temperatures in driver 
and control-rod subassemblies . Experimental verification of the banked
control - rod effe ct and a m eas urement of its magnitude were provided by a 
series of experiments conducted during the beginning of Run 26 . The results 
of these e xperim e nts a r e discus sed in Section IV .B . 



As outlined above, the power-coefficient data for July 6 and 23 in
dicated a marked flattening of the power-coefficient curve in the interme
diate power range (10-30 MWt) when the banked position of the control rods 
was increased to 13.0 in. The same data, corrected for differences in the 
banked-control-rod position, are given in Fig. 8. While the correction does 
not bring both sets of data into complete agreement it is, nevertheless, 
clear that the differential power coefficient in the midpower region ts par
ticularly sensitive to the position of the control rods. 
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Fig. 8. Run -25 Power-coefficient Data, Normalized to a Rod Bank of 11.00 in. 

Another example of the importance of the effect may be inferred 
from Figs. 9 and 10, the first of which compares untreated power
coefficient data for April 27 (at the start of the run) and August 17 (at the 
end of the run). The same data, corrected for the rod-bank effect, are 
given in Fig. 10. In Fig. 9. a significant difference may be seen between 
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data taken at the beginning and end of Run 25. When corrections have been 
applied to the data, a single curve (Fig. 10 ) may be drawn through the va r 
ious data in such a manner that no single point deviates from the best-fit 
curve by more than 2 Ih. Such agreement suggests that little or no change 
in the power coefficient occurred during Run 25. On the other hand, the 
August-17 data we r e taken at the end of Run 25 after deliberate attempts 
had been made to randomize clearances throughout the core. The results 
of such attempts are discussed in the following section. 
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Fig. 9. Run -25 Power-coefficient Data, Uncorrected for Banked -control-rod Effect 
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Fig. 10. Run-25 Power-coefficient Data, Corrected for Banked-control-rod Effect 

G. Randomization of Clearance Systems 

The clearance system that exists between neighboring subassemblies 
is best described in terms of a perfect (highly idealized) situation in which 
all subassemblies are perfectly vertical and perfectly located in their seats 
and grid-plate holes. Under these conditions, the nominal clearance between 
adjacent subassembly tubes is 0.030 in . However, all faces of all subassern· 
blies are equipped with buttons, 3/8 in. in diameter and 0.014 in. in height, 
which are formed by dimpling the tube wall. Under the ideal conditions de
scribed above, a nominal clearance of 0.002. in. exists between any two 
buttons. 

The subassemblies pivot on seats in the upper grid plate. The nom
inal clearance between subassembly lower adapters and the lower grid
plate holes is 0.008 in. (diametrical). Such a clearance permits any given 
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subassembly a maximum l ean of approximately 0 . 006 in . away from the 
ver tical , at the elevation of the spacer pads . With all core subassembltes 
standing perfectly vertical, a total clearance of 0 .010 in. exists between 
pads (five gaps of 0 . 002 in . each) . Thus, if the core subassembltes should 
l ean inward until constrained by either pads or lower adapters, a total 
clearance of 0 . 004 in . (0 . 010 less 0 . 006 in . ) would still remain between 
Row-4, -5 , and -6 spacer pads . On the other hand, if the subassemblies 
(including blanket subassemblies) should lean outward 0.006 in . at pad ele
vation, a total of 0 . 016 in . clearance would exist between pads on the core 
radius . Thus, the clearance between pads on the core radius may vary 
from 0 .004 to 0.016 in . at zero power, depending on the leaning attitudes of 
the various subassemblies. Assuming a reactivity equivalent of 3 Ih/mil 
(see Section VIII.G), reactivity variations of 8 to 32 Ih may be expected for 

order-disorder effects . 

At one time it was postulated that changes in the power coefficient 
might have involved a tendency for decreased clearances between blanket 
subassemblies . Fundamentally, the model involved the concept that inverse 
bowing effects in Row-7 and Row-8 stainless steel subassemblies led to a 
power-sensitive spring action which tended to move core subassemblies in
ward and blanket subassemblies outward. On shutdown, the "spring" 
straightened out and allowed freedom of radial movement for both blanket 
and core subassemblies. Vital to the model was the postulate that clearances 
between core subassemblies tended to randomize during and after shutdown. 
At the time it was postulated that the high coo lant flow rate through core 
subassemblies acted as a driving force that tended to disorder the clearances 
between core units . The much-lower coolant flow through blanket subassem
blies was believed insufficient to randomize clearances . If such were true, 
the effect of a complete power cycle would be reflected by an increase in 
clearances between all subassemblies lying within Row 8. In other words, 
clearances would essentially be transferred from the blanket to the core. 

During any subsequent startup the increased clearance system in the 
core would permit a greater degree of inward subassembly bowing which, in 
turn, would be manifested by a reduction in the overall power coefficient . 
Such effects would be progressive with time . 

To test the validity of these hypotheses, the fue l-handling gripper 
was used to contact every seventh subassembl y in the core and blanket. In 
this operation the fuel -holddown rig contacted the neighboring six subassem
blies and moved each away from the central subassembly. Hopefully, the 
spreading action would randomize and restore the various clearances to the 
condition that existed at the start of Run 25 . The results of power-coefficient 
measurements conducted on the randomized loading (August 17) are com
pared with earlier results (July 23) in Fig . 11. In all cases, the data have 
been normalized to an 11. 0-in. rod-bank condition . From an inspection of 



the data it may be seen that, while the 0-45-MWt PRD values are r oughly 
comparable, the power coefficient in the m i d power region strengthened 
significantly after randomization . 
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F•g. 11. The Effect of Clearance Randomization on Run-25 Power Coefficient : 
Data Normalized to Rod Ba nk of 11.00 1n. 

A more realistic assessment of the success in appl ying rod-bank 
corrections and in randomizing subassembly clearances ma y be inferred 
from Fig. 10, which compares power-coefficient data taken early m Run 25, 
on April 27 (before clearance randomization), and near the end of Run 25, 
on August 17 (after clearance randomization ). From the data illustrated 
in Fig. 10 it must be concluded that essentially no change in total PRD or 
in the shape of the power-coeffic ient curve occurred during Run 25. Ac
cordingly. i t must also be concluded that the indicated decreases in the 
power coefficient during Run 25 were the results of difference s in banked 
control- rod position and an increasing ordering of clearance systems. On 
completion of the clearance- randomization experiment, R un 25 was ter
minated after a total power accumulation of 1552 MWd. 
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IV. RUN 26 

In the period between the end of Run 25 and the startup of Run Z6 
· activities we r e carr1ed on September 23, a number of plant-ma1ntenance . . . 

out. These included an annual leakrate test of secondary -sodlumplplng 
penetrations in the reactor building, preventive maintenance on hlgh-

. · d 1 ·ng of the cooling -tower basin pressur e steam valves, dra1n1ng an c ean1 • 
and a reloading of fresh fue l into the core . 

Plans called for the installation of the third oscillator rod (Mark-IIB) 
during Run 26, and it was assumed that the results of transfer-function mea
sur ements conducted early in Run 26 would be comparable to those for the 
Run-25 configuration . To avoid ambiguities, sp ecial precautions were taken 
to maintain the same core configuration and composition that existed in 
Run 25. All loading change s invol ved the removal and replacement of sub
a ss embl ie s cont aining sp ent fuel. with a few minor exceptions. For exam
ple, driver subass embl y B-355 was moved to position 6C4 to permit the 
inst a lla tion of a special inc r ea s e d-flow subassembly under the thermocouple 
in 6C4, and blanket subassemblies U-1317 and U-1605, in 9C5 and l3F6, 
respectively. were removed for survei llance. However, t wo physical 
changes were made . First , the primary system was cooled to 350°F and 
subsequently r e h eated to 700°F . Second , clearance systems existing at the 
end of Run 25 were disturbed b y subsequent fuel-handling operations . 

A. P owe r-coeffic i ent Measurements during Run-26A Startup 

The first experiments planned for the beginning of Run 26 (Run 26A) 
were the following: power-coefficient measurements, rod-drop tests, 
control-rod calibrations, r e du ced-flow measurements, and a quantitative 
evaluation of the banked- control-rod effect. Low-power experiments were 
conducted on September 23 and 24 . On September 25, power was increased 
incrementally to 45 MWt for power-coefficient measurements. During the 
following shutdown, powe r- coefficient measurements were conducted in the 
reduced-power mode . Two more sets of power-coefficient measurements 
were conducted during Run 26A, one for 0-45 MWt on September 26 and 
another for 0-45 - 0 MWt on September 29. The results of these measure
ments for the increasing power mode are summarized in Fig . 12 . For 
comparative purposes, value s for the power-coefficient data taken on 
August 17 (the end of Run 25) hav e been plotted in the figure. For consis 
tenc y, all values given in Fig. 12 hav e been normalized to an ll. 0 - in. rod
bank condition . Similar data for both increasing and decreasing power 
modes, for September 25 and 29. are given in Fig. 13 . 

From an inspection of the results shown in Fig. 12, two observations 
may be made : (l) the average PRD of 41.9 Ih for the three Run-26A mea
sur ements exceeds the final value of 37.4 Ih for Run 25, and (2) for power 
levels higher than 10 MW, the power coefficient for Run 26A is stronger 
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Fig. 13. Run -2GA Power-coefficient Data for Increasing and Decreasing 
Power Modes and Normalized to a Rod Bank of 11.00 111. 
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than that for the end of Run 25. The apparent strengthening of the power 
coefficient relative t o the end of Run 25 suggests the influence of an even
more ri go r ous disordering of clearances by extensive fuel -handling ope ra -

tion s prior to Run 26. 

B . Experimental Investigation of the Banked-control- rod Effect 

Experimental verifi cation of the b anke d control rod effect and a 
measureme n t of its m agnitud e we re provided by a series of experiments 
conducted at the start of Run 26A. Upon reaching 45 MWt with a banked 
position of 13.0 in., a careful measurement of control - rod positions was 
made. Rods were th en rebanked at 12 i n., then at 11.0 in., and finally with 
half at 10 and the other half at 14 in. A summary of PRD data for the vari

ous banked positions is given in Table I. 

TABLE I. PRD Data for Different Banked P ositions of Control Rods 

Differential 
Reactivity 

Nominal* Measured PRO 
Worth of the 

Rod - bank (Ih) 
Ac tua l Rod 

Case Position Config uration** 

No. (in.) 9/ 25/ 67 9/ 27/ 67 9/ 29/ 67 (Ih/ in . ) 

I II 42.3 42 9 41.9 88.6 

2 12 4 1 9 40 . 1 75.4 

3 13 3 7.0 39.5 38.3 68.5 
4 10 and 14 38 .4 38. 1 6 1. 6 

*NominaL in that either 9 or 10 cont rol rods were banked a t th e indicated pos i tion. 
**Values given in this column correspond to what the reactivity change would be if 

all control rods g r ew downward 1 in. from their actual positions. 

The data in Table I may be used for an experimental evaluation of 
the banked control- rod effect. As a prelude to such an evaluation, it is im
portant to emphasize the following facts: (1) It was not possible to bank all 
control rods at the positions indicated in Table I; (2) Unusual care and effort 
were expended in obtaining the best possible reactivity-position calibrations 
for each control rod, and; (3) As a consequence of (1) and (2), it was possible 
to establish rather precise values for the differential reactivity worths of 
the actual control -rod configurations given in the last column of Table I. 
Thus, while nine of the rods were banked, for example, at 11 .0 in., the other 
three were at different positions . But, since the differential worths were 
known for all, it w as possible to establish values for the reactivity change 
per inch for the actual configuration. It is these values which are listed in 

the last column of Table I. 

In the following calculations, it was assumed that the power coeffi 
cient as measured consists of two components, one resulting from 
temperature-induced changes in density of fueL coolant, and structure, and 



the other intrinsically associated with all processes influenced by the posL
tions of control rods. Hence, the PRD in going from hot critical to 45 MWt 
is: 

PRD = A0 + B6x ( l) 

where A 0 includes all PRD components exclusive of control- rod effects, 
B is the differential reactivity worth of the actual control- rod configuration 
in Ih/in., and b.x is the effective distance the control rods drop as a result 
of going from hot critical to 45 MW . Assuming that A0 does not change 
with banked position, as it should not, it is a simple matter to calculate 6 x 
from any two different conditions of banked position given in Table I. An 
average of the values obtained for b.x from the information given in Table 
amounts to 0.16 in. This value, deduced exclusively from the results of 
experimental information, compares reasonably well with the value of 
0 . 14 in . inferre d from a calculation of temperature distributions and dimen
sions of control rods and shafts . 

In Equation (l) it had been assumed that A 0 is invariant wllh respect 
to control-rod configuration and position . This assumption is reasonable 
since all normal power-coefficient components are prime functlons of tem
perature distributions, which are relatively insensitive to actual control
rod configurations. 

The average of the experimental and calculated values of b.x, i . e . , 
0 . 16 + 0.14/2 = 0 . 15 in . , may be used to adjust the final value of the PRD 
measured on August 17 at the end of Run 25 . First, the dl!ferential reac
tivity worths of the actual rod configurations on April 26, April 2 7, and 
August 17 were established from the actual rod positions and the differen
tial worths of each of the 12 control rods . The worths of the configu rat1ons 
amounted to 107.8 and 60 . 3 Ih/in. for beginning (April 26 and 27 ) and fmal 
(August 17) data, respectively . These values corresponded to nominal 
banked positions of 11.0 and 13 .0 in., respectively . The correction to be 
applied to the final data is thus 0 . 15(107 .8-60 .3) = 7 . llh. 

Two power-coefficient runs were conducted on April 26 and 27 . 
Values obtained for the reactivity defect were 39 . 2 and 37 3 Ih, respect1vely, 
giving an average value of 38 . 3 Ih for the nominal 11 0-in . banked posit10n . 
The final value of 31 .5 Ih for the reactivity defect under 13 .0-in . nominal 
banked conditions was measured on August 17 at the end of Run 25 . Addi
tion of 7.1 Ih gives 38 .6 Ih, a value almost exactly that measured at the 
start of the run. 

The data given in Table I may be displayed in different form b y ap
plying corrections to the higher-banked-position data , assuming a value of 
0.15 in . for control-rod growth . The data of Table I normalized to the 
nominal 11.0-in. banked position are given in Table II . 
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TABLE II. PRD Normalized to 
Nominal Banked Position 

Nominal 
Rod-bank 
P ositi on 

(in . ) 

II 
12 
13 

IO and 14 

of 11.0 in. 

Normalized PRD for 
Nominal 11.0-in. 
Banked Position 

9/ 25 

42.3* 

40.0 

(I h) 

42.9* 
43.9 
42.5 
42.5 

41.9* 
42.1 
40.3 
42.1 

*Actual values for the nominal 1 1 0-in. 

banked position. 

From the data in Table II it 
may be inferred that the assumed 
average value of 0.15 in. for the 
control-rod growth effects a reason
able consistency between reactivity 
defects measured under a variety of 

banked conditions. 

The data given in Table II 
may be presented in another form, 
which has more meaningful implica
tions for assessing the behavior of 
the power coefficient over a period 
of time. For example, if all power
coefficient components intrinsically 
associated with control rods are sub

tracted from the measured power coefficient, the residue is the sum of all 
other power-coefficient components. Such residues should remain rela
tively invariant with time . The results of such a correction or subtraction 
are given in Table Ill . In a v ery real sense, the values given are those for 
a hypothetical EBR-II core w hich 
has no cont rol rods . Again, all 
values for the residual PRD (actually 
measured unde r w idely varying bank 
positions) are in reasonable agree
ment, thereby indicating that the as
sumed value of 0.15 in. for control
rod growth is reasonably consistent 
with experimentally established data 
and the resu~ts of calculations. 

TABLE III. PRD for Hypothetical 
EBR -II Core without Control Rods 

In .;_ final experiment the 
entire rod bank was raised 0.150 in. 

Nominal 
Rod-bank 
P osition 

(in.) 

II 
12 
13 

10 and 14 

Normal Power-
coefficient Residue 

9/25 

29. 1 

26.8 

(Ih) 

29.7 
30.7 
29.3 
28 .2 

28.7 
28.9 
28.1 
28.9 

Differences in reactiv ity we re established by a carefully calibrated "regu
lating" rod . The actual changes in reactivity are compared with calculated 
values in Table IV . 

TABLE IV. Comparison of Measured and Calculated R eac t iv ity 
Changes for Shifts in the Banked Position 

Nominal Banked 
Position* 

(in.) 

II 
12 
13 

10 and 14 

Measured Reactivity 
Change for a 

0. 150 - in. Shift 
(Ih) 

I I. 9 
10 . 1 

7.9 
6.0 

Calculated Reactivity 
Change for a 
0.15-in. Shift 

(!h) 

11.4 
9.2 
8. 1 
5.6 

*In these measurements, th e actual rod configurations differed from those 
characterizing the data in Tables I through III. 



In all cases, a reasonable agreement between measured and calcu
lated values may be seen, thereby indicating that the assumed value of 
0.15 in. for control-rod growth IS very likely reasonable. 

In summarizing the results of analyses conducted m the study of 
the banked-rod effect, the following conclusions may be cited (1) Calcula
tions based on thermal and mechanical considerations 1ndicate a rod 
growth of 0.14 in. between hot cntical and 45 MWt, (2) the average of ex
perimental results indicates a growth of 0.16 in., and (3) the use of the 
average of these two growth values, i.e., 0 . 15 in .• and the differential 
worths of actual control-rod configurations leads to an upward revision of 
the final PRD value of Run 25 (August 17) to 38.6 Ih, almost prectsely the 
average value of 38.3 Ih measured at the start of Run 25. 

C. Continuation of Run 26 (Run 26B) 

Following the completion of the power-coefficient measurements and 
the studies of the rod-bank effect described above, the system was shut down 
on September 29 after a total power accumulation of 96 MWd . On the follow
ing day, a plant cooldown to 600°F was started in preparation for the Instal
lation of the Mark-liB oscillator rod and drive mechamsm . Fnst the dnve 
assembly for control-rod No . 7 was removed because problems had been 
encountered with the sticking of the gripper jaws . After 1ts removal, the 
drive for control-rod No.8 was moved to the No . -7 position . The rotary 
oscillator drive was then mstalled in the No .-8 posltiOn . The mstallation of 
the oscillator rod was completed on October 5, and fmal preoperational 
checkout was finished on October 11. At that time the stainless steel dummy 
subassembly XOOO was replaced by expenmeptal subassembly X025, and 
two other experimental subassemblies (X026 and X027) were added. Cnt
icality was achieved on October 13, and the power level was Increased In

crementally to 45 MWt on October 14. A summary of power-coeificient 
data taken for a complete 0-45-0-MWt power cycle is gtven 1n graphtcal 
form in Fig. 14. A comparison of the data given in Fig . 14 With that taken 
at the beginning of Run 26 (September 25 and 29), given m Fig. 13, reveals 
that the power coefficient remained essentially unchanged. 

During the approach to power, torque measurements were conducted 
on the oscillator rod at each 5-MWt power increase. Up to a power level 
of 25 MWt, no indicat10n of rubbing was noted. At 30 MWt, however, the 
torque needed to rotate the rod increased significantly, and the conclusion 
was reached that the oscillator rod was rubbtng . Torque measurements 
were not conducted for power levels higher than 30 MWt. On the following 
day, October 15, the power level was reduced to 500 kWt m preparation for 
rod-drop tests up to 45 MW and for transfer-function measurements up to 
the highest power level practicable. During the following four days. rod
drop tests and reduced - flow experiments were carried out under a wide 
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variety of power and flow conditions. Despite the evidence from torque 
measurements that indicated a rubbing problem, attempts were made dur
ing this period t o obtain as much useful transfer-function information a s 
possible. At 500 kWt, excellent information wa s obtained over the f r e 
quency range from 0.002 to 8.8 Hz; at 22.5 MWt, over the range from 0 . 006 
to 6.2 H z ; at 3 0 MWt, over the r ange from 0.1 to 4.0 Hz; and at 4 1 .5 MW t , 
over the range from 0.2 to 4.0 Hz. To avoid confusion in the chronology 
of power - coeffi c i ent studies, a discussion of the transfer - function r esult s 
has been deferred until Section VIII.J . 
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Fig. 14. Run-268 Power -coe fficient Data T aken on October 14, 1967 , 
Normalized to a Rod Bank of 11.00 in. 



During subsequent operation of the reactor, the various physics tests 
referred to above were completed. In the course of these tests, additional 
power-coefficient measurements were made on the following dates: Octo
ber 15, 17, 20, and 27, and November 18. Figure 15 summarized there
sults of these measurements. In general, the 0-45-MWt PRD remained 
essentially unchanged throughout the period. On the other hand. a definite 
trend toward lower differential power-coefficient values in the midpower 
region may be seen. Whereas a similar trend during Run 25 could be ex
plained in terms of a difference in banked-control- rod positions , such is 
not the case for the data illustrated, which have been corrected for the rod
bank effect. The persistent trend toward lower differential-power-coefficient 
values must be concluded to be real. While a discussion of the apparent 
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Fig. 15. Run-268 Power-coefficient Data, Normalized 
to a Rod Bank of 11.00 in. 
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decrease will be deferred to Section IX.C, it is important to emphasize, at 
this point, that all of the power-coefficient data taken during Run 26B (be 
tween October 13 and November 20) involved the same core configuration 
and composition. Run 26B was terminated on November 20 after a total 

power accumulation of 1115 MWd. 

Marked changes in the reactivity balance of the system were noted 
on November 7, while the reactor was operating at a power level of 45 MWt. 
At 1100 on November 7, the excess reactivity available in cont rol-rod No.5 
was 48 .8 Ih . At this time the power level was reduced to 22.5 MWt and held 
at this level for 7i hr to complete a series of reduced-flow tests. When the 
power level was raised again to 45 MWt, the excess reactivity (corrected 
for burnup) was remeasured as 55.6 Ih. During a period of sustained oper
ation at 45 MWt, reactivity (exclusive of burnup) was gradually lost until 
the excess reactivity returned to its approximate initial value. The actual 

chronology is given in Table V. 

TABLE V. Reactivity Drift on Novembe r 7 and 8, 1967 

Excess Reactivity 
Available in 

Power Level Control-rod No. 5* 
Time (MWt) (I h) 

0800, November 7 45.0 48.2 
1100 45.0 48.8 
1130 22.5 
1825 22.5 
1902 45 .0 55.6 
2400 45.0 51.6 
0800, November 8 45.0 49.9 

*Reactivity values corrected to 1100 on November 7. 

Similar behavior had been noticed in an earlier series of reduced
flow tests conducted dur ing the period of October 23 and 24. The results 
of these measurements are summarized in Table VI. 

TABLE VI. Reactivity Drift on October 23 and 24, 1967 

Time 

2400, October 22 
0800, October 23 
1000 
2325 
2400 
0800, October 24 
1600 

Power Level 
(MWt} 

45.0 
45.0 
22.5 
45.0 
45.0 
45.0 
45.0 

*Corrected to 0800 on October 23. 

Excess Reactivity 
Available in 

Control- rod No. 5* 
(I h) 

48.0 
49.1 

54.8 
53.3 
51.0 
51.2 



In both instances, for O ctobe r 23 and 24 and November 7 and 8, a 
return to 45 MWt after operating at 22.5 resulted in a significant gain in 
reactivity . With continued operation at 45 MWt, the reactivity gain grad 
ually disappeared . 

The effects of a scram on the r eactivity balance duri ng this period 
are summarized in Table VII. 

TABLE VU. Ei!ec ts of a Sc r am on Reac t ivity Balance, 
Nove m be r 6, 1967 

Exces s Reacuvny 

P owe r L evel 
T im e (MWt ) 

0000, Novembe r 6 45.0 
0800 45.0 
08 3 6 S c ra m 
1155 4 5.0 
1600 4 1.5 

*Correc t ed t o 0000 . Novem be r 6. 
** 52.4 Ih a t 45 . 0 MWt (es tima ted ). 

Available in 
Cont r ol - rod I\'o 5* 

(lh) 

53.0 
52 4 

53 6 
56.4 •. 

The results summarized in Tables V through VII suggest that pro
longed operation in the midpower region causes a more reactive configura 
tion through a net de crease in core radius . For a sudden decrease in power, 
as for a scram, the core outline upon return to power remains essentially 
unchanged . The significance of these effects is described under Section DCC . 

D . Continuation of Run 26 (Run 26C) 

Following the Run 26B shutdown, several loading changes were 
made . Insertions consi sted of two fresh driver surveillance subassemblies 
(C-2111 and C-2113 ) and four experimental subassemblies (X027, X028, 
X031, and X032). Removals consi sted of two standard driver and four half 
fueled subassemblies. Experiments XO 15 and XO 16, previous! y located i n 
grid positions 4A2 and 4D3, were relocated to positions 4D2 and 4F3, re
spectively . Criticali t y was achieved on November 22, and control rods 
were calibrated on November 23 . The power was increased in 5 - MWt in
crements. During the ascent from 20 to 25 MWt, the signal from the FGM 
began to in c rease at a rate too la r ge to be explained in terms of the power 
increase . The power level wa s reduced to 17.5 MWt. Meanwhile, the sig 
nal continued to increase until the alarm point was reached . At this point, 
when it became obvious that a fis sian-product release had occurred, the 
reactor was shut down. 

On the following day, the system was again brought to a power level 
of 25 MWt . A second release occurred, but this time the system was oper 
ated for approximately eight hours to obtain more meaningful information 
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133 /135 . . 
from cover- gas analyses. From measurements of the Xe Xe rat1o 1n 
the cover gas, it was concluded that the release involved fuel material that 
was inserted immediately prior to the Run-26C startup.

41 
Accordingly, the 

two fresh driver surveillance subass emblies (C-2111 and C-2113) were re
moved. The reactor was restarted on November 25, and operating power 
was reached the following day. No other fission-product gas release was 
noted during the remainder of the run. (In fact, the next fission-product gas 
release occurred approximately three months l ater, on March 5, 1968.) 

During Run 26C, marked changes were again noted in the power co 
efficient, and on these occasions, too, the definite trend towards lower 
power- coefficient values could not be explained in terms of the banked 
control-rod effect. An illustration of this trend is given in Fig. 16, which 
summarizes the results of power-coefficient data taken on Novembe r 25 
and 30. 
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Fig . 16. Run -26C Power -coefficient Data Taken on November 25 
and 30, Normalized to a Rod Bank of 11.00 in. 
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The data taken on November 30 are particularly interesting since, 
in the range from 10 to 15 MWt, a positive differential power coefficient is 
indicated. It is believed, however, that small increases in reactivity during 
the course of the measurements were responsible for the indicated positive 
nature of the differential power coefficient in this range. Since the data 
given for November 30 in Fig. 16 illustrate the worst case of an apparent 
deterioration of the power coeffictent, a detailed chronological summary of 
events during the measurements is considered beneficial. 

On the preceding day, November 29. the power level was reduced to 
22.5 MWt to complete reduced-flow experiments. On the return to 45 MWt 
the regulating rod did not return to the comparable 45-MWt operating post
tion. The sense of the difference was such that, upon return to 45 MWt, the 
system had gained 1.4 lh of reactivity . After 3 hr at 45 MWt, the regulating 
rod was returned to its original position at 1815 on November 29. There
fore, after correction for temperature and burnup effects, l 4 lh of rea c 
tivity was lost. 

Two scrams occurred shortly thereafter, one from 45 MWt at 1840 
on November 29, and the other from 50 kWt at 0150 on November 30. Dur
ing the ascent to power following the 50-kWt scram it was noted, in increas
ing the power from 10.2 to 15.3 MWt, that the indicated reactivity decrement 
decreased from 15.3 to 14.8 lh. Pertinent reactivity balance data during th1s 
and ensuing periods are given in Table VIII. 

TABLE VIII React•v•ly Balance I rom IBXI on ll/29167 to ~ on 1211 '67 

R~act.vny Excess Power ReactiVIty ~ucttvtly betss Pofrer RNCtlwtly 
nme Power fMWtl llhl Decrement llhl l•me Polower !'MWU llhl Oecretntnt llhl 

11100 1111291671 4>0 43.8 )80 Rl!<lutl!<l Powor • RodU<I!<I flow 

Reduced Power ~ Reduced Flow 07)6 111'301671 10.0 68~ Ill 
1000 IH 691 111 

1~1~ 4>0 ·~ 2 
366 llZ5 204 692 126 

1615 450 440 318 I~ ~I 680 118 
1115 45 0 44.5 313 1620 101 6~ I 161 
181~ 4>.0 438 38.0 llOJ lH 608 21 0 
1840 Scram 1140 400 511 24, 
m~ 0~ 808 I 0 1826 450 501 lll 
2!50 0~ 814 04 1900 450 501 liT 
0040 111/J0/671 0~ 820 -02 2000 450 48 ll 0 
0150 Scritm 2200 45 0 412 306 
OZ2Z 0~ 81.8 2400 45 0 4>8 )60 

IRetuencel 0200 IWI'671 «50 <165 35) 

OJJ5 49 69 5 123 !WOO 45.0 451 l61 
0503 102 66~ 15) 0600 4>0 446 J72 
11541 153 67 0 148 

Since the indication of a positive differential power coeff1c1ent was 
clear, the shift supervisor ordered a power cutback to 10 MWt and requested 
further instructions from project management. It soon became apparent 
that reactivity was being fed to the system while the power coefficient was 
being measured. For example, 2.0 Ih of reactivity were fed to the system 
between 0503 and 0736 (see Table VIII). 
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Concluding that a slow reactivity drift was responsible for the indi 

cated positive effect noted at 054 7, the power level was increased to 
15.3 MWt at 1000 . In this case, a 0.6-Ih increase in reactivity was noted 
in comparison with the 0736 10-MWt reference value. At this poi~t it "':'as 
still not clear whether the reactivity balance of the system was st1ll dnftlng 
in a positive direction or the differential power coefficient was actually 
positive. To test for further drifts, the power was increased to 15 .3 MWt 
and held at this level for approximately three hours. During this period 
drifting appeared to diminish. At the end of this period (at 1325), the power 
was raised to 20.4 MWt, and a reactivity gain of 0.1 Ih was indicated. At 
1500, the power was increased to 25 MWt. This time, a loss of 1.2 Ih in 
reactivity was noted. Reasoning that reactivity drifting was responsible 
for the earlier positive indications and that drifting effects had run their 
course, the power level was again increased in 5-MWt increments to 45 MWt. 
It is considered particularly significant that, between 1826 on November 30 
and 0600 on December 1 (bothat45MWt), approximately 5.5 Ih were lost 
from the system . This behavior indicated that after hysteresis effects had 
run their course, the final PRD of 3 7. 2 Ih compared well with the value of 
38.0 Ih established at 1815 on November 29, just prior to the first scram. 
The effects of hysteresis in the power r ange from 10 to 15 MWt and at 
45 MWt power are illustrated in Fig . 16 by indicating time values for the 

various data points. 

Similar reactivity drifting effects we re noted near the end of 
Run 26C. In this case, too, drifting was such that reactivity was inse r ted 
while power - coefficient data were being taken . A summary of pertinent 
information is given in Table IX and is illustrated graphically in Fig. 17. 
The extent of drifting during the measurements was so pronounced that 
upon reaching 25 MWt, the power coefficient averaged over the entire power 
range (- 0 .47 Ih/ MWt) fell below the ope rating limits of - 0.50 Ih/MWt. Ac
cordingly, power was reduced to 50 kWt and held at this level for 12 hours 
to study the effects of drifting. During this time, approximately 5.5 Ih of 
reactiv ity were lost . Upon completion of the critical measurements the r e 
actor was shut down at 1000 on December 12, thereby terminating Run 26C 

TABL£ IX. Reactivity Balance from 1400 on 12/9/67 to 1000 on 12/12/67 

Reactivity Excess Power Reactivity Reactivity Excess Power Reactivity 
nme Power lMWII llhl Decrement Ohl Time Power (MWII llhl Decrement Ohl 

1400 111/9/671 45.0 63.1 35.9 Reduced-flow Experiments and Shutdown; Three Scrams 
1100 45.0 63.0 36.0 
11100 111/lll'671 45.0 64.3 34.9 1125 111/IU671 10.0 86.8 11.1 
11630 45.0 63.4 35.6 1110 11.5 81.0 11.0 
11858 45.0 63.4 35.6 1300 15.0 81.1 11.9 

2400 0.05 103.5 -4.5 
Reduced-flow Experiments and Shutdown; Three Scrams 0200 111/11/671 0.05 104.1 -5.1 

0300 0.05 104.4 -5.4 
0315 111/IU611 0.5 96.5 1.5 0400 0.05 104.4 -5.4 
0130 0.5 91.4 1.6 0500 0.05 104.6 -5.6 
1436 0.05 99.3 -0.3 0600 0.05 104.6 -5.6 
1510 0.05 99.3 -0.3 0100 0.05 104.8 -5.8 
1630 0.05 98.7 0.3 0800 0.05 104.6 -5.6 
1902 10.0 83.5 15.5 09llll 0.05 104.8 -5.8 
1011 15.0 84.9 14.1 1000 0.05 104.5 -5.5 
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Fig . 17. Run-26C Power-coefficient Data Taken on December 11, 1967, 
Normahzed to a Rod Bank of 11.00 in. 

after 620 MWd of operation. The origin and the significance of reac
tivity drifting are discussed in Section DCC . 

Although unrelated to the overall power-coefficient problem, another 
event of significance occurred during Run 26C. On December 6, the l.lSXe 
activity in the cover gas had reached an equilibrium value of approximately 
1.0 x 10-z flC/ml. The 133Xe activity, however, was still increasing. At 
approximately 1800 on December 6, both activities began an additional in
crease, with the 135Xe activity tending to level off at a higher equilibrium 
level during the period from December 9 to 11 . At no time prior to, dur
ing, or after the indicated time of increase was any evidence noted of an 
increase in the signals from the FGM and FERD systems. Therefore, it 
was concluded that the release was very likely the result of a sodium-bond 
leak from either a driver element or experimental capsule. For such a 
failure, 1331 and 135! would be chemically fixed in the bond and, upon their 
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release to the primary sodium system, would ultimately lead to an increase 
in the concentration of the 133Xe and 135Xe daughters in the cover gas. The 
time-dependent behavior, illustrated graphically in Fig. 18, is completely 
consistent with this mechanism . No attempt was made to search for and 
locate the suspect during Run 26C since little burnup was left in the run 
and since there was a reasonable chance that if the suspect was a driver 
element it would be discharged in the normal course of refueling for 
Run 27. 
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V. RUN 27 

At the end of Run 26, plans called for the refueling of the core 
followed by 45-MWt operation for 1250 MWd. During the early phases of 
startup for Run 27, plans also called for locating the origin of the indicated 
December-6 fission-product release. Later portions of the run were to be 
used for additional physics measurements. As it turned out, Run 27 was 
plagued with a wide variety of difficulties which considerably delayed the 
completion of additional physics tests . 

Aside from the calibration of control rods on December 19, Run 26 
was essentially completed on December 12. On December 21, refuehng 
operations began. 

A. Damage to the No. -12 Control- rod Guide Thimble 

On December 23, after replacing ten spent driver subassemblies and 
relocating X015 and X016, interference was noted at the 20-w. elevation 
while inserting a new control rod in the No. -9 position (grid location 5Bl) 
The control rod was r o tated 180° and reinserted without difficulty The next 
control-rod replacement proceeded normally. Dunng the removal of control
rod 1A46 from the No.-12 position (5C3), interference was agaw encountered 
this time at the 52- and 69-in . elevations. Despite the interference, the 
control rod was successfully removed and placed in the storage basket. 
Trouble with the core holddown mechanism at this time delayed unrestncted 
fuel-handling operations until the necessary repairs were completed on 
January 5. Meanwhile, control-rod 1A46, removed from the No.-12 posit10n, 
was inspected in the Fuel Cycle Facility and was found to have extensive 
abrasion marks over an area 3/8 in. by 14-1 /2 in. along the upper portion 
of one flat. The six subassemblies surrounding the 5C3 position were lifted 
and tested for binding. Of the six, subassemby C-2039, in position 5C4 
showed evidence of sticking. Upon removal and inspection, two deep 
scratches were found on the flat adjacent to position 5C3. Since damage to 
the No. -12 control -rod guide thimble was clearly indicated, the damaged 
thimble was removed and replaced . On inspection in the Fuel Cycle 
Facility, it was found that the top edge of one flat had been pushed out to
ward grid position 5C4, as shown in Fig. 19. The edge had been pushed 
down a maximum of 3/8 in. over a width of l in. Details of the damage 
are illustrated in Fig. 20. 

In reconstructing the sequence of events, it was concluded that the 
damage was caused by the hangup of subassemblies inserted in position 5C4. 
Normal subassemblies have a slight overhang of the hexagonal tube beyond 
the bottom adapter. Contact between the projection and the neighboring flat 
of the 5C3 thimble during insertion in position 5C4 could lead to the type 
of damage noted. 
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A review of fuel-handling history indicated previous difficulties 
with insertions in position 5C4 that were consistent with the postulated 
mechanism. It was thought that the first recorded fuel-handling difficulty, 
on January 1 7, 196 7, could have caused the outward deformation of the 
thimble flat. The second recorded difficulty, on September 20, 1967, 
could then have caused the flat to be pushed inward and the resulting 
outer edge downward to form the lip observed in Fig. 19. The removal 
of control-rod LA46 on December 23, 1967 would very likely have pushed 
the inward bulge outward and the lip outward and upward. 

During replac ement of the damaged thimble, on January 18, 1968, 
special scalloped subassemblies surrounding position 5C3 (used to permit 
replacement operations) were removed. While returning the plug through 
the auxiliary gripper hole, a small amount of water entrapped in a blind 
hole in the plug caused a minor explosion by contacting the hot sodium. 
Cleanup operations were completed on January 20. 

B. Reactivity Anomaly of January 29, 1968 

During the approach to criticality on January 29, it became apparent 
after six control rods had been inserted that the excess available reactivity, 
as estimated by subcritical counting, would exceed the expected value by 
150-200 I h. In accordance with standard operating procedures, the system 
was shut down pending a resolution of the indicated discrepancy. Since this 
particular discrepancy might have been related to the power-coefficient 
changes noted during Run 26 and later during Runs 27-29, a review, in 
some detail, of the information made available through a series of criticality 
measurements is instructive. 

During the period between the end of Run 26C on December ll, 196 7, 
and the startup of Run 27, a number of loading changes were made. These 
were primarily the replacement of 21 driver subassemblies, five control 
rods, and one safety rod with fresh fuel. Other transfer operations during 
this period, along with estimates of the respective reactivity worths, are 
summarized in Table X. 

TABLE X. Transfer of Expenments between Runs lbC and 27A (penod o! 12/ 11 / 67 to 1 /Z~/68) 

Out ln 

Reactivity 
Subassembly Position \Vortba (lh) Subassembly Position 

XA08 4FZ 185 C-2007b 4FZ 
XG05 4Cl 207 XOl9 4E3 
Driver 5El 335 X033 SEZ 
Driver 4B1 335 C-2138C 4B1 

1062 

Difference: 113Z-10oz ~ 70ih 

aValues estabhshed from 11.1ACH-I, one -dimensional perturbation code. Reference to a 
hypothetical void. 

bHalf~fueled driver. 
cstanda.rd driver, but wtth a central 19-element cluster of 70%-ennched fuel. 

Reachvu)~ 

Worth (Ih) 

240 
253 
Z84 
355 

IITI 
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· f de This involved eval ua -
Prior to startup, an esttmate o kex was rna · (2 ) h 

tions of the following : ( 1) the kex remaining at the end of Run 26C, . t e 
· · · f h 1 ent of spent fuel wtth increase in reactlvtty resulting rom t e rep acem 

1 · f Z39 Pu dilution (recycled 
fresh , (3) the decrease in reactivity resu tmg rom .. 
fuel is lower in Z39 Pu content than discharged fuel), and (4) the reachvtty 

l · t' s summarized in Table X. change expected from the re ocatton opera ton 
A summary of the calculated reactivity changes is given in Table XI. 

TABLE XI. Calculated kex for Run 27A 

Item Ih 

Reactivity remaining after Run-26C shutdowna 95 
Replacement of spent with fresh fuelb 153 
Plutonium dilutionb -14 
Relocation operations (see Table X) 70 

Total 304 

Measured from subcritical counting 450 

Discrepancy 146 

aMeasured at the end of Run 26C. 
bEstimated from fuel content of discharged and fresh fuel. 

To resolve what appeared to be a 146-Ih discrepancy between pre
dicted and measured values for kex• criticality measurements were car ried 
out for a series of changes in core loading. By limiting a given loading 
change to a simple series of relocations or substitutions, the associated 
reactivity for each loading change made prior to Run 27 was evaluated. 
In all, seven criticality measurements were made. The results are sum
marized in Table XII. 

TABLE XII. Estimated and Measured Values for kex• Run 27A 

Item 

Reactivity at end of Run 26C 
Replacement of spent fuel minus 

plutonium dilution 
Experimental-subassembly changes 
Worth of C-2138 (driver with 19 

70%- enriched elements) 
Relocation of X015 and X016 

Total 

Original 
Estimate (Ih) 

95 

139 
50 

20 

304 

Deduced from 
Criticality 

Measurements (Ih) 

95 

190 
67 

29 
13 

394 



Thus, of the 450 Ih of excess reactivity associated with theJanuary-29 
Run-27 startup, 394 Ih were eventually accounted for . The remaining 56 Ih 
were tentatively attributed to core-rearrangement effects that followed the 
removal and replacement of the damaged control-rod guide thimble. 

C. Run-27A Startup 

On completion of the criticality measurements described above, the 
core was essentially in the same condition as existed during the original 
January-29 Run-27 startup. Criticality was achieved on February 5, and 
power was increased in 5 -MWt increments to 45 MWt on February 6. A 
summary of power-coefficient data taken for ascending and des c ending power 
modes is given in Fig. 21. From a comparison of the data with those taken 
during the initial Run-26 startup (shown in Figs. 12 and 13), it may be seen 
that, although the 0-45-MWt PRD's are essentially the same, a definite 
tendency toward weakening of the power coefficient is indicated 
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Fig. '21. Rlln -2?A Power -coefficient Data Ta ken on February 5, 1968, 
Normalized to a Rod Bank of 11.00 in. 
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in the midpower region in Fig. 21. Also in evidence is a change in the 
reactivity balance of the system while the data were being taken, with the 
sense of the change such that 3.5 Ih of reactivity were inserted. The 
indicated flattening of the power - coefficient curve in the mid power region, 
coupled with the fact that reactivity was inserted during the measurements, 
suggests that reactivity drifting, such as that observed during the later 
portions of Run 26, was still present. 

Measurements of the PRD in the range from 0 to 45 MWt were 
repeated on February 8, 23, and 28. Figure 22 summarizes the data from 
these measurements. From a comparison of these data with those taken 
on February 5, a trend towa rd higher power-coefficient values is evident. 
The significance of this trend is discussed under Section IX. C . 

Between February 5 and February 9, rod-drop, reduced-flow, and 
noise measurements were conducted. On their completion, the power level 
was increased back to 45 MWt . On February 9, a scram from 45 MWt 
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Fig. 22. Run -27A Power-coefficient Data Taken on February 8, 23, and 
28, 1967, Normalized to a Rod Bank of 11.00 in. 



occurred. Then, while the system was still shut down, a sodium fire oc
curre~ in the west wing of the sodium boiler plant when a freeze plug in 
a breached line gave way and released approximately 50 gallons of molten 
sodium . Cleanup operations began the following day, and in approximately 
two weeks the system was ready for operation. 

Between February 24 and February 28, additional physics tests 
were conducted, consisting essentially of power- coefficient measure
ments. The results of these measurements are included in Fig. 22. 

D. Fission-product Release of March 5, 1968 

Run 27A was terminated on February 28 after a total power accumu
lation of 283 MWd. During the run there was no evidence of a leaker. Ac
cordingly , it was tentatively concluded that the subassembly responsible 
for the December - 6 fission-product release had been removed during fuel
handling operations prior to Run 27. Whether the suspect was a driver 
subassembly discharged at the end of Run 26, XA08, or XG05 (both of the 
last in the storage basket during Run 27A) was not known. To narrow the 
search, XG05 was reinstalled in grid-position 4C2. Other fuel-handling 
operations at this time included the installation of three prototype reorificed 
driver subassemblies in Rows 4, 5, and 6. Fuel-handling operations were 
completed on February 29. 

On March 1, the system was brought incrementally to a power level 
of 45 MWt with a measured PRD of 43.1 Ih. Essentially no change was noted 
in the nature of the power coefficient in the midpower r gion. Operations 
under 45-MWt conditions continued until March 5, when a reduced-flow test 
was begun. Critical measurements were made at 41.5 MWt and 100'7o flow. 
On completion of the 41.5-MWt measurements, the power was reduced to 
22.5 MWt, and in the course of reducing the flow rate to 54%, a scram 
occurred. The system was restarted and the power leveled at 45 MWt to 
complete the interrupted reduced-flow studies. When a routine cover-gas 
sample taken at 1545 indicated increases in the activity levels for lHXe and 
135Xe, the completion of the reduced-flow tests was postponed. To provide 
additional gas-activity data, operations were continued under 45-MWt con
ditions until 2001. At that time, the system was shut down, thereby termi
nating Run 27B after 177 MWd of operation (total so far in Run 27, 460 MWd). 

E. Search for the Origin of the March 5, 1968 Fission-product Release 

Fuel-handling operations for Run 27C included the removal of XG05, 
X030, and four driver subassemblies, and the installation of XA08, A-788, 
and four driver subassemblies. The system was brought to 45 MWt on 
March 8, and in the following three days, a comprehensive series of physics 
tests was conducted. On March 11, evidence of a small fission-product 
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release was again indicated from the results of anal yses conduc t e d o n cover 
gas samples . Accordingly, the sys tem was shut down at 1900, thereby 
comple ting Run 27C after 62.5 MWd of operation (total so far in Run 27, 

523 MWd). 

During the following three weeks the r eacto r r emained in the shut
d own condition while repairs a nd modifications we r e made in primary -pump 
control c ir cuitr y . Also complet ed during this period we r e fuel-handling 
operations , whi ch included the removal of XA08, A-812, and tw o driver 
subassemblies and the insta lla ti on of X9 00 and thr ee drive r s ubassemblies. 
Late r in thi s per i od, t en subassemblies containing fuel elements made 
w ith seamless - tube cladding were removed and replaced because it was 
thought that microcracks i n the c ladding might have been responsible for the 
March-5 and March-11 fission-product releases. 

Criticality was achieved on March 3 0, and power was increased 
incrementally to 45 MWt on March 3 1. Figure 23 summarizes the power
coeffi cient data taken during the ascent. Operations continued at 45 MWt 
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Fig. 23. Power-coefficient Data for Runs 27D and 27E. 
Normalized to a Rod Bank of 11.00 in. 



until 0356 on April 6, when the system was shut down after it became 
apparent that another fission-product release had occurred. In this case 
the following signal/noise ratios were noted: for 133XE, 25, for 135Xe, 44; 
and for the FGM, 53. No increase in any of the FERD channels was noted. 
The shutdown completed Run 27D after 286 MWd of operation (total so 
far in Run 27, 809 MWd). 

Concluding from the magnitude of the release that an experimental 
subassembly must be involved, the following experiments were removed : 
X012, X015, and X017. Also removed at this time was C-2138, a sub
assembly containing 19 70o/o-enriched fuel elements, and B-372 , a Row-6 
driver. 

Run 27E began on April 7. Figure 23 summarizes the power
coefficient data taken during the run startup. Operations continued w1thout 
incident until a scram at 1916 on April II . An attempt at this time to 
initiate a fission-product gas release by decreasing the coolant flow was 
successful. Accordingly, it was concluded that the leaker was still in lhe 
core at the beginning of Run 27E. Run 27E was terminated at this time 
after 90 MWd of operation (total so far in Run 27, 899 MWd) . 

The next step consisted of the removal of all experimental sub
assemblies containing ceramic fuels with burnups greater than 0.6 a / o. 
These included X019, X020, X027, and X032 . Run 27F was started on 
April 13, and operating power was reached on April 14. Operations con
tinued without incident until 0142 on April 16, when a scram occurred. 
Again, attempts were made to reinitiate gas release by reducing the 
coolant flow. From the analyses of cover-gas.,samples taken before and 
after flow reduction, it was concluded that another small release had 
occurred. Accordingly, Run 27F was terminated after 68 MWd of operation 
(total in Run 2 7, 96 7 MWd). 

Fuel-handling operations completed at the end of Run 27F mvolved 
the removal of all remaining experimental subassemblies containing 
ceramic fuel: XG02, XG03, XG04, XO!O, X031, and X033 . Only two 
fueled experiments (X028 and X029) remained in the core , the former 
containing U -Pu- Zr ternary alloy fuel and the latter encapsulated Mark-ll 
U-5 Fz fuel elements. 

The system was brought to criticality at 1946 on April 17 and to 
power on April 18. Operations continued until 1224 on April 19, when the 
reactor was shut down after it became apparent that another small fission
product release had occurred . Run 27G was terminated after 49 MWd of 
operation (total so far in Run 2 7, 1016 MWd). Attempts to initiate an 
additional release by decreasing coolant flow were unsuccessful. In re
starting the primary pumps, however, a relatively large increase occurred, 
causing an approximate 30-fold increase in the FGM signal. 
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In subsequent fuel-handling operations , it w as n o ted that, when 
X028 was lifte d approximately 10 ft, cove r- gas a c tivities increased l 0-20%. 

There fo r e, X028 was transferr e d to the storage basket. 

Run 27H was started on April 26. Operation s continued without 
incident, and the syste m wa s shut dow n on May 2 after competing 206 MWd 
of operation without any indication of an additional fission-product release 

(total so far in Run 27, 1222 MWd). 

Run 271 was characterized by the r einsertion of X028. The system 
was brought to power on May 4 and operated until 0539 on May 6, when a 
larg e release was annunciated by the FGM. The system was shut down, 
thereby concluding Run 27 after a total power accumulation of 1317 MWd. 
From the results of Runs 27G (with X028 in), 27H (X028 out), and 271 
(X028 in), it was concluded that X028 was the subassembly responsible for 
the many fission-product releases noted during Run 27 . 

During the many startups between Runs 27D and 271, several sets of 
power-coefficient data were obtained. Despite the large variation in the 
complement of experiments during this period, the PRD remained essentially 
unchanged. As an illustration, power-coefficient data taken at the beginnings 
of Runs 27F throught 271 are given in Fig. 24. 
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VI. RUN 28 

A. Run 28A 

The removal of all irradiation subassemblies containing ceramic 
fuels at the end of Run 27 provided an excellent opportunity to evaluate the 
effects of core composition on th e power coefficient. Accordingly, a com 
prehensive series of phys ics tests was conducted during Run 28A on the 
reference core configuration illustrated in Fig. 25. Included in the Run-28A 
test series were power-coefficient measurements, rod-drop studies under 
various conditions of power and flow, r educed-flow tests, and stud1es of 
long- term power oscillations. 
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Fig. 25. EBR-Il Loading Panern for Run 28A 
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Summaries of power-coefficient data taken during the Run-28A 
startup and four days later in Run 28A are given in Fig. 26. From a com 
parison of the data given in Fig. 26 with those taken during the Run-27 start
up (shown in Figs. 21 and 22), it seems clear that (1) the overall 0-45-MWt 
PRD increased, and (2) the power coefficient in the midpower region 
strengthened. When comparing the data, it must be realized that (1) a "crack" 
possibly left between subassemblies after removing the bent control -rod 
thimble before the Run-27 startup might have been still present during 
Run 28A, and (2) all ceramic-fueled subassemblies were removed before 
Run 28A. The significance of the indicated strengthening of the power co
efficient is discussed in Section IX.C. Run 28A was concluded on May 13 
after accumulating 154 MWd of operation. 
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B. Run 28B 

Fig . 26, Run-28A Power -coefficient Data, Normalized 
to a Rod Bank of 11.00 in. 
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Prior to the startup of Run 28B, the loading changes shown 
Table XIII were made. in 



TABLE Xill. Loading Changes prior to Run - 28B Startup 

Grid Pos1tioo In Out 

481 70CIJ'o ennched Driver 
781 XG04 Depleted blanket 
685 XOZO Dnver 
6CI X031 Depleted blanket 
701 XG03 Depleted blank~t 
6DZ X019 Driver 
6FI X03Z Depleted blanket 
4FI 700/o en ri ched Dnvt"r 
7F3 XO!O SlainJess steel reO ector 
7AI XGOZ Stainless steel reflector 
38 1 Dri ve r su rveillance Driver surveillance 

The changes reflect attempts to (I) reinstall irradiation experiments 
in outer rows first, and (2) keep the core outline unchanged . Criticality was 
achieved on May 15 and the reactor was brought to an operating power level 
of 45 MWt on May 17. Summar ies of power-coefficient data for the Run-28B 
startup and for later measurements in Run 28B are given in Fig . 27. Although 
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Fig. 27. Run-288 Power-coefficient Data. Normalized 
to a Rod Bank of 11.00 in. 
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considerable dispersion exists for the various data, it is nevertheless clear 
that the power coefficient not only remained relatively strong throughout 
Run 28B but actually tended to strengthen . Run 28B was terminated on 
May 26 after a total power accumulation of 3 0 3 MWd (total so far in Run 28, 

457 MWd) . 

C . Run 28C 

Fuel-handling operations at the end of Run 28B involved the reinser
tion of the remaining irradiation subassemblies . A summary of the transfer 
operations and a pictorial illustration of the Run-28C reference loading are 
given in Table XIV and Fig . 28, respectively . 

Criticality was achieved on May 29, and the system was brought to 
operational power on May 3 0 . Summaries of power-coefficient data for the 
startup and for another measurement two weeks later are given in Fig . 29. 
As with previous Run-28 data, a trend toward strength ening of the power 
coefficient may be seen . Run 28C was terminated on May 15 after a total 
power accumulation of 670 MWd (total in Run 28, 11 27 MWd) . 

Location 

4A2 
4B2 
4B3 
4C3 
5E2 
4F2 

TABLE XIV. Loading Changes 
prior to Run-28C Startup 

In Out 

X 015 Half-fueled driver 
X0!2 Half-fueled driver 
X027 Half-fueled driver 
X 0!7 Half-fueled driver 
X033 Half-fueled driver 
XA08 Half-fueled driver 
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VII. RUN 29 

Although plans had been made to replace the stainless steel reflector 
as early as Decembe r 1967, the inability to fabricate Row - 7 depleted 
uranium blanket subassemblies for use in Run 27 and the failure of sub
assembly X 0 28 in Run 28 resulted in a postponement of the replacement to 
Run 29. To provide as much information as possible on the worth of the 
stainless steel reflector subassemblies relative to depleted uranium and on 
the effects of individual rows of stainless steel subassemblies on the power 
coefficient, it was decided to divide Run 29 into four portions These were : 
Run 29A, a r eference configuration in which all irradiation subassemblies 
in Row 7, except those in corner locations , were replaced with stainless 
steel subassemblies; Run 29B, in which all stainless steel units in Row 7 
were replaced with depleted-uranium blanket subassemblies; Run 29C. in 
which all stainless steel units in Row 8 were replaced with depleted uranium. 
and Run 29D, in which all irradiation experiments in Row 7 that had been re
moved before the Run - 29A startup were reinserted. 

For each of Runs 29A through 29C, extensive physics tests were con
ducted, including power - coefficient measurements in both ascending and 
descending modes, rod-drop tests, trapezoidal reactivity-insertion stud1es , 
reduced-flow (constant- l::.T) experiments, and low-frequency oscillation 
studies under various conditions of power and flow . 

A . Run 29A 

Criticality was achieved on June 26, and the system was brought to 
operating power in 5 - MWt increments on Jun 29 . A summary of power
coefficient data taken during the initial startup, in both ascending and de
scending modes, is given in Fig . 30 After the complet10n of physics 
e.":periments the reactor was shut down on July 5, thereby completing 
Run 29A after a total power accumulation of 188 MWd. 

B. Run 29B 

Fuel handling for Run 29B consisted essentially of replacing the 
stainless steel reflector in Row 7 with newly fabricated depleted-uranium 
subassemblies. Startup began on July 9, and a power level of 45 MWt was 
reached on July 10. A summary of power- coefficient data for the complete 
0-45-0-MWt cycle is given in Fig. 31 . From a comparison of the data with 
those illustrated for Run 29A in Fig. 30, it is clear that the replacement of 
stainless steel in Row 7 was reflected by an increase in the total PRD from 
51.4 to 57.0 Ih and a slight decrease in the degree of hysteresis . Phystcs 
tests conducted during Run 29B consisted primarily of reduced-flow mea
surements. Following the completion of these tests, the system was shut 
down on July 11 after accumulating only 24 MWd (total so far in Run 29, 

212 MWd). 
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Fig. 30. Run-29A Power-coefficient Data, Normalized 
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C. Run 29C 

Fuel-handling operations for Run 29C began on July II. These con 
sisted essentially of exchanging stainless steel units in Row 8 with depleted 
uranium subassemblies in Row 14. Fuel-handling operations were completed 
on July 14. The reactor was restarted on July 15 and was brought to 45 MWt 
on July 17. A summary of power-coefficient data for the complete 0-41.4-0-
MWt cycle is given in Fig. 32. In this case, the removal of the stainless 
steel from Row 8 resulted in a large increase i n the PRD and an additional 
slight decrease i n the degree of hysteresis. The results of repeat measure
ments, carried out for the power cycle 0-45-0-MWt, are given in Fig. 33. 

The effect of r emoving the stainless steel refl ector on the power 
coefficient is illustrated more concisely in F ig. 34 , which compares power
coefficient data for the reference core (Run 29A) with that resulting from 
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Fig. 32. Run-29C Power-coefficient Data Ta ken on July 16, 1968, 
Normalized to a Rod Bank of 11.00 in. 
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Fig. 33. Run-29C Power-coefficient Data Ta ken July 17, 1968, 
Normalized to a Rod Bank of 11.00 in. 
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the removal of stainless steel from Row 7 (Run 29B) and from Row 8 (Run 29C ). 
The removal not only strengthened the total PRD but eliminated, for all 
practical purposes, the inflection noted in the midpower region. 

D. Relative Reactivities of Depleted Uranium and Stainless Steel in the 
Reflector 

The replacement of stainless steel in Rows 7 and 8 provided an ex
cellent opportunity to measure the r elative worths of depleted uranium and 
stainless steel in these positions . The replacement of stainless steel in 
Row 7 resulted in a decrease of 355 Ih . The r eplacement in Row 8 resulted 
in an additional decrease of 225 lh, thereby giving a total of 580 lh for the 
reflector changeover. 

E. Summary of Startup Power-coefficient Data 

An interesting comparison between various power-coefficient data is 
given in Fig. 35. In this illustration, all data were takenduringinitialstartup 
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Fig. 35. Comparison of Startup Power-coefficient Data for Runs 24 
through 29C, Normalized to a Rod Bank of 11.00 in. 
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and all have been normalized to a control rod bank of 11.0 in. The data 
indicate that, after Run 25, a tendency developed toward increasing PRD 
values. In fact, during the startup of Run 29A (with the stainless steel re
flector), the total PRD was only 15.1 Ih lowe r than the last previous value 
established with the original depleted-uranium reflector. 

An additional illustration of the trend towards higher PRD values is 
given in Fig. 36, which summarizes 0-45-MWt PRD values established 
throughout a given run. For those cases in which the power level was not 
exactly at 45 MWt, corrections were applied by extrapolating existing PRD 
curves to 45 MWt. Horizontal bars have been drawn through the various 
data sets to define arithmetic mean values. Again a definite trend towards 
higher power-coefficient values may be seen. The significance of this trend 
will be discussed under Section DC.C. 
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Fig. 36, Variation in PRD with Time during Runs 25 through 29C; 
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VIII. SUPPORT STUDIES 

In an effort to preserve continuity throughout the period from 
April 1967 to July 1968, Sections III through VII have dealt almost exclu
sively with a chronological summary of static power-coefficient measure
ments since the results of these measurements are considered readily 
indicative of changes in the nature of the feedback . Although not imme
diately obvious in Sections Ill through VII, much concur rent effort was 
devoted to other s tudies intended to provide as much information as possi
ble on the origin of the power- coefficient decrease . In this section, an 
attempt will be made to review the various efforts and how such efforts 
could contribute to the formulation of a model that could explain the de
crease in the power coefficient. Realizing that a complete summary of all 
auxiliary efforts would likely lead to confusion, only those that gave results 
which are reliable, typical, and relevant to the formulat1on of a feedback 
model will be cited. A s discussed previously in Section I, complete sum
maries and the treatment of experimental information are given elsewhere 

A Temperature Calculations 

Within a few days after the discovery of the weakened power
coefficient condition, attention was focused on what appeared to be a re
versal of the normal temperature gradients across stainless steel sub
assemblies in Row 8. Since a detailed treatment of pertinent temperature 
evaluations has been given by Cushman,3 •

4
•

5 onlythe significance of this work 
will be given here. Fundamental to an understanding of the considerations 
which follow is the concept that replacement of the depleted uranium by 
stainless steel in Rows 7 and 8 caused an incr_ease in the neutron and gamma 
fluxes in Row 9 . Since the flow rates in Rows ·8 and 9 were essentially the 
same, the greater power generation in Row 9 (relative to that in Row 8) led 
to the transfer of heat from Row 9 into Row 8. As a consequence, the outer 
edges of subassemblies in Row 8 ran hotter than inner edges that bordered 
on stainless steel-filled subassemblies in Row 7 . Such a temperature gra
dient is considered reversed; the normal gradient is one in which inner 
surfaces of the hexes have higher temperatures than outer surfaces . In 
Row 7, temperature gradients across the hexes were normal because the 
inner surfaces bordered on fueled subassemblies and the outer surfaces 
bordered on the nonheat-producing stainless steel subassemblies in Row 8 

In evaluating the temperature gradients across Row-7 and Row-8 
stainless steel subassemblies, Cushman assumed the following · 

1. Heat is transferred by conduction from Row 6 (filled w1th stan
dard driver subassemblies) to Row 7 . The effect on temperatures in Row 6 
is negligible since the amount of heat transferred to Row 7 (approximately 
3 kW) is small compared with the total heat generated (approximately 

500 kW). 
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2. No heat is transferred between the 7th and 8th rows· 

3. Row-8 subassemblies receive heat by conduction from Row 9. 
The amount of heat transferred significantly affects temperatures m Rows 8 

and 9. 

4. Values of internal power generation and primary-coolant flow 

rates are given in Table XV. 

TABLE XV. Thermal-hydraulic 
Information on Rows 6-9 in Run 25 

Row 

6 
7 

8 
9 

Power 
(kW) 

509 
22 

9 
39 

Flow Rate of 
Primary Coolant 

(gpm) 

72.0 
6 .2 
5.9 
5.9 

5. The axial power generations in 

the 7th, 8th, and 9th rows have the same 

relative distribution. 

6. The radial power-generation 
rates assumed for the 7th, 8th, and 9th rows 
are based on calculations of the gamma flux 
and on experimentally measured fission 
rates . Specific power-generation rates for 
Rows 7 through 9 are given for gamma and 
fission heating in Figs . 37 and 38, respec 

tively. In these figures, the pin position designates the order in which a 
pin is reached when moving outward along the radial centerline of a 

subassembly. 

7. The effective heat conductance between the midpoint of one hex 
can to the flowing sodium of the adjacent hex can is 1890 Btu/ hr-ft2-°F. 

8. Conduction occurs across a blanket subassembly. Also, so
dium mixing between adjacent channels does not occur. Hex-wall tempera
tures under 45-MW operating conditions were evaluated at the following 
elevations: 27i and 7i in. below midplane; at midplane; and 7i, 15, and 
27i in. above midplane. Pertinent temperatures for the hex walls are 
summarized in Table XVI. 

TABLE XVI. Hex Temperatures (°F) as a Function of Radius and Elevation 

Outer Inner Outer Inner Outer Inner Outer 
Edge of Edge of Edge of Edge of Edge of Edge of Edge of 

Elevation Row 6 Row 7 Row 7 Row 8 Row 8 Row 9 Row 9 

2Tk in. below midplane 700 700 700 700 700 700 700 

?i in. below midplane 700 710 707 704 703 722 713 

Midplane 758 747 726 717 738 759 749 

?i in . above midplane 834 807 753 729 774 807 802 

15 in. above midplane 882 851 770 737 803 819 832 

Z?i in. above midplane 882 868 781 743 810 825 845 
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An inspection of the results given in Table XVI makes it clear that 
· · d dially across Row 7, whereas temperatures at any given elevation ecrease ra . 

the gradient is reversed in Row 8 . Such behavior contrasts strongly with that 
in operations prior to Run 25 , when the temperature gradients across all core 

d h · · dius Such results and blanket subassemblies decrease Wit mcreasing ra · . 
suggested a bowing model in which R ow-7 subassemblies tended to bow In

ward at the center , while Row 8 subassemblies bowed outward at the center. 
In effect the reverse bowing attitudes assumed the form of a pau of closed 
parentheses, thus ( ). The development of a physical model based on re
versed bowing effects is discussed in detail in Section IX. 

B. Bowing Calculations 

The possibility of subassembly bowing and the effects of bowing phe
nomena on reactivity were considered in the original Hazards Summary 
Report .33,34 Despite an unusually large amount of attention directed to bow
ing phenomena as a consequence of the Run- 25 power- coefficient decrease, 
nothing developed that would suggest any serious revision of the earlier 
concepts of subassembly bowing . Since the basic bowing model is still 
considered acceptable, a review of those features which contribute to an 
understanding of the more-complex bowing attitudes experienced during 
Run 25 is worthwhile. The following constitutes a brief summary of the 
early concepts . On occasion , actual quotations will be given . 

"All subassemblies are positioned and supported in the reactor by 
their lower adapters, the ends of which pass through holes in the upper 
plate of the support grid and engage m axially aligned holes in the lower 
plate. The portion of the adapter which rests on the upper plate has the 
shape of a truncated sphere ; the upper edge of the plate hole, on which the 
adapter rests, is chamfered conically. This arrangement provides a con
tinuous line contact for subassembly support . It has been established ex 
perimentally that lateral movement of the upper part of the subassembly 
(or the lower part of the adapter) is accompanied by pivoting of the subas
sembly about thi s area of contact; that is , lateral movement of the sub
assembly in the region of contact with the upper plate does not occur unless 
a very large force is applied... Consequently, application of lateral force 
in or above the region of the core section produces only a pivoting of the 
subassembly until the lower end of the adapter closes the lower plate hole 
clearance (0.0042 in. radially) and , thereafter results in binding of the sub
assembly . Lateral movement of the top end is unrestricted up to nominal 
displacement of 0 .030 in . when contact with the adjacent subassembly is 
made ; if the adjacent subassembly also undergoes displacement, restriction 
is not effected until after correspondingly greater displacement." 

Temperature gradients exist across all subassemblies by virtue of 
the following facts: (1) Heat generation within a given subassembly is non
uniform radially , and (2) heat may flow in or out of a given subassembly to 



adjacent subassemblies. For the original core (i.e., with the conventional 
uranium blanket), the sense of all temperature gradients was such that re
sulting subassembly bowing phenomena were manifested by a convex curva
ture as viewed from the core center. In other words, a given subassembly 
bowed such that the upper and lower ends tended to move outward while the 
midsection tended to move inward. 

The axial shape of the temperature profile is such that the tempera
ture differential increases approximately linearly from 0°F at the bottom of 
the core to a maximum at the top. From this point, the temperature differ
ential is assumed to decrease back to 0°F within a distance of 9 in . The 
decrease results from coolant mixing during passage through the upper gap 
and the lower portion of the upper blanket. 

At low power (i.e., for a small temperature differentlal). the lower 
portion of the core section starts to bow radially outward, thus lllcreasing 
the core radius. As the temperature differential increases (i.e , as power 
increases), the amount of outward displacement also increases until the top 
of the subassembly contacts the top of the adjacent outlying subassembly 
As subassemblies become increasingly engaged at the upper ends, additional 
power increases are manifested by an inward radial movement of the core 
sections. At the same time, subassemblies proceed to pivot , which causes 
the lower ends of the adapters to move outward until clearances are closed 
between the pole pieces and the lower-grid-plate holes . At this point, two 
constraints are realized, one at the top and the other at the extreme lower 
end. Under these conditions, an additional power lDCrease 1S man1fested by 
an inward movement of the core section unti 1 the clea ranee between adJacent 
spacer pads is closed . Such a phenomenon is ,characterized by a decreas 1n 
core rad1us. An additional increase in the temperature differenhal across a 
given subassembly does not produce additional inward movement (assummg 
the absence of compressional effects) . In fact , when all clearances between 
spacer pads are closed, an additional power increase results in an overall 
radial-expansion component that tends to increase the core radius 

In brief, the manifestations of a power increase from hot critical to 
operating power on the effective core radius are an mitial increase in the 
radius, a transition period in which inward movements compete with out
ward, and finally an increase in the radius . Logically, such power-sensit1ve 
changes would be reflected by a decrease in the magnitude of the differential 
power coefficient in the midpower region . As previously indicated (see 
Fig. 1) , such changes were frequently noted in pre-Run-25 power-coefficient 
data. 

Although the earlier concepts of subassembly bowing are still con
sidered valid, the basic bowing considered in the original Hazards Summary 
Report33 was considered to be too general for direct application to the Run-25 
problem. For example, the original bowing calculat10ns were carried out 
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d · d d bowing in the out-without the benefit of computer programs an cons1 ere 
ermost row only. Furthermore , the original calculatlons involved rat~er 

· · · t b · hb ring subassembhes. arbitrarily imposed cond1t1ons of restram y ne1g o 

Recognizing the lim1tations of earlier results, but working within 
the framework of the qualitative model, Bump 6• 

7 developed a digital
computer program (BOW -II) that treated bowing phenomena on ~ m~re-. 
realistic basis . As input , the BOW program accepts the axial d1stnbutlon 
of the temperature differential across inboard and outboard subassembly 
flats and evaluates the unrestrained thermal deflections for each row of 
subassemblies. Then , while accounting for hmited-pivot supports at the 
lower ends and assumed obstruction locations at the upper ends, the varia
tions in radial subassembly positions with axial locations are determined. 
The data reflect the superposition of the unrestrained thermal deflections 
upon the stress-induced deflections due to the externally imposed end re
straints . If interference is detected between subassemblies at the spacer 
pads, additional deflections are assigned to the subassemblies to remove 
the interferences . The additional deflections are treated as second-order 
effects . Finally, if the net load , due to the end and spacer-pad restraints 
on a ny subassembly, is found to be incompatible with the loads on adjacent 
subassemblies , the upper- e nd obstruction locations are gradually moved 
during iterative calculations in directions that eventually produce quasi
equilibrium. During this process , spacer -pad dimensions are varied to 
account for both thermal-expansion effects and elastic deformation. 

Figures 39 and 40 summarize the results of BOW calculations 
carried out with the assumptions given above. As an illustration of pre 
Run-25 behavior , Fig . 39 shows the unrestrained thermal-bowing deflec
tions for Runs 17-24 . From an inspection of these results , it may be seen 
that the subassemblies in all rows bow in a manner which tends to displace 
the upper ends outward. The first influence of restraint is reached in Row 7 . 
Whereas, in the absence of restraint , the upper ends of Row-7 subassemblies 
would move 0.210 in . and the upper ends of Row - 8 subassemblies would move 
0 . 150 in ., they cannot do so because the upper ends of Row-9 subassemblies 
impose restraint on Row-8 subassemblies, which, in turn, limit the upper 
movement of Row-7 subassemblies . 

Figure 40 shows the bowing phenomena during Run 25 . In this case, 
the situation is considerably different because of the reversed bowing atti
tude m Row 8 . If unrestrained, the tops of Row-8 subassemblies would bow 
0 . 150 in. inward . However , because the tops of all inboard subassemblies 
(in Rows 2- 7) tend to bow outward, the consequence of the opposing actions 
lS an effective barrier at Row- 7 radial positions that r educes the freedom 
of upper-end movement for all inboard subassemblies. 

Following the completion of the studies that resulted in the data 
given in Figs. 39 and 40 , Bump improved the original BOW program to 
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Fig, 41. Comparison of Calculated (lines) and Ex
perimentaJiy Based (data points) Nonlinear 
Reactivity Feedbacks for Runs 24 and 25 

this portion of the work, reactivity 
c oefficients (i.e . , the change in re
activity with change in core radius, 
or 6k/tu) deduced by Persiani 
et al. ,9 - 15 were used. Additional 
refinements were incorporated by 
c onsidering subassembly binding 
stiffnesses, subassembly squashing 
stiffnesses, nominal pad clearances, 
and subassembly zero-power leans. 

A measure of Persiani' s 
success in calculating the effects of 
subassembly displacement on reac
tivity may be inferred from a con 
sideration of Fig. 41, in which the 
calculated results are compared 
with experimental. In the figure, 
only the nonlinear portions of the 
feedback have been considered. 
Experimental data points were es
tablished by subtracting estimates 

for the linear components from experimental values, and the calculated 
data points were established from reactivity coefficients (6k/ 6r) and the 
calculated physical displacements of subassemblies in Rows 6, 7, 8 , and 9. 

The influence of spacer-pad clearances on the magnitude of the non
linear feedback component is shown to be significant. If a 0.002-in. clear
ance is assumed for Run 25, an excellent agreement is effected between 
experimental and calculated results. The assumption of a 0.001-in. clear 
ance, however, leads to a nonlinear component that is too small to explain 
the changes in the Run-25 power coefficient. For Run 24, on the other 
hand, the ass umpti on of a 0.001-in. rather than a 0.002-in. clearance leads 
to a satisfactory agreement . These results not only illustrate the effect of 
small changes in spacer-pad clearance on feedback, but strongly suggest 
that extra clearance was available during Run 25. 

To explain the increase in available clearances in Run 25, Bump 
compared loads (forces) on the spacer pads for typical Run-24 and Run-25 
conditions and concluded that the loads imposed by bowing phenomena during 



Run 25 were sufficiently large to cause enough elastic and inelastic defor
mation to be sensed by the system as an effective increase in spacer-pad 
clearances. In support of this conclusion, Persiani cited the results of 
work by Smith and Mitchell8 who found that dimensions across the spacer 
pads of subassemblies discharged from Runs 25 and 26 had decreased, on 
the average, approximately 0.0012 in . A review of this work is given in 
Section Vlll.C. 

The results of Bump's and Persiani' s work strongly supported the 
contention that the effect of the stainless steel reflector was manifested by 
reversed bowing phenomena (in Row 8), which tended to decrease the mag
nitude of normal negative feedback components by limiting blossommg 
effects at the upper ends of subassemblies and by increasing the magnitude 
of normal positive feedback components associated with the mward move
ment of subassemblies at midplane . 

C. Deformation of Subassemblies during Runs 25 and 26 

All subassemblies discharged from Runs 25 and 26 were exarru.ned 
in the Fuel Cycle Facility (FCF) for evidence of deformation 8 Three types 
of measurements were made: for straightness, twist , and dimensional 
changes across opposite sets of spacer pads. 

Seventeen driver subassemblies and six control rods were dis
charged at the end of Run 25. Straightness measurements of each revealed 
that in only two instances was there any evidence of deformation . Even in 
these two instances, the extent of deformation was less than the 0 080-m . 
perm1ssible deviation. Only one subassemblX showed any evidence of twist, 
and even for this case, the 0 .9° of twist was less than the nominal specifica
tion of 1° . 

Of the 51 individual dimensional measurements made across the 
spacer pads of the 17 driver subassemblies discharged from Run 25, 34 in
dicated a decrease, four indicated no change, and only 13 indtcated an m
crease. Furthermore, the total decrease amounted to 0 .099 in . and the total 
increase amounted to 0 .039 in . Accordingly, the average algebra1c change 
was -0.0012 in. per flat. 

Twist and straightness measurements were not made of subassem
blies discharged from Run 26 because no evidence of change had been rndi
cated by the Run- 25 results. Dimensional measurements across the spacer pads 
of subassemblies discharged from Run 26 showed much the same pattern as 
that for subassemblies discharged from Run 25. Of a total of 96 measure
ments of 32 discharged driver assemblies, 54 registered a decrease, nine 
no change, and 33 registered increases. The total decrease amounted to 
0.206 in., and the total increase amounted to 0 .090 in . The average alge
braic change per flat was found to be (coincidentally) -0 .0012 in. 
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To establish the effects of "heat-soaking" on the deformation of sub
assemblies , two experiments were conducted . In one, careful measurements 
were made across the flats of a special subassembly (X900) used in a study 
of the effects of sodium immersion and water washing. The subassembly 
was soaked for 15 days in 700°F sodium in the storage basket during Run 26. 
The dimensions across the spacer pads were remeasured following dis

charge. For all flats , a net increase of 0 . 003 in . was noted. 

In another series of tests, three hex sections containing spacer pads 
were heated in a furnace for 3 hr at 900°F and then air cooled. Measure
ments across the spacer pads indicated that the average increase across the 
nine sets of flats was 0.002 in . In no case was a decrease noted. These re
sults and those given above indicate that stress relief through heating is 
manifested by dimensional increases and imply that the decreases in spacer 
pad dimensions noted for Runs 25 and 26 subassemblies are very likely real. 
In fact, it is reasonable to assume that the degree of compressional effects 
across some of the flats might have been masked by stress relief under the 

high-temperature conditions . 

D. Effects of Changes in Core Radius on Reactivity 

As discussed in Section VIII.B, formulation and verification of a 
satisfactory physical model for the Run- 25 feedback and power coefficient 
involved the following phases: calculation of the axial distribution of tem
perature gradients across all subassemblies in Rows 1-8, calculation of 
subassembly displacement by bowing phenomena, and translation of the 
displacement into reactivity feedback effects. In effect, the displacement 
of subassemblies , regardless of the mechanism involved, may be treated 
as a problem in which the volume fractions for all constituents vary with 
a change in core radius . The results of such calculations have been de 
scribed in detail by Madell 15

•
20 for a variety of EBR-II core configurations 

and compositions . Pertinent results are summarized in Table XVII. 

Run 

TABLE XVII . Expansion and Compaction 
Reactivity Coefficients (Ih/mil) 

Expansion Compaction 

No. Core Blanket/ Reflector Core Blanket/ Reflector 

16 3.1 0 . 1 2 . 7 0 . 1 
24 2 . 7 0.1 2.6 0 . 1 
25 2 . 6 0.4* 2.5 0.04** 
26 2.5 0.4* 2.6 0 . 03** 

*For movements in the stainless steel reflector. 
**For movements in the uranium blanket outside the 

stainless steel reflector . 



E. Separation of Nonlinear Feedback Effects 

Fundamentally, Bump's work on subassembly bowing phenomena 
demonstrated that credible bowing attitudes and associated forces could 
account for enough changes in nonlinear positive and negative feedback 
components to explain qualitatively and quantitatively the decrease noted 
in the power coefficient. To test the validity of the bowing model, and to 
assist in refining the model, Bump 6

•
7 and Persiani9 • 10 • 13.1 4 calculated the 

power-dependent shape of the nonlinear feedback from subassembly move
ments and radial reactivity coefficients and compared the results with those 
deduced from actual experimental determinations . 

ln particular the power-dependent feedback function may be divided 
into two components, one linear with respect to power and the other strongly 
dependent on constraints and deformational attitudes that change nonhnearly 
as power increases. The magnitude of the linear portion is dictated by feed
back effects originating from the expansion of fuel, sodium, and structural 
materials. Each of these effects is more or less susceptible to mathemati
cal evaluation. Their sum may be subtracted from experimental values to 
arrive at the power-dependent nonlinear component. As indicated in Sec
tion VIII.B and Fig. 41, Bump was able to demonstrate a reasonable and 
acceptable agreement between calculated and experimental results . 

The separation of nonlinear feedback effects is discussed 1n detail 
by Madell. 15 Basically, the work involved the calculation and summing of 
all linear feedback effects and the subtraction of the total hnear effect from 
experimental values. The results of two-dimensional transport-theory cal
culations for the Run-24 and Run-25 core con(igurations are summarized in 
Table XVIII . 

TABLE XVIII. Calculated Power- coefficient 
Components for Runs 24 and 25 

Feedback Source 

Sodium in the core, upper 
reflector, and blanket 

Fuel expansion 
Linear component 
Structure, stainless steel in 

the core, and expansion of 
the radial blanket 

Total power coefficient 
Isothermal temperature 

coefficient (lh;1°F) 

Reactivity Change (Ih/ MWt) 

Calculated 

Run 24 Run 25 

-0 .91 -0 .86 
-0 . 53 -0 .44 
- 1.44 -1.30 

-1.37 -1.20 
-2.81 -2 .50 

-1 01 -1.15 

Experimental 
Run 25 

-0 .65 

-1 04 
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The calculations indicate a slight diffe renee in the fue 1- expansion 

coefficient between Runs 24 and 25. The slightly higher value in Run 24 
reflects the effects of a system characterized by a higher neutron-leakage 
rate . Although the calculated values of the fuel- expansion component were 
lower than the value established experimentally, the experimental value of 
- 0.65 Ih/ MW was used in subsequent efforts to separate linear and non

linear feedback effects. 

F. Constant- 6 T Experiments 

In establishing values for the feedback associated with fuel expan 
sion, experimental information was used. Such information was obtained 
through constant- 6T experiments, which involve the measurement of the 
reactivity diffe r ence associated with a change in power while keeping the 
ratio of power to coolant flow constant . Since the coolant temperature dif
ferential across the core is constant under these conditions, those feedback 
processes that are sensitive to coolant temperature variations do not change. 
Fuel temperatur es, however, are sensitive to the power/flow ratio . Hence , a 
measurement of the reactivity difference between two levels of power (with 
the same power/ flow ratio) reflects the effects of temperature differences 
in the fuel under the two sets of conditions. Necessary for the translation 
of actual experimental results into a fuel-expansion component of the power 
coefficient are the following: ( l) measurement of the reactivity change as so 
ciated with the power change under constant-6T conditions, and (2) knowledge 
of fuel temperature under the conditions of the experiment. The first of these 
was established from the position of a carefully calibrated regulating rod. 
The second was established by HECTIC-II calculations that gave fuel and 
coolant temperatures for fuel material in Rows l- 6 under various power 
and flow conditions. The results of these calculations are summarized in 
Table XIX. 

The fuel - expansion component of the power coefficient was estab 
lished from the relation 

(2) 

where 6T1 is the difference between average fuel temperatures at two dif
ferent levels of power , but with the power/flow ratio held constant; 6k is 
the associated reactivity change, established from differences in regulating 
rod positions ; 6P is the difference in power; and 6T 2 is the difference be
tween average fuel temperatures at the two different levels of power, both 
under full-flow conditions. The sum of the fuel component obtained in this 
manner and components for sodium and structural expansions is the total 
linear feedback. Subtraction of this feedback from experimental values 
gives the nonlinear component used by Bump and Persiani in comparing 
calculated and experimental results. 



TABLE XIX. Average Fuel and Coolant Temperatures 
as a Function of Reactor Power and Flow 

Reactor Avg Fuel Avg Coolant 
Power Temperature Temperature 
(MWt) 'To Flow ("F ) ('F) 

Row 

41.5 100 897 767 
22 .5 100 807 736 
22 .5 90 812 740 
22 . 5 75 821 748 
22 .5 60 835 760 
22 .5 54 843 768 
41.5 100 895 766 
22 .5 100 805 736 
22.5 90 810 7~0 
22 .5 75 8ZO 748 
22 .5 60 833 760 
22.5 54 841 767 
41.5 100 896 77Z 
22.5 100 806 739 
22 .5 90 811 743 
22 . 5 75 821 152 
zz.s 60 837 765 
22.5 54 845 77Z 

4 41.5 100 905 786 
22.5 100 811 746 
22 . 5 90 817 752 
22.5 75 829 762 
22 .5 60 846 778 
zz.s 54 856 786 
41 .5 100 902 7q4 
22. 5 100 809 ?SO 
22 . 5 90 815 756 
22.5 75 628 767 
22 .5 60 847 784 
22 .5 54 857 794 
41 .5 100 881 786 
22 5 100 798 747 
22 .5 90 804 152 
22 .5 75 816 76Z 
22 . 5 60 833 778 
22.5 54 843 787 

Throughout Runs 25 through 29, many constant- 6T experiments 
were conducted . Although the measurements made during Runs 25 and 26 
were sufficient for an evaluation of the fuel-expansion component of the 
power coefficient, additional periodic measurements were made in an 
attempt to demonstrate the relative constancy of the fuel-expansion com
ponent . The results of constant- 6T experiments are summarized and 
discussed separately by Long. 17• 25 

G. Flow-coefficient Measurements 

By holding power constant and reducing the flow, the temperature 
differential across the opposite flats of a given subassembly increases . 
The reactivity change associated with a flow decrease consists of two 
major components. One , associated with fuel-expansion effects, is linear 

85 



86 

and negative. The other, 
is nonlinear and consists 

associated with subassembly bowing phenomena, 
of competing positive and negative compo~e.nts · 

An illustration of the reactlvlty 
changes associated with succes
sive flow decreases at constant 
power is given in Table XX. 

TABLE XX. Re activity Cha nges under 
Constant-powe r and R e duced-flow 

Conditions* 

%Flow 

100 
95 
90 
75 
60 
54 

*Power is 

Change in R eactivity 
from I OO o/o Flow (Ih) 

Run 25 Run 26A 

Referenc e Refer e n ce 
1. 31 

2. 7 3 . 2 
6.5 4.5 
4 . 3 4.1 

3.5 0 . 6 

22.5 MWt. 

As the flow decreases 
from 100o/o at constant power, the 
reactivity in the system first in
creases to a maximum and then 
begins to decrease. Such behav
ior suggests that for flow reduc
tions from 100 to 75o/o at 22.5 MWt, 
nonlinear positive bowing effects 
predominate over the normal nega
tive and linear feedback effects. 
As coolant flow is reduced further, 
bowing effects tend to saturate, 

and the negative effects predominate. A comprehensive treatment of 
reduced-flow effects is given by Long. 17

•
25 

H. The Effects of Core Size and Composition on Power Coefficient 

Soon after the discovery of the weakened power coefficient, atten
tion was directed to the effects of core size and composition on the power 
coefficient. Because Run 25 was characterized by a large core outline and 
a larger number of experimental subassemblies than in preceding runs, a 
tendency existed to attribute part of the decrease in power coefficient to 
dilution of the core and increasing of its size. In fact, an indication that 
the power coefficient was indeed affected by core size and composition 
was clearly indicated by a review of previous power-coefficient and core
size data. As an illustration, 0 - 45-MWt PRD values for 14 runs between 
Runs 3 and 24 are plotted as a function of core size in Fig. 42. All of the 
data points have been corrected for the effects of control- rod expansion. 
In defining core size, all subassemblies either fully or partially loaded 
with either Mark-I or Mark-IA fuel are included in the core. All 14 con
trol and safety rods and all experiments within the first six rows are also 
included. 

Figure 42 shows a trend towards lower PRD values as the core 
size increased. It also shows that the trend was not chronological. On 
several occasions between Runs 3 and 24, the core size was decreased, 
with the result that the associated PRD value increased. From this ob
servation, it was difficult to escape the conclusions that the PRD did in
deed decrease as core size increased and that no historical trend toward 
lower PRD values existed. 
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Fig. 42. Effect of Size of Hypothetical EBR-U Core on PRO 

On the other hand, the fact that other changes in core size and con
figuration were implemented during Runs 15 through 25 complicates any 
simple interpretation . For example, the number of experimental irradia
tion subassemblies varied considerably. Subassemblies containing staw
less steel upper and lower reflectors were gradually introduced, pnmarily 
in Runs 18-20, and the changeover from Mark-! to Mark-IA fuel took place 
largely between Runs 15 and 19. Nevertheless, an inspection of the data in 
Fig. 42 reveals that the trend of earlier runs is approximately consistent 
with that of later runs, indicating that the changes in fuel and reflector 
materials had little effect on the power coefficient. 

A best-fit straight line drawn through the various data points leads 
to a value of -1 . 7 lh per subassembly added at the edge of the core. It fol
lows that if the trend continued up to and including Run 24, a simple ex
trapolation of the data would indicate a PRD (without control-rod expansion) 
of approximately 41 lh. The difference between this value and the corre 
sponding value for Run 24 (55 lh) is 14 lh, approximately one-half of the 
decrease noted at the beginning of Run 25 . 

Encouraged by what appeared to be a partial explanation for the de
crease in the power coefficient, substantial effort was devoted to computing 
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· · d f'g rations Since the 
the power coefficient for vanous core sizes an con I u . zo 
results of these computations have been given in detail by _Madell_ and 
Blomberg 18,19 only the significance of their conclusions will be cited. 
Essential{y, both investigators , each of whom used an independent approach, 
found that the changes implemented between Runs 24 and 25. could not ac
count for the change noted in the power coefficient. Accordingly, It was 
concluded that the historical trend towards lower PRD values could not be 

attributed to compositional and configurational c hanges . 

Attention was directed in Section VII . C to a trend in the opposite 
direction during Runs 27, 28 , and 29 . The significance of the earlier trend, 
in Runs 3-24, and that noted in Runs 27-29 will be discussed in Section IX. 

I. Rod-drop Studies 

As discussed in Section III, the failure of the Mark-IIA oscillator 
rod during the later portion of Run 24 in December 1966 and the inability 
to fabricate a replacement during Run 25 prevented definitive analyses of 
the reactivity feedback in the frequen cy domain . As a consequence, the 
stability-monitoring program throughout Run 25 was based primarily on 
measurements of the static power coefficient. 

Although all available evidence indicated that the reduction in the 
overall power coefficient was the result of changes in delayed feedback 
components, no information existed which could be used as conclusive evi
dence that prompt feedback effects had not changed and were not undergo
ing change . Accordingly, interest intensified in developing a method that 
could be used to detect changes in the prompt power-coefficient component. 

The method considered most promising was that based on a time
based evaluation of the feedback recovery following the steep - ramp removal 
of reactivity . As indicated in Section 11, such a method was undergoing de
velopment before the Run- 25 power- coefficient difficulties became apparent . 

Basically the method involved removing approximately 12 Ih of re
activity over a total time interval of approximately 280 milliseconds by 
scramming a standard control rod filled with stainless stee l rods . The 
power output before, during , and for approximately two minutes after the 
drop was then transcribed into digital form with a NAVCOR analog-to
digital converter, which fed directly to an IBM-1620 digital computer. 
The NAVCOR unit is equipped to handle from one to six channels of analog 
input, all of which can be digitalized under the control of the computer and 
an external clock signal. After one to six channels of data are fed to the 
computer, the converter is disconnected , and the program is turned over 
for computational use . On completion of the computational cycle, the clock 
reconnects the converter to the computer. 



In addition to converting the signal from the ion chamber, the 
NAVCOR also converts into digital form a rod-position signal actuated by 
a potentiometer mounted on the drop rod and an initiating signal associ
ated with the actual dropping of the rod. The actual rod drop occurs at a 
predetermined time after the initiation signal, usually one second. The 
initiation signal is interrogated by the compute r at each timing interval 
(from the clock) to determine its polarity. If the signal is negative, data 
are discarded . At the receipt of the first positive signal, the rod-position 
and ion-chamber signals are stored for each timing interval until the pre
selected number of points have been stored in the computer. The computer 
then transfers the stored data to magnetic tape for future reduction with a 
CDC-1604 computer. Essentially, the data consist of rod position and 
power level as a function of time . 

The next step consists of an evaluation of the reactivity in the sys
tem as a function of time, using the inverse kinetics express10ns and the 
period- calibrated worth of the drop rod, the latter as a measure of the re
activity removal. While later experience indicated the fallibility of this 
approach, the results during Run 25 were nevertheless useful m demon
strating the relative constancy of the prompt-power coefficient component . 

Typical illustrations of rod-drop data taken during Run 25 are given 
in Figs. 43-48 . A power tr ace taken under 22.5-MW full-flow conditions on 
May 17 is shown in Fig . 43. To illustrate the shape of the power trace at a 
longer wait time, the trace is displayed on two scales, one (B) from 0 to 
22 seconds and the other (A) from 0 to 110 seconds . A similar expansion 
in the arbitrary power scale may be noted . Apparent from the data given 
in Fig. 43 is the existence of a high-frequency oscillation (about 10 cps}, 
which is superimposed on the power trace. Such oscillations have long been 
observed and are believed to be the result of a c oherency in the flutter of indi
vidual subassemblies as clearance systems become increasingly ordered .4z 
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The results of time-dependent reactivity calculations are illustrated 
for various c onditions of power and flow in Fig. 44. Immediately afte r the 
drop, the reactivity re c ov ers rapidly for a period of approximately one sec
ond and then more slowly as the influence of more- delayed feedback effects 
predominates . Suc h b e ha vior confirms that the prompt feedback (i.e., that 
a ssociated with fuel-expansion effects) is strongly negative. The influence 
of positive effects would be reflected either by a flattening of the reactivity
time trace or by an actual reversal of slope . For example, while the feed
back recovery appears to increase with time for 41.5 MWt, lOOo/o power and 
flow , a decrease m a y be noted in the data for 22 . 5 MWt, 100% power and 
flow. Such behavior confirms that at 22 .5 MWt and 75% flow, delayed posi
tive power - c oefficient components are either partially cancelling delayed 
negative components or that the magnitudes of delayed negative components 
are being weakened. B oth of these possibilities are consistent with ver
sions of the inverse bowing model. 
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Fig. 44. Reactivity Recovery under Various Conditions of Power and Flow; May 17, 1967 

The results of a similar treatment of rod-drop data taken under 
500-kWt (zero p ower) conditions are given in Fig . 45. (The two traces 
shown in the figure were actually the same, but have been intentionally 
offset for display.) Since feedback effects at this level of power are essen
tially nonexistent, the reactivity-time trace after the drop is described by 
a stra ight line with zero s l ope. The zero-time intercept with the reactivity 
axis defmes the reactivity worth of the drop rod. The fact that no reactiv
Ity recovery is indicated confirms the adequacy of the delayed neutron 
parameters used in the inverse kinetics program. 

The reactivity-recovery data may be presented in a different form 
by subtractmg the zero -power reactivity data in Fig. 45 from those in 
~Ig . 44 .. The result gi ves the reactivity fed back to the system as a func
ti on o_f time. Suc h results are illustrated in Fig. 46. The "spike" in the 
reactivity-re c overy c urv_e at the time of drop is the result of an inability 
(at the time) to synchr om z e the drop times for the various runs. 
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Simila.r data for operation under a variety of power and flow condi
tion s are illustrated in Figs . 47 and 48 . Again, evidence of a strong com
petition between delayed positive and negative power coefficient components 
may be found in the lower-power data (20-22.5 MWt) . 

As discussed on pg. 88, primary interest was focused on the prompt 
reactivity feedback component; any deterioration of that component would 
have serious safety implications. Fortunately, the rod-drop technique , 
while not fully perfected in Run 25 , was sufficiently developed to permit 
periodic measurements of the magnitude of the prompt component, using 
the percentage reactivity recovery at a fixed time (usually one second) as 
a figure of merit. Comparisons of feedback data taken near the beginning 
and the end of Run 25 are given for 30 and 41.5 MWt in Figs. 49 and 50, 
respectively . While not immediately apparent because of the compressed 
time scale, little perceptible change was noted in the prompt feedback 
during Run 25. At wait times longer than 10 seconds , significant differences 
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may be noted . Such changes were, however, identified with differences in 
the positions at which the control rods were banked during the run, as de-

scribed in Section III.F . 
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Fig. 47. Reactivity Recovery under Full-flow Conditions : July 23, 1967 
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Fig. 49. Comparison of Reactivity Recoveries Measured at 30 MWt 
and 100o/o Flow on May 17 and July 23, 1967 
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Fig. 50. Comparison of Reactivity Recoveries Measured at 41.5 MWt 
and 100"/o Flow on May 17 and July 23, 1967 
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Although information provided by the rod-drop method during Run 25 
was limited to a more or less qualitative application, efforts made near the 
end of Run 25 to improve the reliability of the method were sufficiently suc
cessful to permit the information to be used in a quantitative manner. A 
comprehensive description of the apparatus, a discussion of methodology, 
limitations of the method, and the results obtained during Runs 25 and 26 
have been previously given by Hyndman and Nicholson.zs In addition, a 
complete summary of all rod-drop data taken during Runs 25-29 has been 
published in catalog form by Engen and Hyndman.z9 

For convenience, three typical sets of rod-drop data taken during 
Run 26B (during which the oscillator rod was operational) are given in 
Figs. 51 through 53. In all cases, the reactivity recovery during the 
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Fig. 51. Results of Rod-drop Exper1ments at 22.5 MWt during RWI 26A 
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Fig. 52. Results of Rod-drop Experiments at 30 .0 MWt during Run 268 
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Fig. 53. Results of Rod - drop Experiments at 41.4 MWt during Run 268 

first second after the dr op is prompt, strongly negative, and dictated al
most entirely by density changes in the fuel material. Corresponding 
transfer-function data for similar conditions are given in Section VIII.J. 
The interpretation of both rod-drop and transfer-function data in terms 
of a mathematical model is discussed in S e ction VIII.M, and the signifi
cance of the model is discussed in Se c tion IX . 



J. Transfer-function Measurements 

The failure of the original rotary - type oscillator rod at the end of 
Run 24 and the long lead time necessary for a replacement prevented mea
surements of the transfer function during Run 25. ln September 1967 are
placement was made available. Although Run 25 had been terminated 
earlier, precautions had been taken to preserve the Run-25 configurations 
and composition. Essentially the only differences between the loadings for 
Runs 25 and 26 were the replacement of spent driver fuel and the removal 
of experimental subassembly XOll . Because the core had been disturbed 
as little as possible, we assumed that transfer-function and rod-drop in
formation obtained for the Run-26 configuration would be typical of that 
for Run 25. 

Since the completion of preVIous transfer-funct10n measurements 
in December 1966 (Run 24), important changes had been made in the method 
of data reduction. ln the earlier method, the amplitude and phase of the 
transfer function were deduced from two Fourier integrals that were evalu
ated from an integration of analog signals. 31 The inability to eliminate small 
gam changes in the existing amplifiers prompted the development of a more 
powerful, more reliable , and faster on line digital method . Since a detatled 
discussion of the digital equipment is given elsewhere ,26

•
27 only gen ral 

featur s will be discussed here. 

The oscillator rod installed before the startup of Run 26B consisted 
esscntlally of a B4

1°C-loaded tube, which, through rotary motion, penodl
cally moved B 4

1°C toward and away from the center of th reactor. An lden
llcal tube fill d with Al20 3 was used as a counterweight to reduce vibrational 
eff cts at higher frequencies . The rod, mounted in a special thimble, re
placed a standard control rod and guide thimble 

A synchronous motor coupled through a variable-speed gear box was 
used to drive th rod over a frequency range variable from 0 001 to approxi
n1ately 10 rps . A tendency toward resonant vibration at 9 rps in ffect 1im
It d the operation of the rod to 8 .8 rps 

The on line Fourier analysis is based on three signals . One is the 
amplifi d alternating component of the fltD< and the other two are received 
from sine and cosine potentiometers mounted on the shaft of the variable
speed dnver unit All thr e signals are transmitted to a station approxi
mately 300 ft from the reactor buildmg where the signals are conditioned, 
amplified, and transmitted an additional 300ft to the computer room. Here 
th signals are converted to digital form and Fourier-analyzed by an 
lBM-1620 computer that has been programmed to resolve the phases and 
amplitudes of the transfer function and of the feedback function The re
liability and accuracy of the technique has been assessed by comparing 
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experimental values of the zero-power transfer function with values cal
culated from the delayed neutron parameters. The results of the assess
ment indicate an accuracy of ±0.25o/o in amplitude and ±0.23° in phase (at 
zero power). 

Unfortunately, bowing problems that plagued the use of the previous 
rotary oscillator rod in Run 24 were not entirely eliminated. At the lower 
speeds and at higher levels of power, bowing effects cause the rod to rub 
against the thimble . (A discussion of bowing phenomena and their effects 
on the accuracy of the transfer-function information has been given by 
Hyndman and Nicholson. 28

) Despite such limitations, enough information 
resulted from the studies to permit the formulation of a physical and 
mathematical feedback model that has been found to be acceptably consis
tent with the results of rod-drop measurements and other experimentally 
observed phenomena. The resulting feedback functions for 22 .5 -, 30-, and 
41.4-MWt operating conditions are given in Figs. 54 through 56, 
respectively. 
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K. Trapezoidal Reactivity-insertion Technique 

During the earlier portions of Run 25, the capability of the rod-drop 
method to yield useful kinetics information had not been established. Ac
cordingly, parallel efforts were devoted to studies of other techniques that 
indicated reasonable promise. One such technique mvolved the excitatlon 
of the system by the alternate in and out movement of a control rod over a 
fixed distance of approximately 0.2 in. in the linear region of the reactivity
worth-position curve. A simple understanding of the mechan1cs of the 
method may be obtained from a consideration of Fig . 57, which illustrates 
the time behavior of the power and reactivity changes. 

OPERATIMG 
POWER 

ID-103-K-5819 
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., 
\ •o 

____ 1 l 
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Fig. 51 . Response of Power ro Trapezoidal Reactiviry Change 

The control rod is programmed to move in such a way that reactiv
ity A is either inserted or withdrawn over a fixed distance corresponding 
to the insertion time a . At the end of time interval a, the insertion stops 
and the power is allowed to rise for a period of time b . At the end of time 
interval b , the rod is withdrawn for a period of time 2a, after which the 
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power is allowed to decrease for another time interval b . Two parameter s 
are constant . The total distance through which a control rod moves is fixed, 
and assuming an invariant drive speed, the total reactivity change Z.A and the 
driving time Za are fixed. Two parameters vary. One, the power, 1s a con
tinuous function of time, and the other, the wait time b, is varied paramet 

rically between series of runs. 

The physical interpretation of the power - time trace of Fig . 57 
requires an understanding of delayed-neutron kinetics and the time-based 
effects of the various power-coefficient components . Consider the idealized 
(simplified) power-time trace of Fig . 57 for the zero-power condition. Dur 
ing the initial insertion from mid-control-rod position , the power rises 
sharply . When the rod stops adding reactivity at the end of time interval a, 
the flux transient dies rapidly , and the power trace follows a course dictated 
by the stable reactor period . At the end of interval b , the control rod is 
moved out for a time interval 2a. The power drops sharply during the with 
drawal. At the end of the withdrawal and after negative transient effects 
have died, the power decreases at a slower rate . The reinsertion of reac 
tivity over time interval a completes the cycle. Obviously, the parameter 
Bo (the half-amplitude of the power oscillation) depends strongly on the wait 
time b, since if b is infinitely long, B 0 goes to infinity. It follows that B 0 

approaches a minimum value as b approaches zero. 

The effects of feedback on the time-dependent power trace are also 
illustrated in Fig . 57. In this particular illustration , two feedback compo
nents are considered, one essentially prompt and the other relatively de
layed . This situation, in a general sense, characterizes the feedback of 

EBR-Il . 

The effects of the prompt feedback are immediately apparent from 
Fig. 57. The prompt feedback, acting along a shorter time base than the 
ramp addition, effectively cancels a portion of the input. Physically, this 
means that the power increase resulting from the ramp addition is mani
fested immediately through axial fuel expansion, which acts to reduce the 
magnitude of the reactivity insertion . The power increase proceeds, 
accordingly, along a somewhat decreased slope. At the end of time inter
val a, when the ramp addition stops, transients die out and the actual path 
traced by the power depends on a small additional axial fuel expansion, 
expansion of the coolant and structure, and the delayed - neutron kinetics. 

The effects of the delayed neutrons tend to increase the power while 
the effects of feedback tend to decrease it. The result is a power trace 
significantly lower in amplitude than for the case in which feedback is ab
sent (i.e . , the zero-power situation) . The extent of difference between the 
two traces reflects the effects of feedback. The more feedback, the greate r 
the d1fference, and vice versa . (The effects of a prompt positive power 
coefficient component would be reflected during the ramp input by a power 
trace having a slope steeper than that for zero power because the feedback 
essentially augments the ramp.) 



Meas~rements of the peak-to-peak amplitude for the two alternating 
components (L e., for zero power and operating power) may be used as ref
erence point s for the feedback at any given time . Any significant change in 
the magn1tude of the net power coefficient would be revealed by a subsequent 
set of similar measurements . 

Alternately , another c r iterion of feedback change could be extracted 
from the same data . This extraction involves a machlne evaluation of the 
geometric areas b ounded by the respective zero-power and operating-power 
traces Area evaluations of data taken during the ramp msertion and the 
walt time would indicate possible changes in the prompt and delayed power
coefficient components , respectively 
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Although a moderate amount of effort was devoted to the development 
and actual testing of the method, little useful information was gamed In the 
first place, the relatively slow rate at which reactivity could be inserted or 
withdrawn placed severe limitations on information relevant to prompt feed
back effects. In the second place, concern was expressed for the possibility 
of excessive wear on the rack-and-pinion control -rod drive system. Finally, 
the promise ind1cated by the results of parallel efforts with the rod-drop 
method discouraged the intensive effort needed for implementation . 

L . Monitoring of Subassembly Outlet Temperatures 

The outlet temperature s of some core and blanket subassemblies are 
measured with thermocouples located approximately 0. 250 in . above the out 
let portion of the upper adapter . The thermocouples are enclosed in stain
less steel tubes that are fixed to the holddown (i.ngers at their lower ends. 
Such an arrangement makes possible the r e placement of a faulty thermo
couple. Of a total of 25 thermocouples, 19 are located above subassemblies 
occupying positions within Rows 1-6 . The othe r six are located above 
blanket subassemblies in positions 16E9, 12E6, 9E4, 7A3 , 7D4, and 7F4. 

F i gure 58 illustrates the location of core thermocouples (by dots) 
and the orientation of individual thermocouples with respect to the upper 
adapters. Four of the core thermocouples, those located above subassem
blies in positions 5A4, 4Fl, 3El , and 4El , are connected with the scram 
system . Any temperature variance sensed by any one of these thermo 
couples that exceeds 10"/o of the normal temperature differential across 
the subassembly will result in an automatic scram. The outputs of all 
four scram thermocouples are fed continuously to a 50-point scanner that 
permits an on-demand reading at any time . 

The outputs of the other 21 core and blanket thermocouples are fed 
to a Beckman automatic data logger, which scans and prints out actual sub
assembly outlet t~mperatures every 30 minutes . In the event of an indicated 
temperature readmg of l0°F b . . 

. . . a ove the normal, an aud1ble alarm 1s sounded 
and the 1ndicated readmg is · d . . · 

pnnte out m red ink on an electnc typewnter . 
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Fig . 58. Thermocouple Locations in EBR-Il 

Set points for the scram thermocouples are set in the following 
manner. At critical, the set points are those for the previous run. When 
a power level of 20 MWt is reached, each of the four thermocouple-outputs 
is read. These values are then used to estimate the temperature differ
ential (6T) across the four scram subassemblies at operational power. 
The scram limits are then set for a lOo/o increase above the estimated 6T 
value. Upon r eaching operating power, the individual set points are re
adjusted in accordance with the actual readings and the off - normal 
criterion of l Oo/o. 

As an added precaution, all thermocouple readings were plotted as 
a function of power level during all Run-25 startups. In all but a few in
stances, the temperature differential across a given subassembly varied 
linearly with power. In some cases, however, deviations from a straight 
line dependence were noted. In those cases for which the temperature 
differential at power exceeded the anticipated value, the origin of the dis
crepancy was traced to an inflow of heat from neighboring subassemblies 
that ran hotter because of their loadings. Discrepancies in the other di
rection were traced to the loss of heat through radial conduction to colder 
neighboring subassemblies. 



Only one other anomalous situation was noted . The actual outlet 
temperatures for subas s e m b lies in positions 12E6 and 16E9 in general ran 
hotter than the c alculated outle t temperatures The origin of this discrep 
ancy was attributed to c r ossflow effects (i e , the thermocouples in these 
positions were sensing the tempe r ature of hotter sodium that was flowing 
outward from the center of the p le num to the discharge pipe) . 

M . Synthesis of a F e edback M od e l 

In formulating a mathe m a tical model for the feedback, the ultimate 
achievement is a detailed , yet und e r standab le, model that explains all ex-
pe nmentally observed kin e tic phenomen a for all con ditions of power, 
coolant flow rate, and temperature . In pr actice, the strong nonhneanties 
assoc1ated w1th subassembly b owing and the dep e ndence of the powe r coeffl 
cient on indeterminate clearanc e syste m s effec t i vely elimin ates from con
sideratlOn the formulati on of a truly unifie d model fo r th e feedback as a 
function of frequency, power , temperature , and coolant flow r ate With the 
information available, the best that can b e atta ine d 1s a mathematical ex 
pression, or model, that considers the magnitude s and t1me de pen den c i es 

103 

of special phys1cal proc esses for a limite d range of p owe r an d coo lant flow 
conditions Insofar as understanding the Run-25 feedback i s con ce rne d , s u ch 
a model is considered sufficient b e cause eac h term i n th e model may b e ld en
hfied with s orne specific thermal- mechanical- r e activity fe e dback pr ocess in 
the system. 

Attempts have been made by Nicholson a nd Hyndmanz8 t o interpr e t 
feedback effects from rod- drop and transfer- functi on data take n durin g 
Run 26B in terms of a relatively simple model.. Essentially , the appr oach 
involved fltting feedback functions from transfer-function and r od-dr op 
data to models in the frequency and time domains , respectively . Then, 
through a series of trial-and-error iterations, both sets of data were 
forced to give a consistent feedback model. After applying small c orre c 
tions for bowing effects in the oscillator rod and for changes in the w orth 
of the drop rod as a function of power , two specific m odels were generate d . 
One (Model A) gave the best fit in the time domain, and the other (Model B) 
gave the best fit in the frequency domain . Illustrations of the time- and 
frequency-dependent behavior of both models at 22 . 5 MWt in Run 26B are 
given in Figs . 59 and 60, respectively . [In Fig. 60 , (t. k/ kJ/ {t.P / P) = unit 
react1 vity change per unit power change . ] 

Although no smgle model could be found that was consistent with 
both sets of data, the marked similarities of the two models indicate that 
the overall feedback consists of four and possibly five major components , 
two of which are relatively prompt and negative and two of which are 
strongly delayed and positive . The existence of a third , relatively delayed 
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negative component is also indicated from the rod-drop data. In defining 
individual terms of the feedback models, a positive amplitude indicates a 
negative feedback, and a negative amplitude a positive feedback. 

The physical processes associated with the two "promptest" terms of 
Model A have been attributed by Nicholson and Hyndman to the expansion of 
fue l and coolant . The two positive terms of Model A are identified with de
layed subassembly-bowing phenomena in Rows 6 and 7 and in Row 8, and the 
delayed negative term is attributed, in part, to the expansion of control - rod 

shafts . 
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Fig. 59 . Fit of Mathematical Feedback Models to Data from Rod -drop Experiment at 22 .5 MWt in Run 268 
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IX. PHYSICAL FEEDBACK MODEL 

In this section, an attempt will be made to explain why the power 
coefficient changed upon the installation of the stainless steel reflector and 
to show how the explanation is consistent with the results of specific experi 

ments and observations. 

A . The Effects of Subassembly Bowing 

Up to and including Run 24 , the effect of a power increase was re 
flected by an increase in the temperature differential across a given sub
assembly and a consequent increase in the tendency for the subassembly 
to bow outward at the top . Since all temperature differentials were in the 
same dir ection, the ultimate consequence of a power increase was a flow
ering of the core at the top. Such an effect tended to increase the core 
radius and to reduce the reactivity of the system. Eventually, the tops of 
subassemblies would engage and, by so doing , would dec rease the extent of 
flowering with an additional power inc rease. Equally important was the 
tendency for subassemblies to bow inward under increased power conditions 
once their tops were fully engaged . The two effects were reflected in the 
power coefficient by a decrease in the negative (flowering) component and 
an increase in the positive (inward bowing) component. Such effects have 
always been present in EBR-II, but up until Run 25 the competition between 
positive and negative components was such that the negative always pre 
dominated. More freedom was available at the tops of subassemblies to 
permit the flowering attitude. 

The installation of the stainless steel reflector before the R u n - 25 
startup caused a marked change in the temperature gradient across the 
Row- 8 subassemblies. While temperature gradients across Row- 7 subas
semblies were normal, the increased power generation in Row- 9 (uraniu m) 
subassemblies, resulting from an increased neutron and gamma transmis 
sion in Rows 7 and 8, caused the outboard faces of Row-8 subassemblies to 
run hotter than the inboard faces . The rever sal in the temperature gradient 
across Row 8 was manifested by a bowing attitude opposite to that in all in
board subassemblies. In effect, bowing phenomena in Rows 7 and 8 resem
bled the form of a pair of closed parentheses , thus ( ) , and had the effect of 
a closed spring which tended to expand as the power increased . Expansion 
restricted the outward movement of the tops of inboard subassemblies and 
forced inboard subassemblies inward at midplane. Furthermore, as Bump 
has shown, forces were sufficient to cause the elastic deformation of spacer 
pads, thereby accentuating the extent of inward subassembly movement. 
Evidence that spacer pads were very likely being elastically and inelastically 
indented was indicated from examinations of discharged subassemblies. As 
described by Smith and Mitchell, the average dimensional change across a 
given set of flats was a decrease of 0 .00 12 in . Such results clearly indicated 
the existence of e lastic and inelastic deformational effects. 



As indicated from the many illustrations of power-coefflClent data 
in Sections III through VII, the effect of increasing power on the PRD de
pended strongly on the actual power level. At low power (0- 15 MWt), the 
PRD was relatively unaffected by the reflector change, and the differential 
power coefficient was strongly negative. Such behavior reflects the effects 
of core blossoming superimposed on the normal linear and strongly nega
tive effects of fuel and coolant expansion . In the midpower range 
( 15-30 MWt ), subassembly tops came under restraint, causing the normal 
negative flowering component to decrease and the inward-bowing compo
nent to increase. The combined effects were strong enough to compete 
successfully with the unchanged linear negative-feedback processes. At 
higher levels of power (30-45 MWt), the system became ordered in two 
major areas : at the top, and at midplane as spacer-pad clearances be-
came closed. Additional power increases in this power range were reflected 
by an overall outward movement of the core both at midplane and at the top . 
Such movements resulted in an increase in core radius, and the associated 
decrease in reactivity was superimposed on the normal hnear negative 
effects . 

B. Consistency of the Model with Experimental Information 

The physical model described above is consistent w1th the mathe
matical model derived by Hyndman and Nicholson from rod-drop and 
transfer-function data. From analyses of many sets of feedback data in 
both the time and frequency domains, Hyndman and Nic holson 1dent1fied the 
normal negative feedback effects (i .e ., expansion of fuel , c oolant, and 
control-rod shafts) and two positive effects . One of the posit1ve effects is 
moderately delayed and presumably assoc iated with bowing phenomena in 
Rows 6 and 7, and the other is strongly delayed and assoc 1ated with re
versed bowing effects in Row 8 . 

As the results of attempts to scale the overall feedback as a linear 
function of power, Hyndman and Nicholson found that whereas the feedback 
from fuel and coolant expansion was a linear multiple of power, the feedback 
from bowing was strongly nonlinear. Again such results are consistent with 
the physical and mathematical models since the importance of nonlinear 
bowing phenomena in the midpower region is clearly predicted . 

The experimental verification of a consistent and strongly negative 
prompt power- coefficient con1ponent is also consistent with both the physical 
and mathematical models because both models predict strong negative feed
backs from both fuel and coolant expansion. 

Additional verification that the power coefficient associated with fuel 
expansion retnained strong throughout the residence of the stainless steel 
reflector was provided by the results of the constant-li.T experiments 
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described by Long and Madell. Although small variations in the fuel com
ponent of the power coefficient were occasionally noted, no significant or 
potentially serious change was indicated. 

C. Other Power-coefficient Anomalies 

In view of the results of an unusually large computational and ex
perimental effort, there seems little doubt that the principal origin of the 
reduction of the power c oefficient in Run 25 involved reversed temperature 
gradients in the stainless steel subassemblies in Rows 7 and 8. The sim
ple model based on this reversal, however, does not explain other peculiar 
ities noted in the power coefficient during the time the stainless steel 
refle c tor was installed . At least two such peculiarities may be cited. One 
wa s the marked deterioration noted in the power coefficient near the end 
of Run 26, and the other the persistent trend toward higher PRD values 
throughout Runs 27, 28, and 29. 

The fact that PRD values tended to decrease with burnup (or run
ning time) is not considered an anomaly or peculiarity. As illustrated in 
Figs . 9 and 10 , when co rre ctions were applied for the effects of expansion 
of control-rod shafts, no dis ce rnible difference could be found between the 
initial a nd final PRD behaviors in Run 25 . 

l . Deterioration of the Power Coefficient during Run 26 

In Run 26, marked difference s between initial and final PRD 
behaviors we re note d w hi c h could not be reconciled with the banked- c ontrol 
rod effect. Common to all measurements that indicated a decrease in the 
PRD was a marked tendency for the reactivity balance to drift, as discussed 
in Sections IV .C and IV .D . Typic al b e havior was the continuous insertion 
of rea c tivity over a period of hours when operating in the midpower region, 
followed by a c ontinuous removal of reactivity after sustained operation at 
45 MWt . In e ffec t, the insertion of reactivity while conducting power
coefficient measurements in the midpower region led to the imp res sian 
that the power c oefficient was weakening. In retrospect, it seems clear 
that if c orr ec tions for the gradual increase in reactivity could have been 
applied no anomaly w ould have been noted during Run 26. 

The origin of the pronounced reactivity drift noted during Run 26 
is obscure and has not been unambiguously identified. On the other hand, a 
substantial amount of evidence indicates that reactivity drifts were asso
ciated with the bent c ontrol- rod thimble in position 5C4 . As cited in 
Section V, two re corded diffi culti e s were experienced with fuel transfers in 
this location : one on J a nuary 17 , 1967, and a more-serious indication on 
September 20, 1967 (during Run 26). It is now postulated that the major dam
age to the thimbl e occurred on September 20 and that the crimping of the 



thimble created an extensive gap between an indeterminate number of core 
and reflector subassemblies. Such a gap would have significantly altered 
the clearance situations throughout the core. Assuming that a gap did re
sult from the damage to the 5C4 thimble, it seems reasonable to believe 
that strong changes would occur in the power c o efficient. For example, 
subassemblies in locations outboard from the gap w ould have more freedom 
to bow inward at midplane and thereby increase the r eactivity of the system . 
On the other hand , the effects of an overall radial expansion of subassem
blies inboard from the gap would not be sensed as a contiguou s expansion 
by subassemblies in locations on the other side of t h e gap. 

The fact that reactivity tended to increase in the midpower 
region is believed to be the natural cons equence of strong compressive 
forces exerted at midplane elevation by r eversed bowing effects m the re
flector. Increased clearances were afforded by the gap, and the fo r ces 
built up in the reflector tended to move subassemblles inward to fill the 
gap. The fact that such movements took place over a penod of hours is 
not considered unusual since it is c onceivable that the movement consisted 
of an intermittent slippage of individual subassemblies, one at a time . 

With the reactor operating at 45 MWt, a reversal m movements 
was noted . Since inward bowing motions were essentially saturated, the 
predominant manifestat ion of subassembly expansion was a net movement 
outward. In this instance, outward forces caused the intermittent slippage 
of individual subassemblies eith er into the gap or across the gap into clear
ance s opened in outlying rows during operation in the midpower region 

2 Reactivity Anomaly on January 29, 1968 

During the approach to criticahty for Run 2.7 on January 29,1968, 
it was noted that the system was more reactive than expected. Even aft r 
intensive efforts to evaluate the associated reactivlly effect for each loading 
c hange , the system was approximately 56 Ih more reactlve than the results 
of ca l culations indicated. At that time, the reactivity gain was tentatively 
a ttributed to c or e - rearrangement effects associated with the removal and 
replacement of the damaged control- rod guide thimble prior to Run- 2 7 

startup . 

The r emoval of the damaged control- rod guide thimble elimi
nated the postulated gap . Subassemblies lymg outboard from t~e ?ap were 
very likely under compressive forces, and when the gap was ehmmated a 
net inward movement of subassemblles resulted. While no attempt was 
made to c orre lat e inward movement with the 56-Ih reactiVity gain, the fact 
that a 1-mil change m co r e radius results in a 3-Ih reactivity gain suggests 
that closure of the gap could have caused a fairly large reactivity gam . 
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3. The Increase in PRD during Runs 27 through 29 

As indicated in Sections VI and VII and illustrated in Figs. 35 
and 36 , a definite trend toward increasing power- coefficient values was 
noted throughout Runs 27 through 29. In fact, the indicated increase be
tween the Run-27A and Run-29A startups was approximately 7.1 Ih. Since 
both cores were essentially the same, the increases cannot be attributed 
to configurational and compositional changes. Again it is reasonable to 
postulate that at least a portion of the gradual increase noted in the PRD 
throughout this period (approximately five months) was associated with the 
closing of the gap . In other words , the elimination of the gap before the 
Run-27A startup caused a step increase of 56 Ih , and subsequent fuel
handling operations, which rearranged c l earances, caused an additional 
7.1 Ih increase. On the other hand, the gradual increase might also have 
been the result of the increasing use of cold-line fuel during this period . 
Such effects are discussed in the following section. 

4. Long-term Changes in Power Coefficient 

During the period between July 1964 and December 1966, a 
long-term tendency towards lower PRD values is evident. An illustration 
of this effect is given in Fig . 42. At one time it was believed that the de
crease was the consequence of increasing the core outline and decreasing 
the average concentration of fissile material in the core. This supposition 
seemed reasonable since the specific worth of fuel material at the edge of 
a l a rger , more-dilute core should be smaller than the corresponding worth 
with a smaller, more- concentrate d metal-fueled core. On the other hand, 
the results of intensive calculational efforts by Persiani, Madell, and 
Blomberg were consistent in their indication that the gradual de c rease in 
PRD from July 1964 to December 1966 could not be reconciled with changes 
in core composition and configuration . 

An impressive demonstration of the insignificance of the effects 
of core size and composition on PRD was experienced during Run 28 when 
PRD values for a reference core containing no fueled experiments, were 
compar ed with PRD values for a core containing experiments in Rows 6 
and 7 and a core containing experiments in Rows 4 through 7. The differ
ence in PRD values between the reference (no experiment) core and the 
core with a full complement of experiments was 2 Ih (increase). Accord
ingly, it must be concluded that the effects of core configuration and com
position on the power coefficient are small and that the gradual decrease 
noted over the period from July 1964 to December 1966 must have involved 
some other effect. Similarly, it must be concluded that the gradual increase 
in PRD noted between January 1968 and July 1968 could not be the result of 
compositional or configurational changes. 



Although conjectural at this time, it is conceivable that the 
origin of the trend towards smaller PRD values between July 1964 and 
December 1966 might have been associated with the use of recycled fuel. 
For example, the continuous accumulation of nonvolatile fission products 
in the fuel during this period might have affected the power coefficient 
through a gradual reduction of the linear expansion coefficient of the fuel 
material. Part or all of the indicated recovery throughout Runs 27-29 
presumably could have been the result of using less recycled fuel and 
more cold-line (fresh) fuel during this period . Cold-line fuel was first 
used during Run 27D when three subassemblies containing it were added . 
During Run 28, ten subassemblies of cold-line fuel were installed, and at 
the start of Run 29A, seven of the 71 driver subassemblies in the r eactor 
were made up of cold-line material. Unfortunately, studies of the effects 
of fuel recycling on the linear-expansion properties of fuel material have 
not been conducted; therefore, it is impossible to conclude whether or not 
the recycling of fuel decreases its expansion coefficient . Hopefully, 
measurements may be conducted on historical and cold-line fuel samples 
to resolve this important possibility . 
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X. THE EFFECT OF REINSTALLING A URANIUM REFLECTOR 
ON THE POWER COEFFICIENT 

As discussed in Section VII , the stainless steel reflector was re
placed with conventiona l depleted-uranium subassemblies during Run 29. 
The replacement was carried out in two stages: first, the r eplacement of 
Row 7, and then the replacement of Row 8. The replacement in Row 7 r e
sulted in a 5. 6-Ih increase in the PRD relative to the Run- 2 9A reference, 
and the replacement in Row 8 resulted in an additional 29.0-Ih increase . 
From an inspection of Fig. 35, which gives power-coefficient data for 
Runs 24 , 25, and 29 , it may be concluded that the reinstallation of uranium 
subassemblies in Rows 7 and 8 eliminated the flattening of the power coeffi 
cient in the midpower region and actually increased the PRD relative to that 
in Run 25. 

Since the restoration of the uranium blanket during Run 29, no evi
dence of power- coefficient flattening in the midpower region has been noted . 
Accordingly, it may be concluded that the installation of the stainless steel 
reflector in Run 25 caused the power-coefficient decrease and that its re
placement in Run 2 9 returned the system to its normal behavior. 
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