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INSTABILITY STUDIES WITH EBR-I , MARK III 

by 

R. R. Smith, J. F . Boland, F . D. McGinnis, 
M. Novick and F . W. Thalgott 

I. INTRODUCTION 

F r o m the viewpoint of design object ives, the operat ion of EBR-I 
has been highly successful : it es tabl ished the validity of the breeding 
concept, it demons t ra ted that liquid meta l -coolan t sys tems could be 
opera ted on a p rac t i ca l b a s i s , and it es tabl ished the fact that useful power 
could be ext rac ted from an ex t remely smal l and highly concentrated 
core.^^"^) F r o m another point of view, that of r eac to r safety, the ope ra 
tional c h a r a c t e r i s t i c s of EBR-I const i tuted a source of considerable con
ce rn . While s t eady-s t a t e operat ion at full power and full flow was smooth 
and posed no se r ious p r o b l e m s , it was never the les s recognized that power 
osci l la t ions could be init iated through modes t depa r tu res from normal 
operat ing p r o c e d u r e s . An even m o r e dis turbing feature consis ted of a 
prompt posit ive power coefficient of reac t iv i ty which became obvious 
whenever the coolant flow was varied.v°) 

Such fea tures coupled with the e v e r - p r e s e n t poss ibi l i t ies of 
ins t rument malfunction and human e r r o r consti tute a potentially hazardous 
si tuation for power-producing r e a c t o r s . Since the physical or igin of these 
effects was not at all unders tood, the need for fundamental investigation 
was evident. 

The f i r s t a t tempt to study the dynamic behavior of the r eac to r was 
init iated in May 1955. ' ' ) The re su l t s of these studies, in which the t r a n s 
fer function of the r eac to r was m e a s u r e d under var ious conditions of 
power and flow, demons t ra t ed that the r eac to r could be brought into a 
resonant condition at ce r ta in f requenc ies . Unfortunately, these m e a s u r e 
ment s were c rude , and a t t empts to in t e rp re t the r e su l t s in t e r m s of 
physical feedback p r o c e s s e s were unsuccessful . 

In November 1955, a second, m o r e comprehensive s e r i e s of t e s t s 
was init iated. Again the same osc i l l a to ry phenomena were observed . A 
t r ans ien t exper iment c a r r i e d out with the main coolant flow stopped 
demonstr(:vted conclusively the exis tence of the suspected posit ive coeffi
cient and led to an unintentional pa r t i a l meltdown of the core.(S.9) 

As the resu l t of this incident, concern was expressed for the safe 
operat ion of future fast power b r e e d e r r e a c t o r s . Accordingly, a large 
amount of effort by many inves t iga tors was devoted to the analysis of the 



instabil i ty and meltdown r e s u l t s . For the mos t par t , e a r l i e r thinking was 
guided by the following wel l -es tab l i shed i t ems of information. Under n o r m a l 
s t eady-s ta te operating conditions the net power coefficient was negative. 
React ivi ty had to be added at constant flow and constant t empera tu re to ini t i 
ate and sustain a power i nc rea se . However, it s eemed c lear then, as it does 
now, that the t ime behavior of the overa l l power coefficient was dominated 
by two components: one posit ive and prompt, and the other negative, but 
much l a rge r in magnitude and much m o r e slowly act ing. Direct evidence of 
their p re sence was provided by the r e su l t s of flow-change t e s t s . Immedi 
ately following a reduction in flow, the power would i n c r e a s e , pass through 
a maximum, and would eventually d e c r e a s e to some lower equi l ibr ium value. 
After flow inc r ea se , the converse behavior was noted. Evidently the sudden 
inc rease in fuel and coolant t e m p e r a t u r e following a flow reduction was 
sensed by the r e a c t o r through the prompt posit ive component as an addition 
of react ivi ty , la te r cancelled and overr idden by the m o r e slowly acting, but 
l a rge r , negative component. 

F r o m the osci l la tor r e s u l t s , it was known that the resonance peak 
shifted to low^er frequencies as the flow r a t e w^as reduced. This behavior 
suggested that the p r o c e s s respons ib le for the negat ive component mus t 
have been a s soc ia t ed in some way with the physical t r a n s p o r t t ime of the 
coolant through the r eac to r . The r e su l t s of the excurs ion exper iment sub
stant iated the validity of this concept, since at g rea t ly dec rea sed flows the 
normal ly overr id ing negative component d iminished considerably in impor 
tance and caused the resu l tan t power coefficient to be posi t ive. 

With these facts and concepts in mind, a l a rge effort was devoted 
to the in te rpre ta t ion of the dynamic behavior of the r e a c t o r in t e r m s of 
var ious feedback models which, in pr inciple , should have accounted for 
the exis tence of the prompt posit ive and delayed negat ive power coefficient 
components . 

Mela and Dana^ ^ observed that changes in the dimensions of the top 
and bottom plates effected through t e m p e r a t u r e were too smal l to explain 
the exper imenta l r e s u l t s and suggested that some amplif icat ion mechan i sm, 
such as a flow mald is t r ibu t ion in the r ad ia l blanket, was needed. Following 
a different approach, Siegel and H u r w i t z ' l l ) suggested the possibi l i ty of 
resonance conditions a r i s ing from the combination of individual power coef
ficient components , each with i ts own c h a r a c t e r i s t i c t ime dependence. As 
an extension of these concepts , Thalgott^^^/ in 1955 was able to show that a 
feedback model based on prompt positive and delayed negative power coef
ficient components was in reasonab le ag reemen t with exper imenta l 
observa t ions . 

In a s imi la r di rect ion Kinchin formulated a ma thema t i ca l feedback 
model based on a posit ive component a r i s ing from an inward bowing of fuel 
rods and a delayed negative component resu l t ing f rom a delayed expansion 



of the tube sheet (the perfora ted shield plate located immediate ly above 
the Mark I and Mark II cores) . ( l^^ gy assigning credible values for 
t ime constants and power coefficients assoc ia ted with the effects of fuel, 
coolant and tube sheet expansion, and for rod bowing, Kinchin was able 
to reproduce in a qualitative manner the genera l s t ruc tu re of the EBR-I 
r e sonances . 

Using an analytic r a the r than a synthetic approach, Bethe,(l4) in 
his e laborat ion of the Kinchin concepts, a r r i ved at a value for the effec
tive t r anspo r t lag assoc ia ted with the delayed negative component ( lOsec) 
and a par t i t ion of the net power coefficient into positive and negative 
components (Xp^g = +1.45 x 10"^ Ak/k /kw and Xneg = "6.9 x 10"^ A k /k /kw) . 
Although Bethe a t t r ibuted the source of the prorapt positive component to 
an inward bowing of fuel rods , as did Kinchin, he was unable to identify the 
delayed negative component with any specific s t ruc tu ra l member . 

Rod bowing as the source of the prompt positive component r e 
ceived a lmos t un iversa l acceptance by workers in the field of fast r eac to r 
safety. A mechan i sm based on a la rge positive Doppler effect did rece ive 
considerable attention, but v/as la ter re jec ted in view of the r e su l t s of 
Doppler m e a s u r e m e n t s conducted on a Mark- I I simulation in ZPR-III.(15) 

The origin of the delayed negative component was, however, a 
ma t t e r of considerable speculation. Even before the 1955 osci l la tor studies, 
Lichtenberger proposed a mechan i sm based on the preheating of core inlet 
coolant by a t ransfe r of heat a c r o s s the flow divider from core outlet to 
blanket inlet. (6) Such a mechan i sm was at that t ime regarded favorably, 
since the physical t r ans i t t ime for coolant flowing from blanket to core was 
quali tat ively consis tent with the concept of a t r anspor t t ime lag. Detailed 
mechan i sms based on strong blanket feedback effects were postulated by 
Mann(16) and by Wilson and Moore.(17) The resu l t s of oscillating t e m p e r a 
ture m e a s u r e m e n t s c a r r i e d out on the coolant as it leaves the blanket have 
for a l l p rac t i ca l purposes discounted the importance of preheating mecha 
n i s m s . Recent m e a s u r e m e n t s , which will be d iscussed in detail , indicate 
that m e c h a n i s m s based on delayed s t ruc tu ra l expansion a r e m o r e consistent 
with the exper imenta l facts . 

Thus, while the r e su l t s of previous instabil i ty studies c lear ly indi
cated the exis tence of prompt posit ive and delayed negative pow^er coefficient 
components, it was st i l l not possible at that t ime to identify conclusively the 
origin of these components with physical hea t - sens i t ive feedback p r o c e s s e s . 
Never the less , existing c i rcums tan t i a l evidence was so strong that it was 
a lmos t un iversa l ly accepted that these unidentified p roces se s were mechani 
cal in origin and could be e l iminated through ra the r e lementary changes in 
design. 



To prove the re was nothing in t r ins ica l ly unsafe in the operation of 
a fast r e ac to r , the damaged Mark II core was removed and was rep laced 
with a core specif ical ly designed and sufficiently ve r sa t i l e to study in detail 
feedbacks a r i s ing frona fuel, coolant, s t ruc tu re and rod deformation. (18) 
As the r e su l t of a comprehens ive p rog ram, cen te red mainly around t r a n s 
fer function and power coefficient m e a s u r e m e n t s , ce r ta in posit ive and 
inaportant conclusions have been reached per t inent to the operat ion and 
construct ion of fast r e a c t o r s . 



II. PROGRAM 

The genera l objective of the p rog ram was to demonst ra te conclu
sively and unambiguously that those features responsible for the instabili ty 
of Mark I and Mark II could be el iminated by changes in mechanical design, 
or what amounts to essent ia l ly the same, that there is nothing intr insic in 
a fast r eac to r which would cause it to be unsafe. More specific objectives 
consis ted of the following: 

(1) To demons t ra te that the r eac to r could be operated stably with 
a wide marg in of safety at designed values of power, t empera tu re , and 
flow. 

(2) To complete a thorough s e r i e s of t ransfer function m e a s u r e 
ments under a wide var ie ty of power, flow and t empera tu re conditions. 
These were supplemented whenever n e c e s s a r y by power coefficient 
m e a s u r e m e n t s , f low-reduction t e s t s , and s teady-s ta te and t rans ient t em
pe ra tu re m e a s u r e m e n t s taken at sensi t ive locations throughout the core , 
blanket and s t ruc tu re . 

(3) To study the possibi l i ty of delayed react ivi ty feedback effects 
originating in the rad ia l breeding blanket, par t icu lar ly for se r i e s flow. 

(4) To es tabl i sh exper imenta l ly the existence of rod bowing in a 
radia l flux gradient and to show that rod bowing, if present , can be 
el iminated by a sys tem of stabilizing r i b s . 

(5) Finally, as a less immediate phase of the p rogram to cor re la te 
and to explain, if possible , al l experinaentally observed resu l t s in t e r m s of 
mathemat ica l models having immedia te and prac t ica l physical significance. 
Such an accompl ishment would contribute to the a r t of predicting the pe r 
formance of var ious fast r eac to r concepts from knowledge of available 
physical and nuclear data. 



III. DESIGN OF MARK III 

Since a detai led descr ipt ion of the Mark III design has been given 
by Rice et a l . (18) only those fea tures per t inent to an understanding of the 
Mark III t es t r e su l t s will be descr ibed . 

A. Fuel and Blanket Rods 

A cutaway view of a typical Mark III fuel rod is given in Fig. 1. The 
fuel m a t e r i a l cons is t s of an alloy, 98 w / o uran ium and two w / o z i rconium, 
with the uran ium enr iched in U to 93 percent . Cladding consis ts of 
0.020 in. of Z i rca loy-2 meta l lu rg ica l ly bonded to the fuel through a coex-
t rus ion p r o c e s s , (in both Mark I and Mark II the fuel cons is ted of slugs 
spaced concent r ica l ly in a s ta in less s tee l can. An annulus of NaK served 
as a heat t r ans fe r bond.) 

One of the m o r e impor tant features of the Mark III loading consis ts 
of a sys t em of stabilizing r ibs in the form of th ree 0.054-in. z i rconium 
wires equispaced and spot welded to the cladding at l / 4 - i n . in te rva l s . The 
d i ame te r s of the wi res were reduced to a uniform 0.046 in. through machin
ing opera t ions . A fuel rod consis ts of th ree slugs welded end to end, a 
cen t ra l fuel piece 8-|- in. long, and lower and upper blanket slugs of 98 w/o 
na tu ra l u ran ium and two w/o z i rconium alloy, 3 -• in. and 7— in. long, 
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respect ive ly . The bottom of the rod cons is t s of a Z i rca loy-2 t r i angu la r -
shaped tip for locating and orientat ion in the rod shee ts . The maximum 
capacity of the core is a total of 252 rods containing 60 kg of enr iched 
uranium. (Actual cold wet c r i t i ca l m a s s is 47.5 kg.) 

A blanket rod cons is t s of a single 19 — in. long section of na tu ra l 
u r an ium-z i r con ium alloy. As to cladding, d iamete r , and stabilizing r i b s , 
fuel and blanket rods may be cons idered identical . 

B. Fue l Assembl i e s 

A typical fuel or blanket rod a s sembly , shown in Fig. 2, cons is ts of 
an hexagonally shaped tube, of 2 —-in. outside d iamete r a c r o s s the flats, with 
a wall th ickness of 0.040 in. At the bottom of the tube is a nozzle which 
fairs the hexagonal shape to that of a cylinder. Resting on the nozzle is a 
rod sheet pe r fora ted with c i r cu la r and t r i angula r ho les . The t r iangular 
holes rece ive the rod t ips which, in turn, locate and or ient the rods . The 
round holes pe rmi t the NaK coolant to pass through the tube sheet into the 
i n t e r s t i ce s between rods . . 

The set of holes approximate ly th ree feet above the lower support 
plate pe rmi t NaK to flow from the fuel a s semb l i e s into an outlet plenum 
chamber . The upper set of holes is for overflow. 
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The blanket a s sembl i e s differ from fuel a s sembl i e s in the following 
r e s p e c t s . Whereas fuel a s sembl i e s a r e designed to accept long-handled 
fuel and blanket rods , the blanket a s semb l i e s a r e designed to accept shor t -
handled blanket rods only. F u r t h e r m o r e , blanket a s sembl i e s contain a set 
of holes located immediate ly below the seal plate to admit coolant in s e r i e s 
flow. While these holes se rve as an inlet in s e r i e s flow, they se rve as an 
outlet under paral le l flow conditions. A sea l plate in each blanket a s sembly 
sepa ra t e s inlet and outlet plenum chambers and se rves to prevent short 
c i rcui t flow. 

C. Rod Ar rangements 

A single fuel or blanket a s sembly contains 37 rod posit ions, 36 no r 
mal ly occupied with fuel or blanket rods and the 37th occupied by a cent ra l ly 
located expandable tightening rod which forces the rods outward against the 
hex wal ls . A tightening rod, shown in Fig. 3, consis ts essent ia l ly of an outer 
spl i t - tube which is expanded by means of a s e r i e s of Woodruff key-type 
wedges riding in slots in the center shaft. The expansion is actuated by 
nneans of a nut on the central rod at the top of the assembly . With the t ight
ening rod in the expanded condition, rad ia l movement of the fuel and blanket 
rods is l imited. 

D. Assembly Arrangement 

A c r o s s - s e c t i o n a l view through the core at the ve r t i ca l center line 
is given in Fig. 4. The inner seven a s semb l i e s a r e filled, for the mos t 
par t , with fuel rods . Normal ly 47 of the 25Z possible positions a r e occupied 
with long-handled blanket rods , since the nominal loading at full power con
s i s t s of 205 fuel rods . To maintain an approximately cyl indrical core , ext ra 
blanket rods a r e located at the outer edges of fuel a s s e m b l i e s . The outer 
ring of twelve a s sembl i e s is filled completely with shor t -handled blanket 
rods . 

Located at the core center l ine on each of the six flats at the outer 
pe r iphery of the a s sembl i e s a r e double-wedge clamps used to force the 
outer a s s e m b l i e s inward against the center assembly . A second set of s ix 
shoe-type clamps mounted along the inner edge of the s e a l plate l imi ts the 
bypass leakage ra te and se rves to lock fuel and blanket a s sembl i e s into a 
r igid a r r a y . Also shown in Fig. 4 a r e the twelve downcomers through which 
the coolant pa s se s in para l le l flow, the six tie rods holding the lower s t r u c 
ture rigid, the Sb-Be source , and osci l la tor rod and thimble. A smal l 
fraction of the total number of thermocouple locations is a lso shown. 

E. Inner Tank Assembly 

A cutaway view of the inner tank a s sembly is given in Fig. 5. At 
the bottom of the s t ruc tu re is the tube sheet which r ece ives , supports , and 
locates the nozzles of the rod a s s e m b l i e s . Immediately above the inlet 
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plenum is the sea l plate which, through a sys tem of two expandable Inconel 
sea l r ings , r e s t r i c t s the bypass leakage occurr ing between the tank and the 
outer edge of the sea l plate. The bypass leakage occurr ing between the 
inner edge of the seal plate and the blanket a s sembl i e s is r e s t r i c t e d by the 
sea l plate shoes . 

Under s e r i e s flow conditions, the inlet coolant en te r s the annular 
inlet plenum located immedia te ly below the sea l plate and flows into the 
outer ring of twelve blanket a s s e m b l i e s . At the bottom of the blanket 
a s semb l i e s the flow is r e v e r s e d 180°, flows upward through the seven fuel 
a s s e m b l i e s , through the outlet holes at the top, and then radia l ly outward 
through the perfora ted portion of the blanket a s sembl i e s into the outlet 
plenum. 

Under para l le l flow conditions, the coolant flows into a lower 
annular plenum located immedia te ly above the mounting plate. Here the 
coolant is d is t r ibuted to the twelve downcomers through which it flows to 
the lower plenum. Upward flow through fuel and blanket a s sembl i e s is 
part i t ioned by means of a s e r i e s of throt t le valves . 

The actual flow through the core , both in s e r i e s and para l le l flow, 
is l e ss than the flow indicated through the mete r ing of the p r i m a r y inlet. 
Of a nominal m e t e r e d flow of 290 gpm, approximate ly 16 percent (47 gpm) 
is bypassed as leakage and for sea l plate cooling in s e r i e s flow. The 
remaining 84 percent passes through the blanket and core . For a m e t e r e d 
flow of 278 gpm in pa ra l l e l flow, approximate ly the same fraction, 84 pe r 
cent, pas ses through the core ; the remaining 16 percent passes through 
the blanket. Coolant from the blanket outlet cools the sea l plate. 



IV. THEORY 

Of the th ree methods , t r ans ien t , excurs ion, and osc i l l a tor , used to 
study the response of a r eac to r to a r b i t r a r y additions of reac t iv i ty , the o s 
cil lator method provides the mos t accura te and useful information. Accord
ingly, this method was used a lmost exclusively in the Mark III instabi l i ty 
s tudies . 

In this method the driving function consis ts of a sinusoidal var ia t ion 
of react ivi ty , which may be introduced as a function of frequency. The r e 
sponse or kinetic behavior of the r eac to r is completely descr ibed by the 
amplitude and phase re la t ion of the sinusoidal var ia t ion in power or neutron 
flux. In the absence of feedback effects, the response of the r eac to r may 
also be expres sed in t e r m s of the neutron l ifet ime and the delayed neutron 
c h a r a c t e r i s t i c s . The development of the n e c e s s a r y ma themat i c s is well 
unders tood and has been t r ea t ed in detail e l sewhere .(1 9) The final e x p r e s 
sion for the t r ans fe r function of the r eac to r is given by 

An / Ak _ „ 

i w 
h 

'—' i w + w + X • 

( 1 ) 

where A n / n is the fractional change in power caused by the sinusoidal addi 
tion of reac t iv i ty Ak/k , w is the osci l la t ion frequency, jS^ and Xj a r e the 
respec t ive abundances and decay constants for the var ious delayed neutron 
emitt ing groups , and I is the effective prompt neutron l i fe t ime. In a fast 
r eac to r the effects of fast fission in U must be cons idered in the above 
express ion , since the fraction of delayed neut rons resul t ing from fast f i s 
sion of U"^ differs f rom that of U " ^ In 195 7 Okrent(20) modified the la tes t 
Keepin^^^/ delayed neutron data to include fast fission effects for the EBR-I 
spec t rum. His r e su l t s a r e given in Table I. 

Table I 

DELAYED NEUTRON E F F E C T S FOR EBR-I SPECTRUM 

Group 

1 
2 
3 
4 
5 
6 

a . 
1 

0.03425 
0.2016 
0.1841 
0.40415 
0.14255 
0.03335 

^ i >^i(sec- i ) 

0 .000234 0 .0127 
0 .001377 0 .0318 
0 .001257 0.1153 
0.002760 0.311 
0 .000974 1.40 
0 .000228 3.87 

T i ( s e c ) 
T 

54.51 
21.84 

6.0 
2.23 
0.496 
0.179 



Through the substitution of a value of 4 x 10" sec for the effective prompt 
neutron lifetime and values for jBi and Xi into Equation 1, it is possible to 
evaluate the zero power t r ans fe r function GQ as a function of oscil lation 
frequency. The r e su l t s of an evaluation of GQ as a function of frequency 
a re given in Fig . 6. 

4 5 0 

350 

300 

250 

200 

FREQUENCY, C/SEC 

Fig . 6. Calculated Zero Power Transfer Function for EBR-I, 
Mark III 

As the oscil lat ion frequency approaches zero , the amplitude of the t ransfer 
function approaches infinity, since at zero frequency (and zero power) any 
react ivi ty addition leads to an exponential increase in power. For higher 
frequencies the amplitude drops rapidly, approximates a value of l//3 for 
frequencies of the order of 1 0 cps , and eventually goes to zero at extremely 
high f requencies . Since the prompt neutron lifetime for a fast spect rum is 
ex t remely short , the final b reak frequency is of the order of 10^ cps, in 
contras t with a break frequency of 10-100 cps for a thermal spect rum. 
This difference, incidentally, is the only significant difference dist inguish
ing the t rans ient r e sponses of fast and the rmal r e a c t o r s . 

The phase relat ionship is also given in Fig. 6. At zero frequency 
the imaginary component of the t ransfer function vanishes and the phase 
lag goes to -90°. In the vicinity of 10-100 cps, where the delayed neutrons 
lose their effectiveness on the flux per turbat ions , the phase lag approaches 
ze ro . Here the response of the reac tor is dictated by prompt neutrons . 



For infinitely high f requencies , i .e . , of the o rde r of 1 0 cps , the r eac to r 
can no longer follow the i m p r e s s e d reac t iv i ty additions and the phase lag 
again approximates -90°. For a typical t he rma l spec t rum the phase lag 
reaches a min imum in the vicinity of 10 cps and at tains a value of -90° in 
the vicinity of 1 O'' cps . 

In theory and in p rac t i ce the r e sponse of the r eac to r follows a p r e 
dictable frequency-dependent form for the special case in which heat gen
erat ion is negl igible . For power levels at which sensible heating o c c u r s , 
the effects of feedback modify the r eac to r r e s p o n s e . T e m p e r a t u r e in
c r e a s e s in a given component a r e accompanied by density d e c r e a s e s which, 
in turn , a r e usual ly sensed by the r eac to r as reac t iv i ty l o s s e s . Since hea t 
ing and expansion effects a r e t ime dependent, the reac t iv i ty fed back to the 
r eac to r is a lso t ime dependent, and the total reac t iv i ty sensed by the r e 
actor is defined by the vector sum of the feedback and i m p r e s s e d r e a c t i v 
i t i e s . The imnaediate r esu l t of sensible heating, t he re fo re , is a modification 
of the input reac t iv i ty wave which affects the phase and the amplitude of the 
m e a s u r e d t r ans fe r function. For a given set of operat ing conditions the 
depar ture of the m e a s u r e d t rans fe r function from the ze ro power (calculated) 
t r ans fe r function const i tutes an effective m e a s u r e m e n t of the react iv i ty 
feedback. 

The feedback is defined, quite s imply, by the following express ion : 

- H = p r - p - , (2) 

where 1 / G and I / G Q a r e the r ec ip roca l s of the m e a s u r e d and zero power 
t rans fe r functions, r e spec t ive ly . Each of these t e r m s has an amplitude 
and assoc ia ted phase and is adequately desc r ibed by a complex number . 

In i ts s imples t form the feedback may be desc r ibed in t e r m s of the 
power, a feedback power coefficient of reac t iv i ty , and an assoc ia ted t ime 
constant. Using Bethe 's(14) terminology, one poss ible represen ta t ion is 

" ^ '- (1 + iwTi ) ' ^^^ 

where P , X, w, and Tj a r e the power, power coefficient of reac t iv i ty , the 
osci l lat ion frequency, and the t ime constant, r e spec t ive ly . The effect of 
the feedback desc r ibed by Equation 3 on the t r ans fe r function is i l lus t ra ted 
in F ig . 7. The inve r se ze ro power gain always l ies in the I quadrant , since 
the phase lag of the zero power t rans fe r function is r e s t r i c t e d to the region 
from 0 to -90°. The effect of the feedback on the m e a s u r e d t rans fe r func
tion is i l lus t ra ted by the vector d i ag ram. For all f requencies , 1 / G will be 
l a r g e r than I / G Q . The re fo re , the m e a s u r e d gain will always be l e s s than 
the respec t ive zero power gain. 
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A more complicated feedback process descr ibed by two time con
stants is given by the following express ion: 

-H 
P X 

(1 + iwTi)(l + iwTz)' 
(4) 

The effects of the additional t ime-dependent p rocess on the measured gain 
a r e i l lus t ra ted in Fig . 8. 
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The feedback now en te r s the III quadrant and approaches ze ro at high f r e 
quencies with a phase lag of 180°. At frequencies where the feedback l ies 
in the III quadrant , vector addition of the feedback and inve r se zero gain 
components leads to a 1 / G resu l tan t which is s raa l le r than I / G Q - The 
actual gain under these conditions is higher than the corresponding zero 
power gain. Assuming a l inear feedback model , such as that i l lus t ra ted 
by Equation 4, i nc r ea se of the power will i nc r ea se the magnitude of the 
feedback without changing the phase . At some combination of power and 
frequency, the phases and ampli tudes of -H and I / G Q will r each cancel la 
tion, and resonance will r e su l t . How^ever, as will be shown for Mark III, 
the power level at which cancellat ion will occur is absurd ly high. 

The introduction of a th i rd t ime constant into the denominator of 
Equation 4 causes the feedback to enter the II quadrant . In a somewhat dif
ferent manner the inclusion of a t r an spo r t lag dependence descr ibed by an 
e-iwT t e r m in the numera to r of Equation 3 or 4 effectively i n c r e a s e s the 
phase of the feedback without affecting the amplitude and can lead to an in
c rease in gain for ce r ta in f requencies . 

The feedback from a posit ive power coefficient of reac t iv i ty de
scr ibed by a single t ime constant l ies en t i re ly in the II quadrant . Depending 
on t ime-cons tan t va lues , the coupling of a posit ive feedback with a negative 
feedback may be manifes ted by s t rong feedback phase i n c r e a s e s which cause 
instabi l i ty to be m o r e l ikely. The p resence of a posit ive power coefficient 
component effectively lowers the power level at which resonance will occur . 

Express ions s imi l a r to Equations 3 and 4 consti tute the mathemat ica l 
bas is for predict ing safe operat ing l i m i t s . The pr incipal assumpt ions upon 
which this application is based is that the power coefficient X and the a s s o c i 
ated t ime constants a r e unaffected by changes in power . In pr inc ip le , the 
feedback is m e a s u r e d at some low a r b i t r a r y level of power. For a l inear 
sys tem any i n c r e a s e in power will produce a propor t ionate i n c r e a s e in -H. 
The r e sponse of the r eac to r at the higher power level may then be e s t a b 
l ished through Equation 2. 

The fact that the actual feedback may be considerably m o r e complex 
than that desc r ibed by Equations 3 or 4 is without influence on the validity 
of this 'concept - with the provis ion that l inear behavior holds . Rega rd le s s 
of how complex the actual ma themat ica l model may be, -H is always m e a s 
ured as the net r e su l t of all feedback t e r m s . For Mark III the application 
of this technique s e e m s to be l imi ted by nonl inear i t ies which appear in the 
feedback as the power is i nc r ea sed . 

In pr inc ip le , the feedback sepa ra ted from t rans fe r function m e a s -
ments may be in te rp re ted in t e r m s of individual feedback p r o c e s s e s , each 
of which is cha rac t e r i zed by a power coefficient and one or m o r e t ime con
s tan t s . The sign magnitude and t ime dependence of each t e r m consti tute a 
re l iable bas i s for identification of each t e r m with specific physical changes 
in the fuel, coolant and s t r u c t u r e . 



V. INSTRUMENTATION 

A. Null-balance Equipment 

Since the feedback for a r eac to r operating under stable conditions 
is the resu l t of a subtract ion between two numbers of a lmost equal magni 
tude, par t i cu la r ly at high frequencies , it is essent ia l that m e a s u r e m e n t s of 
amplitude and phase be made with the utmost accuracy . Two methods of 
measu remen t were considered: the e lec t romechanica l Four ie r technique 
perfected by Brownigg et a l . at Harwell,l^Z) and a nul l -balance method 
adapted for reac to r kinetics exper iments by F ros t and Schemel at KAPL.^^ 
The null-balance technique r equ i re s a comparat ively smal l amount of 
e lec t ronic equipment and is free from e r r o r s initiated through smal l drifts 
in power. Accordingly, this method, modified in a minor way, was used ex
clusively in the Mark III instabil i ty s tudies . The re su l t s of p re l imina ry 
exper iments conducted on a Mark III simulation in ZPR-III demonst ra ted 
the re l iabi l i ty of the method.(^4) 

The osci l la tor rod drive assembly consis ts of a 0 .5-horsepower , 
control lable-speed drive motor connected through suitable reduction gea r s 
to the osci l la tor rod drive shaft which, in turn , extends downward through 
a packing gland in the r eac to r top and is supported by a bearing on the r e 
actor core support s t ruc tu re . The osci l la tor rod is suspended from the 
drive shaft and is positioned by s leeve-type guide bear ings located along 
and at the bottom of a surroiinding protect ive tube. The drive unit. Fig. 9, 
is capable of driving the osci l la tor rod over a frequency range from 
0.001 to 20 cps . 

Fig . 9. Oscil lator Rod Drive Unit 



The c o s i n e p o t e n t i o m e t e r s u s e d in the m e a s u r i n g c i r c u i t s a r e g e a r 
d r i v e n d i r e c t l y f r o m the o s c i l l a t o r d r i v e shaf t . One c o s i n e p o t e n t i o m e t e r 
i s s y n c h r o n i z e d with the o s c i l l a t o r r o d to fu rn i sh a v o l t a g e s igna l c o r r e 
sponding to the p o s i t i o n of the o s c i l l a t o r r o d to a m u l t i c h a n n e l d i r e c t -
r e c o r d i n g o s c i l l o g r a p h . A s e c o n d p o t e n t i o m e t e r i s u s e d in the wave 
a n a l y z e r c i r c u i t for t r a n s f e r funct ion m e a s u r e m e n t s . The s y n c h r o m o t o r 

and d i f f e r e n t i a l a r e u s e d in the wave 
a n a l y z e r c i r c u i t for chang ing the p o s i t i o n 
of the s l i d e r on the c o s i n e p o t e n t i o m e t e r 
wi th r e s p e c t to the o s c i l l a t o r r o d pos i t i on 
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A b lock d i a g r a m of the wave a n a 
l y z e r u s e d for the t r a n s f e r function 
n n e a s u r e m e n t s i s g iven in F i g . 10. It 
c o n s i s t s e s s e n t i a l l y of an ion c h a m b e r , 
co s ine p o t e n t i o m e t e r , d e c a d e r e s i s t a n c e 
box, p h a s e c o u p l e r , b a n d - p a s s f i l t e r and 
nul l d e t e c t o r . The c u r r e n t f r o m the ion 
c h a m b e r p a s s e s t h r o u g h the cos ine p o 

t e n t i o m e t e r a n d the d e c a d e box in s e r i e s . The v o l t a g e s i g n a l a p p e a r i n g a t 
the w i p e r of the cos ine p o t e n t i o m e t e r i s f i l t e r e d by the b a n d - p a s s f i l t e r , 
a m p l i f i e d , and r e c o r d e d . The following equa t ion d e s c r i b e s the vo l t age at 
the f i l t e r inpu t : 

F i g . 10. Block D i a g r a m of 
Wave A n a l y z e r 

E - IQRO ~ IQRS COS(W T - 0) -f I IRQ C O S ( W T - 9 ) 

- IjRg C O S ( W T - 0 ) C O S ( W T - 9 ) , (5) 

w h e r e 

IQ i s t he DC componen t of the ion c h a m b e r c u r r e n t 

ly i s the AC componen t of the ion c h a m b e r c u r r e n t 

RQ i s the r e s i s t a n c e of the decade r e s i s t a n c e box 

Rg i s the r e s i s t a n c e of the cos ine p o t e n t i o m e t e r 

0 i s the p h a s e ang le b e t w e e n the o s c i l l a t o r r o d and the w i p e r 
on the c o s i n e p o t e n t i o m e t e r 

9 i s the p h a s e ang le b e t w e e n the ion c h a m b e r c u r r e n t and the 
o s c i l l a t o r r o d . 

The f i l t e r b l o c k s the DC componen t of the input v o l t a g e and a t t en 
u a t e s c o m p o n e n t s tha t a r e h i g h e r and l o w e r in f r e q u e n c y than the funda
m e n t a l . The f i l t e r h a s an a t t e n u a t i o n c h a r a c t e r i s t i c of 24 d e c i b e l s p e r 
o c t a v e . The IiRg t e r m in Equa t ion 5 wil l be s m a l l wi th r e s p e c t to the 



loRg and IJRQ t e r m s if the power oscil lat ion is small and therefore may be 
neglected as a f irst approximat ion. Both RQ and 0 a r e adjusted to make EQ 
very nea r ly equal to ze ro , and Equation 5 then reduces to 

IjRo cos(wT- 0 ) ^ IQRS COS(W T - 0 ) . (6) 

For this equality to be t r ue , 0 must equal Q , and IQRS rnust equal IIRQ- It 
follows, the re fore , that 

i _ = ^ = Ap̂  (7) 

if the ion chamber is propor t ional to the reac tor power p. 

The magnitude of the t ransfe r function is then equal to Rgk/RoAk, 
and the phase angle of the t rans fe r function is equal to 0. As used in the 
above express ions I j , Ap, and Ak/k a r e peak- to-peak va lues . 

The follo-vving procedure is followed to determine the values of Rg and 
0 requ i red to satisfy Equation 7: 

1 . The phase coupler is set to some phase angle 0 de termined 
from t rans fe r function calcula t ions . 

2. Recordings of the filter output voltage a r e obtained for severa l 
sett ings of the decade r e s i s t ance box on both sides of an apparent null . 

3. With the decade r e s i s t ance box set at the apparent null sett ing, 
record ings of the filter output voltage a r e obtained for severa l sett ings of 
the phase coupler on both sides of an apparent phase null set t ing. 

4. The voltages r eco rded in steps 2 and 3 a r e plotted as functions 
of r e s i s t ance and phase angle, respec t ive ly , and the null values a r e obtained 
at the in te rsec t ion of the best s t ra ight l ines drawn through a s e r i e s of points 
on each side of the null . F igure 11 gives a typical plot of filter output voltag 
as a function of phase coupler posit ion. 

5. Steps 1 and 2 a r e normal ly repea ted using the null phase angle 
obtained in step 4 if this differs by more than three degrees from the value 
used in step 1 . This becomes n e c e s s a r y since a la rge e r r o r in phase angle 
will r e su l t in broad null and consequently l a rge r e r r o r s in the amplitude 
m e a s u r e m e n t s . 

Thermocouples were insta l led in fuel rods , blanket rods , coolant 
channels , and sensi t ive port ions of the r eac to r s t ruc tu re to provide both 
s ta t ic and dynamic information about t e m p e r a t u r e . The thermocouples con
s is ted of i ron-cons tan tan junctions contained in s ta in less steel sheaths , with 
the junctions welded to the sheaths to obtain faster r e s p o n s e s . Three s izes 
were used: -g-in. for plenum m e a s u r e m e n t s , \^in. for s t ruc ture and plenum 
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m e a s u r e m e n t s , and-^ in. for coolant channel, 
fuel and blanket m e a s u r e m e n t s . The sizes 
refer to the outside d iameter of the s ta in less 
steel shea ths . The 63% t ime constants of 
these thermocouples in boiling water were 
approximately 0.5, 0.15 and 0.035 sec , r e 
spectively. Each thermocouple was ca l i 
bra ted at the boiling point of water and the 
freezing points of tin and zinc. Such ca l i 
brat ions a r e accura te to approximately ±1°C. 

2 3 4 5 
PHASE.DEGREES 

Fig. 11 

^ The thermocouple extension leads 
were led from the reac tor tank through g a s -
tight connections and were t e rmina ted in a 
plug board which provided ease of connection 
to a six-channel recording osci l lograph. The 

osci l lograph assembly contains ampli f iers and input couplers -wdth bucking 
voltage supplies . With this a r r angement , t empera tu re changes as small 
as ±0.5°C could be sensed. 

Typical Null-
balance Plot 

B. Osci l la tor Rod 

The device used for producing a sinusoidal var ia t ion of react iv i ty 
consis ts of a-g--in. B4C (enriched in B^°)-fiUed hole, 12 in. long, located 
eccentr ica l ly in a one- inch-d iameter mild steel rod. The effect of rotation 
is one of a l ternate ly inser t ing and withdrawing the B4C column re la t ive to 
the co re . Such design was shown from stat ic cal ibrat ion t e s t s in ZPR-III 
to give a sat isfactory sinusoidal var iat ion of react iv i ty . A m e a s u r e of the 
depar ture from a t rue sine wave may be infer red from Fig. 12,which gives 
the input react ivi ty wave as a function of angular posit ion. 
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Fig. 12. Wave Shape of Reactivity Input 
(Boron-loaded Oscil lator Rod) 



The osci l la tor rod was located in a Ij^-in. thimble which, in turn , 
was located in the radia l breeding blanket approximately 2^ in. from the 
edge of the fuel-blanket interface (see Fig. 4). 

Expansion effects a r i s ing from gamma and alpha heating in the B4C 
l imited operat ion to power levels below 900 kw. Above this level warping 
was sufficient to cause se izure in the th imble . Accordingly, the original 
rod, having a worth of J9.0 ih and a th imble c learance of •5'^in., was replaced 
by one of somewhat smal le r diameter , having a worth of 13.6 ih and a th im
ble c learance of 75-in. 

The detector used in the m e a s u r e m e n t s consisted of a cadmium-
covered, boron-coated , pa ra l l e l -p la te ion chamber located in the graphite 
region d iamet r ica l ly a c r o s s the core from the osci l la tor rod. The l inear i ty 
of the chamber was per iodical ly checked and found sat isfactory by ca l ib ra 
tion against r eac to r power. 



VI. RESULTS 

A. Measurements 

To establ ish the re l iabi l i ty of the method and equipment, t ransfer 
function m e a s u r e m e n t s were c a r r i e d out with the r eac to r operating at 
essent ia l ly zero power. The r e su l t s for both phase and amplitude a r e 
given in Fig. 1 3. 

Fig . 13. Measured Zero Power Transfer Function 

With the exception of phase lags for frequencies g r ea t e r than two cps , all 
exper imental phase values fall on or close to the curve calculated for zero 
power. Exper iments in which the phase lag was m e a s u r e d as a function of 
detector distance demonst ra ted that the phase lag for frequencies exceed
ing two cps inc reased when the detector was moved outward from the core . 
Other exper iments showed that covering the detector with 0.030 in. of cad
mium foil dec reased the high-frequency phase lag. Accordingly, the d i s 
crepancies have been assoc ia ted with the t ime requ i red for neutrons 
originating in the core to reach the detector . These d i sc repanc ie s , however, 
a re inconsequential . Experience has shown that the phase discrepancy for 
a given frequency is independent of power and can be el iminated by a con
stant cor rec t ion factor. F u r t h e r m o r e , the region of d i screpancy is of l i t t le 
p rac t ica l in te res t since feedback effects at these frequencies a re essent ia l ly 
nonexistent. 

The amplitude of the t ransfe r function is given by 

An/n 



w h e r e A k / k i s the s i n u s o i d a l d r i v i n g funct ion and A n / n i s the r e s u l t i n g f r ac 
t i ona l change in n e u t r o n flux o r p o w e r . The m a g n i t u d e of G m a y be e s t a b 
l i s h e d , at any g iven f r e q u e n c y , f r o m a knowledge of A k / k , which r e m a i n s 
c o n s t a n t , and A n / n , which i s e s t a b l i s h e d t h r o u g h the r e s i s t a n c e s e t t i n g s at 
nu l l b a l a n c e . The input r e a c t i v i t y g iven by the p e a k - t o - p e a k va lue of the 
o s c i l l a t o r r o d w o r t h m a y be found d i r e c t l y by m e a s u r i n g the d i f f e r ence in 
r e a c t i v i t y n o t e d wi th the o s c i l l a t o r r o d in i t s m a x i m u m and m i n i m u m wor th 
p o s i t i o n s t h r o u g h p e r i o d m e a s u r e m e n t s . H o w e v e r , the e r r o r s a s s o c i a t e d 
with d e t e r m i n i n g A k / k in t h i s m a n n e r a r e s o m e w h a t l a r g e r t han the r e p r o 
d u c i b i l i t y of the nu l l m e a s u r e m e n t s . F u r t h e r m o r e it h a s b e e n found f r o m 
e x p e r i e n c e tha t the w o r t h of the o s c i l l a t o r r o d v a r i e d a s m u c h a s 2-3 p e r 
cen t , depend ing on t h e po-wer and in l e t t e m p e r a t u r e . To avo id t h e s e diffi
c u l t i e s and to e l i m i n a t e e r r o r s a s s o c i a t e d with independen t m e a s u r e m e n t s 
of A k / k , a l l a m p l i t u d e m e a s u r e m e n t s w e r e n o r m a l i z e d to the c a l c u l a t e d 
z e r o p o w e r c u r v e for f r e q u e n c i e s g r e a t e r than 2.0 c p s . E s s e n t i a l l y , the 
n o r m a l i z a t i o n a m o u n t s to an i n d i r e c t d e t e r m i n a t i o n of the ef fect ive r o d 
w o r t h Ak/k f r o m t h e e x p r e s s i o n 

""-^ 
(9) RoAk' 

w h e r e GQ i s the c a l c u l a t e d z e r o power va lue of the a m p l i t u d e a t a g iven high 
f r e q u e n c y , and Rg a n d RQ a r e the r e s i s t a n c e v a l u e s of the s ine p o t e n t i o m e t e r 
and d e c a d e box , r e s p e c t i v e l y . The s u c c e s s f u l a p p l i c a t i o n of t h i s m e t h o d 
r e l i e s on the v a l i d i t y of the a s s u m p t i o n tha t f eedback effects at h igh f r e q u e n 
c i e s , i . e . , g r e a t e r t han 2.0 c p s , a r e n e g l i g i b l e . In v i ew of e x p e r i m e n t a l r e 
su l t s u n d e r a -wide v a r i e t y of o p e r a t i n g c o n d i t i o n s , t h i s a s s u m p t i o n w a s shown 
to be v a l i d . 

The m e a s u r e d va lue of G at the l o w e r f r e q u e n c i e s w h e r e f eedback 
effects a r e i m p o r t a n t m a y then be found f r o m the e x p r e s s i o n 

G = M / R O , (10) 

w h e r e M is an a v e r a g e va lue of the p r o d u c t GQRO e v a l u a t e d at t he h i g h e r 
f r e q u e n c i e s . 

B . R e s u l t s at Low P o w e r and R e d u c e d F l o w 

As a c o n v e n i e n c e the d i s c u s s i o n of e x p e r i m e n t a l r e s u l t s h a s been 
s e p a r a t e d into the fol lowing d i s t i n c t p h a s e s : (a) c o n c l u s i o n s r e g a r d i n g the 
s t a b i l i t y of M a r k III, (b) i n t e r p r e t a t i o n of da ta in t e r m s of e m p i r i c a l m o d e l s , 
and (c) c o r r e l a t i o n of M a r k III wi th M a r k II r e s u l t s . Since a c o m p l e t e r e c o r d 
of a l l e x p e r i m e n t a l r e s u l t s o b t a i n e d in t h i s s e r i e s of t e s t s i s a v a i l a b l e in the 
f o r m of p r o g r e s s r e p o r t s ( 2 5 ) on ly , t h o s e r e s u l t s i m m e d i a t e l y p e r t i n e n t to an 
u n d e r s t a n d i n g of the M a r k II and M a r k III b e h a v i o r s -will be c i t e d . 



The resu l t s of th ree sets of t ransfe r function m e a s u r e m e n t s , each 
at substantial ly different flow r a t e s for approximately 500 kw and for s e r i e s 
and para l le l flow, a r e summar ized in feedback form in Fig . 14 and 15, 
respec t ive ly . Values for the feedback were found from Equation 2, where 
I / G and I / G Q a r e the inverse m e a s u r e d and zero power gains , respect ive ly . 
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FEEDBACK, - H 
CORE TIGHT, SERIES FLOW, 

Ti = 225»c 

o 489 kw, 293 gpm 
A 481 kw, 180 gpiA 
X 481 kw, no gpm 

Fig. 14. Reduced Flow Feedbacks , Ser ies Flow 
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Fig. 15. Reduced Flow Feedbacks , Pa ra l l e l Flow 



Q u a l i t a t i v e l y , t he r e s u l t s i l l u s t r a t e d in F i g . 14 and 15 a r e sub jec t 
to a s i m p l e i n t e r p r e t a t i o n . As the flow d e c r e a s e s a t c o n s t a n t p o w e r , t he 
t e m p e r a t u r e d i f f e r e n t i a l a c r o s s the c o r e i n c r e a s e s . Under t h e s e c o n d i t i o n s , 
a g iven p o w e r o s c i l l a t i o n wi l l effect l a r g e r o s c i l l a t i o n s in the t e m p e r a t u r e 
a s s o c i a t e d with fuel , coo lan t and s t r u c t u r e . The l a r g e r t e m p e r a t u r e o s c i l 
l a t i o n s , in t u r n , r e s u l t in l a r g e r c h a n g e s of r e a c t i v i t y fed b a c k to the r e 
a c t o r . The effect of r e d u c i n g flow whi le m a i n t a i n i n g p o w e r c o n s t a n t i s 
r e f l e c t e d in the i d e a l c a s e by i n v e r s e l y p r o p o r t i o n a t e c h a n g e s in the m a g 
n i tude of the power coef f ic ien t X. In the a b s e n c e of p o s i t i v e c o m p o n e n t s , 
t he f e e d b a c k def ined by one o r m o r e t e r m s con ta in ing the p r o d u c t PX i n 
c r e a s e s a s the flow i s r e d u c e d . The da t a i l l u s t r a t e d in F i g . 14 and 15 a r e 
c o n s i s t e n t wi th t h e s e c o n c e p t s . 

Q u a n t i t a t i v e l y , a s i l l u s t r a t e d in Sec t ion V I I - B , the da ta a r e s a t i s 
f a c t o r i l y e x p l a i n e d in t e r m s of an e m p i r i c a l l y deduced m a t h e m a t i c a l m o d e l 
d e s c r i b e d by the e x p r e s s i o n 

P X p - i w T 

(1 + iwTiJ 

-where Tj i s the t i m e c o n s t a n t a s s o c i a t e d with the e x p a n s i o n of fuel and T is 
an e f fec t ive t r a n s p o r t l a g . D e c r e a s e s in the coolan t flow r a t e a r e r e f l e c t e d , 
not only by i n c r e a s e s in X, but by i n c r e a s e s in v a l u e s for Tj and T a s w e l l . 
One r e s u l t of a flow d e c r e a s e , t h e r e f o r e , i s an i n c r e a s e in both the a m p l i t u d e 
and p h a s e of the f e e d b a c k , a cond i t ion which e f fec t ive ly e n h a n c e s the p o s 
s i b i l i t y of r e s o n a n c e . 

In p r a c t i c e , the flow at s i g n i f i c a n t l e v e l s of p o w e r canno t be r e d u c e d 
i n d e f i n i t e l y , s i n c e the i n c r e a s i n g t e m p e r a t u r e d i f f e ren t i a l a c r o s s the c o r e 
m a y r e s u l t in c e n t r a l fuel r o d t e m p e r a t u r e s h i g h e r t han t h o s e spec i f i ed for 
sa fe o p e r a t i o n . In the c a s e u n d e r c o n s i d e r a t i o n , i . e . , for 500 kw, the l o w e s t 
p e r m i s s i b l e flow w a s l i m i t e d in p r a c t i c e to the r a n g e f r o m 100 to 110 g p m . 

C. S t ab i l i t y of M a r k III a t R e d u c e d F l o w 

F r o m the c o m p l e x p lo t s of F i g . 14 and 15 it i s c l e a r t h a t , if the 
p o w e r coef f ic ien t X is l i n e a r wi th p o w e r (at c o n s t a n t flow) i n c r e a s i n g , the 
p o w e r wi l l i n c r e a s e the m a g n i t u d e of the f eedback at a l l f r e q u e n c i e s . F o r 
s o m e v a l u e of p o w e r i t i s e x p e c t e d tha t the f eedback -will r e a c h c a n c e l l a t i o n 
with the i n v e r s e z e r o p o w e r g a i n . F o r t h e s e s p e c i a l cond i t ions 1 / G 
a p p r o a c h e s z e r o and r e s o n a n c e i n s t a b i l i t y o c c u r s . An e s t i m a t e of the r e s 
o n a n c e p o w e r and flow r a t e for M a r k III, a c c o r d i n g l y , p e r m i t s a d i r e c t coixi-
p a r i s o n of the r e l a t i v e p e r f o r m a n c e s of the M a r k II and M a r k 111 c o r e s . 
O b v i o u s l y , s u c h e s t i m a t e s a r e only a p p r o x i m a t e and s e r v e only as r e l a t i v e 
f i g u r e s of m e r i t . F u r t h e r m o r e , the cond i t i ons u n d e r which M a r k III wi l l 
u n d e r g o r e s o n a n c e a r e p u r e l y h y p o t h e t i c a l , s i n c e the p o w e r d e n s i t i e s i n 
v o l v e d a r e i m p o s s i b l y h i g h in v i e w of e x t r e m e p r o b l e m s of h e a t r e m o v a l . 



F r o m the Nyqu i s t s t a b i l i t y c r i t e r i o n , i l l u s t r a t e d m a t h e m a t i c a l l y by 
the e x p r e s s i o n 

G = 
GnH 

1 - GoH' 
(12) 

i t i s c l e a r t h a t , when the m a g n i t u d e of the p r o d u c t G Q H i s equa l to un i ty , 
the ga in G a p p r o a c h e s inf in i ty . A s s u m i n g tha t the f e e d b a c k i s l i n e a r wi th 
p o w e r , a f a m i l y of - G Q H c u r v e s can be c o n s t r u c t e d for v a r i o u s v a l u e s of 
p o w e r . The r e s u l t s of a Nyqu i s t a n a l y s i s b a s e d on e m p i r i c a l p a r a m e t e r s 
( see Sec t ion VII -B) for the m o s t r i g o r o u s o p e r a t i n g cond i t i ons e n c o u n t e r e d 
in t h e M a r k III t e s t s (500 kw and 110 g p m ) a r e i l l u s t r a t e d in F i g . 16, f r o m 
which it m a y be s e e n tha t - G Q H a p p r o a c h e s -1 in the v i c i n i t y of 1 0 m e g a 
w a t t s a t 1 0 0 - g p m flow. The f r e q u e n c y at which r e s o n a n c e -will o c c u r i s 
e s t i m a t e d f r o m F i g . 1 6 to be of the o r d e r of 0.20 c p s . Since the condi t ion 
of r e s o n a n c e in M a r k II o c c u r r e d a t 550 kw u n d e r s i m i l a r cond i t ions of 
flow, it fol lows tha t c h a n g e s i n c o r p o r a t e d in the M a r k III d e s i g n have 
g r e a t l y ex t ended the r a n g e of safe o p e r a t i o n . 

NYQUIST STABILITY CRITERION, G^H 

BASED ON 

-H = 
PXe • I C L I T 

I + ICJT ; 

X = 4 05 X IO~*A k / k PER kw 

r = I 24 SEC 

T = 4 91 SEC 

3 0 

- 3 5 

F i g . 16. Nyquis t S tab i l i ty C r i t e r i o n for 
O n e - t h i r d F l o w 



A comparison of feedbacks m e a s u r e d for Mark II and Mark III 
under s imi la r operating conditions is given in Fig. 17. The l a rge r magni
tudes and phases of the Mark II feedback (for a given frequency) in the 
III quadrant constitute a situation par t i cu la r ly conducive to resonance 
instabil i ty, since the possibi l i ty of feedback cancellation with the inverse 
zero power gain lying in the I quadrant is great ly enhanced. To produce 
comparable III quadrant feedbacks in Mark III would requi re dras t ic in
c r e a s e s in power. As discussed in Section VIII, the unusually large III 
quadrant feedback in Mark II is the resu l t of a combination between three 
power coefficient components a r i s ing from mechanical features peculiar 
to Mark II. 
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Fig. 1 7. Comparison of Mark II and Mark III Reduced Flow 
Feedbacks 

D. Stability at Full Flow 

One of the major and immediate benefits result ing from oscil lator 
studies is the abili ty to predict the performance of the reac tor at some 
higher level of power from the m e a s u r e d performance at some a r b i t r a r y 
lower level . In this way, if dangerous resonance effects do exist at full 
power in an "unproven" r eac to r , their p resence will be revealed at power 
levels low enough to permi t safe and detailed study. Depending on what 
low-power measu remen t s indicate, the reac tor power can be ra i sed by 
some increment to a higher level indicated to be safe by extrapolation. The 
size of the incrementa l power inc rease depends, of course , on the stability 
situation indicated by the low-power r e s u l t s . 

file:///o.04


The resu l t s of osci l la tor studies conducted on Mark III provide a 
direct m e a s u r e of the validity of these concepts . Between zero and full 
power (1200 kw), t ransfe r function m e a s u r e m e n t s were conducted at the 
following leve ls : 40, 80, 370, 500, 655, 875 and 950 kw. In r e t rospec t it 
is c lear that this approach to full power was ext remely conservat ive . 

The re su l t s of t ransfer function measu remen t s at 489, 877, 952 and 
1150 kw a re summar ized in Fig. 18. 

- 1 5 Q 0 7 0 Q O S O 

Fig. 18. Full-flow Feedback as a Function of Reactor Power 

(The r e su l t s of measu remen t s at lower powers have been omitted for the 
purpose of clar i ty.) For the most par t , the resu l t s a r e inconsistent -with 
a feedback which va r i e s l inear ly -with power, since a l inear ly varying feed
back would lead to a family of curves consistent in phase and differing in 
amplitude by amounts direct ly re la ted to the incrementa l changes in power. 
F r o m these resu l t s it is apparent that, as the power is inc reased above 
877 kw, the phase of the feedback, par t i cu la r ly at the higher f requencies , 
tends definitely to d e c r e a s e . Such behavior suggests that the t ime constants 
governing the frequency dependence a r e themselves sensi t ive to power. 
Although not obvious from Fig. 18, it has also been es tabl ished that non-
l inear i t ies exist in the power coefficient. Nonlineari t ies in the t ime depend
ence and power coefficient can resu l t in the essent ia l ly unanticipated 
feedbacks measu red at 952 and 1150 kw. 



The complexity of the power coefficient nonlineari ty is i l lus t ra ted 
in Fig. 19, which consis ts of data taken approximately at the t ime of the 
877 and 1150-kw expe r imen t s . Three distinct regions a re recognizable . 
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Fig. 19- Power Coefficient, Series Flow 

In the region from 0 to 200 kw the re l iabi l i ty of measu remen t s is ser ious ly 
affected by re la t ively l a rge e r r o r s assoc ia ted -with power m e a s u r e m e n t s . 
Never the less , the r e s u l t s of severa l e a r l i e r measu remen t s indicate r a the r 
definitely the general shape descr ibed by the dashed portion of the curve 
in this region. Each of the regions 200-600 and 600-1200 kw is c h a r a c t e r 
ized by a definite and significantly different slope. That such discontinuit ies 
a r e r e a l is indicated by s imi la r observat ions on a large number of power 
coefficient determinat ions c a r r i e d out over a considerable period of t i m e . 
As an additional complication it has also been observed that the power level 
at which the discontinuity between the two high-power regions occurs has 
var ied , not only over a long t e r m bas i s (months), but on a day-to-day bas i s 
as well. 

The physical explanation for the origin of the discontinuities most 
l ikely involves a power and t empe ra tu r e - s ens i t i ve sys tem of c l ea r ances . 
Because the l inear expansion coefficient of s ta inless steel ( l 8 x l 0 ~ A L / L 
per °C) is l a rge r than that of the fuel (approximately 1 3 x 1 0"^ A L / L per °C 
at 200°C), the core , which is tightened at a re la t ively low t empera tu re 
(approximately 50°C), actually loosens as the p r i m a r y coolant is brought 
to operating t e m p e r a t u r e , usually around 230°C. According to McVean,^^"/ 



an i so the rma l t e m p e r a t u r e r i s e of 300 C causes the hexes to expand 
0.004 in. m o r e than the contained fuel, blanket and tightening r o d s . The 
preferent ia l expansion r e su l t s in opening or inc reas ing a l r eady existing 
c lea rances between fuel r o d s . Clearances between hexes a r e , however , 
unaffected by i so the rmal t empe ra tu r e i n c r e a s e s , since the hexes and the 
s ta in less s teel s t ruc tu re r ings res t ra in ing the hexes expand by s imi la r 
amounts . The situation at elevated inlet t e m p e r a t u r e s for ze ro power, 
then, is cha rac t e r i zed by the exis tence of significant c l ea rances between 
fuel rods and between fuel rods and hexes . As the r e a c t o r power i n c r e a s e s , 
the s t ruc tu re r ings , maintained at the t e m p e r a t u r e of the inlet coolant, ef
fectively r e s t r a i n the hexes from further expansion. As McVean has shown, 
the t e m p e r a t u r e differential a c r o s s the core at nominal full power is suf
ficient to cause the hexes to expand re la t ive to the s t ruc tu re r ings by 
0.00 75 in. After nominal c lea rances between cans a r e closed, further radia l 
expansion of the cans is r e s t r i c t e d . The fuel r o d s , on the other hand, con
tinue to expand until c l ea rances between rods and between rods and hexes 
a r e closed. 

For the region 0-200 kw, the degree of coupling between fuel rods 
is best descr ibed as pa r t i a l . Because of mechanical imperfect ions it is 
cer ta in that the additional c learance afforded by the differential expansion 
assoc ia ted with the r i s e from room to operat ing t e m p e r a t u r e will not be 
dis t r ibuted equally to all fuel r o d s . Some rods will be in r ib - to -c ladding 
contact with neighboring r o d s ; o thers will not. As the reac to r power in
c r e a s e s , the hexes expand radia l ly m o r e or l e s s freely until the c l ea rances 
between a r e eventually closed. The effect of such action on the power coef-
ificient i s s t rongly negat ive, since the rad ia l expansion of the hexes effectively 

the core radius through the movement of f\:\el rods contiguous with 
the inner su r f aces . 

At low power, i . e . , 0-200 kw, the fraction of rods contiguous with 
the inner hex surfaces is smal l and the resul t ing power coefficient is weak. 
Above 200 kw, the c lea rances between hexes dec rea se to an extent that the 
radia l expansion of hexes is no longer un re s t r i c t ed . In this region of power, 
rad ia l fuel expansion tends to "catch v|,p " with hex expansion. The degree of 
coupling between rods and the fraction of rods contiguous with the surfaces 
i n c r e a s e , and the resul t ing power coefficient is s t rong. As the power is 
r a i s e d to approximate ly 600 kw, the c l ea rances between hexes become closed 
and further radia l expansion is denied. As a consequence, the contribution 
to power coefficient at this point suffers a sharp reduction and consis ts 
chiefly of contributions from axial expansion and from the rad ia l expansion 
of fuel rods within the no longer un res t r a ined hexes . 

The effect of nonl inear i t ies in the power coefficient and t ime con
stants on the abili ty to predic t full-power per formance from low-power 
data is i l lus t ra ted in Fig. 20. Clear ly the r eac to r is seen to be m o r e stable 
than the low-power extrapolat ions indicate . 
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F i g . 20. P r e d i c t i o n of F u l l - p o w e r F e e d b a c k 
f r o m L o w - p o w e r Data 

Al though d i s c r e p a n c i e s b e t w e e n e x p e r i m e n t a l and e x t r a p o l a t e d f eedback do 
e x i s t , the m a g n i t u d e s of the d i s c r e p a n c i e s in the i m p o r t a n t III q u a d r a n t a r e 
so s m a l l r e l a t i v e to the m a g n i t u d e s of the c o r r e s p o n d i n g I / G Q v e c t o r s tha t 
c o n c l u s i o n s b a s e d on l o w - p o w e r r e s u l t s r e g a r d i n g the s t a b i l i t y at full 
p o w e r r e m a i n e s s e n t i a l l y u n c h a n g e d . E v e n for a f eedback s y s t e m known to 
be n o n l i n e a r the e x t r a p o l a t i o n m e t h o d s u g g e s t e d by Bethe^-^"*/ a p p e a r s to r e 
t a in a h igh d e g r e e of u s e f u l n e s s . H o w e v e r , a l though the n o n l i n e a r i t i e s in 
the M a r k III f eedback c a u s e d e x t r a p o l a t i o n s to be c o n s e r v a t i v e , it does not 
follow tha t such wil l a l w a y s be t r u e for any g iven u n p r o v e d fas t r e a c t o r . 
Such p o s s i b i l i t i e s m u s t be a n t i c i p a t e d , p a r t i c u l a r l y if e x t r a p o l a t i o n s a r e 
c a r r i e d out for l a r g e power i n c r e m e n t s . 

E . P r e d i c t i o n of R e s o n a n c e at Fu l l F l o w 

App l i ca t ion of the Nyquis t s t a b i l i t y c r i t e r i o n to the f u l l - p o w e r , fu l l -
flow da ta g iven in F i g . 18 r e s u l t s in the c o n c l u s i o n tha t i n s t a b i l i t y would 
n e v e r o c c u r r e g a r d l e s s of how high the power of the r e a c t o r i s r a i s e d . 
Such a c o n c l u s i o n i s the d i r e c t c o n s e q u e n c e of the low v a l u e s , i . e . , in the 
v i c in i t y of 90°, m e a s u r e d for t h e p h a s e of the f eedback at h i g h e r f r e q u e n c i e s . 
L a t e r in the t e s t s , f u l l - p o w e r , fu l l - f low f eedbacks s l i gh t ly d i f fe ren t f r o m 
t h o s e i l l u s t r a t e d in F i g . 18 w e r e no ted , with the s e n s e of the d i f f e r ence 
such tha t l a r g e r p h a s e v a l u e s w e r e m e a s u r e d at the h i g h e r f r e q u e n c i e s . 
A f eedback t y p i c a l of t h o s e m e a s u r e d l a t e r in the t e s t s i s i l l u s t r a t e d in 
F i g . 2 1 . The d i f fe rence b e t w e e n the e a r l i e r and l a t e r f u l l - p o w e r fu l l - f low 
f eedbacks i s a p p a r e n t l y the r e s u l t of c l e a r a n c e changes ef fec ted in the 
c o r e t h r o u g h the con t inua l a c c u m u l a t i o n of p o w e r . 



Fig. 21 . Typical Ful l -power , Full-flow Feedback 

A Nyquist stabil i ty analysis based on a mathemat ica l model -with 
associa ted empir ica l p a r a m e t e r s (see Section VII-C) for full-flow conditions 
r e su l t s in essent ia l ly the same conclusions reached with the ea r l i e r data, 
that the r eac to r would be hypothetically stable at ex t r eme ly unrea l i s t ic 
values of power. F r o m Fig. 22 the resonance power is seen to be in ex
cess of 1000 megawat ts , a power level absurdly high in view of the problems 
of heat r emova l . 

n 1 
2 3 4 5 

NYQUIST STABILITY 
CRITERION, G„H 

BASED ON 
PX 

X = I 81 X 10 A k / k PER kw 

-t|= 2 08 SEC 

T = 0 39 SEC 

Fig . 22. Nyquist Stability Cri ter ion for Full Flow 
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F . The Effect of Inlet Tempera tu re 

The resxxlts of a l a rge number of t ransfer function and power coef
ficient m e a s u r e m e n t s have es tabl ished unambiguously the existence of a 
strong dependence of feedback on inlet t empe ra tu r e . The magnitude of this 
effect is i l lus t ra ted in Fig. 23, which compares the feedbacks for se r i e s 
and para l le l flow at two significantly different inlet t empe ra tu r e s . 

Fig. 23. Ful l -power , Full-flow Feedback for Series 
and Para l l e l Flow, High and Low Inlet 
Tempera tu re s 

For both s e r i e s and para l le l flow, increas ing the inlet t empera ture from 
approximately 75 to 230°C resu l t s in an approximate increase of 22 pe r 
cent in the amplitude of the feedback at all frequencies. The fact that the 
phase of the feedback r ema ins essent ia l ly unchanged suggests that the 
p roces se s responsible for the feedback a r e essent ial ly the same at both 
high and low inlet t e m p e r a t u r e s and that the change in feedback magnitude 
simply ref lects proport ionate changes in the magnitude of the power coef
ficient. The resu l t s of independent measuremen t s of the power coefficient 
c a r r i e d out in conjunction -with these studies substantiate this conclusion. 
The strong dependence of feedback on inlet t empera tu re has been attr ibuted 
to t empe ra tu r e - s ens i t i ve changes in the expansion coefficient for the 
Mark III fuel. A discussion of the effect is given in Section VII-C. 



42 

G. The Effect of Flow Path on Feedback 

The impor tance of heat t r ans fe r a c r o s s the flow sepa ra to r from 
core outlet to blanket inlet as a feedback mechan i sm can be a s s e s s e d in 
var ious ways, among which a r e (a) m e a s u r e m e n t s of t e m p e r a t u r e fluctua
tions at the bottom of the blanket -with the r eac to r osci l la t ing at a fixed 
frequency, (b) m e a s u r e m e n t s of t e m p e r a t u r e fluctuations in an inner 
blanket channel as a function of elevation with the r e a c t o r osci l la t ing, and 
(c) m e a s u r e m e n t s of feedback under s e r i e s and pa ra l l e l flow conditions. 

The r e su l t s of t r ans ien t t e m p e r a t u r e m e a s u r e m e n t s c a r r i e d out at 
th ree different rad ia l posi t ions at the bottom of blanket hex R with the r e 
actor osci l la t ing at 0.04 cps and under the r igorous conditions of 500 kw 
and 100-gpm flow did revea l the exis tence of smal l osc i l la t ions in t e m p e r 
a ture ranging from 0.70 to 1.10°C. Oscil latrons of this magni tude, however , 
can be sa t i s fac tor i ly explained in t e r m s of the blanket flow, the amplitude 
of the power osci l la t ion, and the fraction of total power genera ted in the 
blanket. At tempts to detect osci l la t ions in the t e m p e r a t u r e of coolant 
enter ing hexes A and F under the same conditions were unsuccessful , in
dicating that if such osci l la t ions did exist their ampli tudes were sma l l e r 
than 0.5°C, the lower l imi t of m e a s u r e m e n t . 

Additional t e m p e r a t u r e m e a s u r e m e n t s c a r r i e d out as a function of 
elevation in a blanket channel border ing the flow divider demons t ra t ed that 
t e m p e r a t u r e osci l la t ions were not observable for elevat ions higher than s ix 
teen inches above the lo-wer support p la te , p rec i se ly the region where heat 
t r ans fe r a c r o s s the s epa ra to r should be impor tant . These r e su l t s a lso 
proved that the t e m p e r a t u r e osci l la t ions observed at the bottom of the blanket 
were the resu l t of s inusoidal var ia t ions in blanket power . 

Another m e a s u r e of the impor tance of feedback effects originat ing 
in the rad ia l blanket may be obtained from a compar i son of the feedbacks 
m e a s u r e d under s imi la r conditions for s e r i e s and pa ra l l e l flow. Feedback 
effects a r i s ing from a t r ans fe r of heat a c r o s s the flow sepa ra to r into the 
blanket would a lmost ce r ta in ly involve a dependence of t r a n s p o r t lag pecul 
iar to s e r i e s flow. Differences between se r i e s and pa ra l l e l flow feedbacks 
should accordingly ref lect the exis tence of such a dependence. The r e su l t s 
of m e a s u r e m e n t s c a r r i e d out for both high and low inlet t e m p e r a t u r e s and 
for s e r i e s and para l le l flow a r e s u m m a r i z e d in F ig . 23. Within the l imi t s 
of exper imenta l accu racy it is c lear that the s e r i e s and pa ra l l e l flow feed
backs a r e essen t ia l ly ident ica l . F r o m these r e su l t s it may be concluded 
that feedback effects or iginat ing in the blanket a r e inconsequent ia l . 

Vigorous a t tempts to promote additional heat t r ans fe r a c r o s s the 
flow sepa ra to r by shifting fuel e lements substant ia ted this conclusion. 
Since the seven inner a s s e m b l i e s included a total of 47 blanket rods a r r a n g e d 
along the outer edges the t e m p e r a t u r e gradient a c r o s s the flow sepa ra to r was 



abnormal ly depressed . To promote a higher degree of heat flow, blanket 
rods along the outer edges of hexes D and E were exchanged for fuel rods 
in other a s sembl ie s until both hexes were filled completely with fuel. 
Under these conditions approximately one- thi rd of the core-blanket i n t e r 
face consisted of fuel and blanket rods immediately separa ted by the flow 
di-vider. The resu l t s of t ransfe r function measuremen t s ca r r i ed out under 
s e r i e s flow at high and low inlet t empe ra tu r e s a r e compared -with reference 
values in F ig . 24. 

0 5 - H x l O 15 2 0 

<f 

FEEDBACK, - H , SERIES 

O 1240 kw, 279 gpm, 52 8 ' c , D + E FILLED, RUNS 1014-1029 

A 1240 kw, 293 gpm, 231 0 ° c , D + E FILLED, RUNS 1083-1098 
• 1160 kw, 275 gpm, 47 0 ' c , REFERENCE, RUNS I I 4 I - I I 5 6 

A 1164 kw, 2 9 0 gpm, 231 0 °c, REFERENCE, RUNS 1157-1172 

Fig . 24. Comparison of Reference and Distended Core 
Feedbacks; Full Ser ies Flow, High and Low 
Inlet Tempera tu re s 

A s imi lar comparison for para l le l flow is given in Fig. 25. F r o m these 
r e su l t s it is c lear that increas ing the heat flow ac ros s the flow divider 
resu l t s in li t t le or no change in feedback. Similar conclusions resul ted 
from power coefficient m e a s u r e m e n t s ca r r i ed out in conjunction with these 
m e a s u r e m e n t s . 

Since the considerat ions of heat flow ac ross the flow separa tor in 
s e r i e s flow a r e s imi la r for Mark II and Mark III, it follows that arguments 
basing the delayed negative power coefficient of Mark II on preheating 
mechan isms a re considerably weakened. 
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FEEDBACK, - H , PARALLEL 

O 1237 kw, 270 gpm, 5 4 . 0 ' c , D + E FILLED, RUNS 1115—1130 

A 1226 kw, 281 gpm, 229.0 «c, 0- t -E FILLED, RUNS 1099—1114 

• 1185 kw, 263 gpm, 64.8 ' c , REFERENCE, RUNS 1197 —1212 

A 1194 kw, 1280 gpm, 2 2 8 . 2 ' c , REFERENCE, RUNS 1181 —1196 

Fig. 25. Comparison of Reference and Distended Core Feed
backs; Full Pa ra l l e l Flow, High and Low Inlet 
Tempera tu re s 

H. The Effect of Core Tightness on Feedback 

A comparison of feedbacks m e a s u r e d under r igid and loosened core 
conditions provides further information on the effects of fuel rod coupling 
and i l lus t r a t e s the importance of radia l r e s t r a in t for fuel rod bowing. 

A comparison of feedbacks m e a s u r e d at high and low inlet t e m p e r 
a tures with the centra l tightening rods loosened in all core and blanket 
a s sembl ie s is given in Fig. 26. In qualitative agreement -with the r e su l t s 
obtained for the r igid core , l a rge r feedback amplitudes occur at the higher 
inlet t e m p e r a t u r e . The difference between high and low- tempera tu re feed
back amplitudes i s , however, l e s s marked than for the case of r igid core 
conditions. Whereas a 22 percent difference was noted for the r igid core , 
the difference for the loosened core , after correct ing for flow difference, 
amounted to only seven percen t . A further difference, which may or may 
not be significant, is found for frequencies grea te r than 0.12 cps. While 
the h igh- t empera tu re feedback amplitudes appear to be consistently higher 
than corresponding low- tempera tu re values , the h igh- t empera tu re phase 
lag seems to be consistently lower than those measu red at low inlet temper 
a tu re . Finally, another difference, not immediate ly apparent from Fig. 26, 
consis ts of marked dec reases in the values measured for the s tat ic power 
coefficient at both high and low inlet t empe ra tu r e s for the loose core 



condition. At the high inlet t e m p e r a t u r e , the s tat ic power coefficient de
c r ea sed from 0.113 to 0.085 ih /kw, whereas at the low inlet t empera tu re a 
dec rease from 0.0825 to 0.0733 ih/kw was noted. Although the smal le r 
difference exist ing between the high and low- tempera tu re feedback ampl i 
tudes is not suscept ible to s imple in terpre ta t ion , it seems plausible that 
the dec rease in coupling between rods through a relaxation of tightening 
rod tension effectively d e c r e a s e s the rad ia l contribution to power coef
ficient at both high and low inlet t e m p e r a t u r e s . 
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Fig. 26. Loose Core Feedback; Ful l -power, 
Full-flow. High and Low Inlet 
T e m p e r a t u r e s 

A compar ison of loose and tight core data at high inlet t empera tu re 
is given in F ig . 27. The effect of loosening the tightening rods is manifested 
by a dec rease in the feedback amplitude at all f requencies. Such resu l t s 
a r e completely consistent with the concept of a decrease in power coef
ficient through a loss of coupling between fuel rods . On the other hand, the 
significant i n c r e a s e s effected in the phase of the feedback through loosening 
a r e also consistent with the introduction of a positive power coefficient 
component which conceivably could be the resu l t of rod bowing. The p r e s 
ence of such a component would also explain the decrease noted in the feed
back ampli tude. It is quite possible that both effects, i .e . , rod bowing and 
dec reased coupling, resu l ted from the relaxat ion of tightening rod action. 

In some r e spec t s it is surpr i s ing that so li t t le evidence of rod bow
ing was found, since loosening of the tightening rods effectively inc reases 
the rod c lea rances to the extent that rod bowing would no longer be p r o 
hibited. On the other hand, as will be d iscussed in Section VI-I, rod bowing 
is a consequence of r a the r special conditions of end r e s t r a in t not rea l ized 
in the loose core t e s t s . 
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O 1187 kw, 280 gpm, 235 ' c , CORE TIGHT 

i^ 1158 Kw, 2 8 0 gpm, 240 'c , CORE LOOSE 

F i g . 27 . C o m p a r i s o n of Tight and L o o s e C o r e F e e d b a c k s : 
F u l l - p o w e r , F u l l - f l o w , High and Low Inlet 
T e m p e r a t u r e s 

I. S t r i p p e d Rib E x p e r i m e n t s 

The t e m p e r a t u r e d i f f e ren t i a l a c r o s s a g iven fuel r o d u n d e r s t e a d y -
s t a t e cond i t ions d e p e n d s on a v a r i e t y of f a c t o r s , a m o n g t h e m being the r e 
a c t o r p o w e r , the shape of the n e u t r o n flux d i s t r i b u t i o n , t he v e l o c i t y of 
coo lan t , and the h e a t t r a n s f e r p r o p e r t i e s of the fuel , coo lan t and c ladding 
m a t e r i a l . Under e q u i l i b r i u m cond i t ions the t e m p e r a t u r e d i f f e ren t i a l a c r o s s 
a g iven fuel r o d wil l r e m a i n i n v a r i a n t wi th t i m e . If, h o w e v e r , the power i s 
i n c r e a s e d , the flux p ro f i l e a c r o s s the c o r e wil l change in such a m a n n e r 
t ha t the g r a d i e n t of the flux wil l i n c r e a s e . As a c o n s e q u e n c e , the t e m p e r a 
t u r e d i f f e ren t i a l a c r o s s a fuel r o d , l o c a t e d in any pos i t i on o t h e r than c e n t r a l , 
wi l l i n c r e a s e . The i n n e r s u r f a c e of the rod i s h e a t e d r e l a t i v e to the o u t e r 
and, b e c a u s e of d i f f e r e n c e s in t h e r m a l e x p a n s i o n b e t w e e n the s u r f a c e s , the 
r o d wil l t end to d e f o r m . Al though it i s c l e a r tha t the i n n e r s u r f a c e wil l 
u n d e r g o a p r e f e r e n t i a l e x p a n s i o n , it does not follow tha t the d e f o r m a t i o n 
wi l l n e c e s s a r i l y be m a n i f e s t e d by an i n w a r d bowing of the r o d . The e x a c t 
f o r m tha t the d e f o r m a t i o n wi l l a s s u m e and the s u b s e q u e n t effect of fuel 
d i s p l a c e m e n t on r e a c t i v i t y wil l depend on the k ind and the d e g r e e of r a d i a l 
r e s t r a i n t above and be low the fuel s e c t i o n . If the r o d i s p e r f e c t l y r e s t r a i n e d 
f r o m r a d i a l mo t ion above and be low the fuel, the d e f o r m a t i o n wil l r e s u l t in 
an i n w a r d bow, an effect tha t i s c l e a r l y p o s i t i v e . If, h o w e v e r , t he r o d i s 
r e s t r a i n e d above the c o r e and i s f r ee to m o v e r a d i a l l y at the b o t t o m , it 



does not follow tha t the r e a c t i v i t y wi l l be p o s i t i v e , s i n c e u n d e r t h e s e c i r 
c u m s t a n c e s d e f o r m a t i o n m a y effect an o u t w a r d r a d i a l m o v e m e n t of the r o d 
at t he b o t t o m . In t h e p r a c t i c a l c a s e w h e r e the r o d t i p s a r e p o s i t i o n e d in 
h o l e s in a p e r f o r a t e d p l a t e , s o m e r o d t i p s wi l l b e a r on the o u t e r e d g e s of 
t h e i r l o c a t i n g h o l e s . In t h e s e c a s e s the r o d s canno t m o v e o u t w a r d at t he 
bo t to r a , and t h e d e f o r m a t i o n wi l l a g a i n a s s u m e the f o r m of an i n w a r d bow. 
The r e a c t i v i t y effect u n d e r t h e s e cond i t i ons wi l l be the s u m of p o s i t i v e and 
n e g a t i v e c o m p o n e n t s both of which r e s u l t f r o m cond i t i ons too o b s c u r e to 
def ine in the p r a c t i c a l c a s e . 

F o r a s y s t e m of r o d s f ixed at the b o t t o m and f r e e to m o v e r a d i a l l y 
a t t he t o p , it s e e m s l i k e l y tha t d e f o r m a t i o n a c c o m p a n y i n g d i f f e r e n t i a l e x 
p a n s i o n wil l r e s u l t in an o u t w a r d m o v e m e n t a t the top and a c o n s e q u e n t 
r e a c t i v i t y l o s s . F o r a s y s t e m of r o d s f r e e to m o v e r a d i a l l y at bo th t o p , 
b o t t o m , and c e n t e r , the e x a c t f o r m of d e f o r m a t i o n wi l l d e p e n d on the b e a r 
ing p o s i t i o n s of the r o d t i p s in the p o s i t i o n i n g h o l e s . F o r r o d t i p s b e a r i n g 
on the i n n e r e d g e s a n e g a t i v e effect wi l l m o s t l i k e l y r e s u l t ; for t h o s e b e a r 
ing on the ou t e r e d g e s the effect wi l l m o r e l i k e l y be p o s i t i v e . A g a i n , the 
ne t r e a c t i v i t y change m a y be e i t h e r p o s i t i v e , n e g a t i v e , o r even z e r o , d e p e n d 
ing on the m a g n i t u d e of the p o s i t i v e and n e g a t i v e c o m p o n e n t s . 

F o r the i d e a l c a s e in which the r o d s a r e r e s t r a i n e d f r o m r a d i a l 
m o t i o n at both top and b o t t o m , the e x t e n t of i n w a r d bowing wi l l d e p e n d on 
a d d i t i o n a l f a c t o r s : w h e t h e r o r not t h e r e s t r a i n i n g poin t i s a s i m p l e p ivo t , 
w h e t h e r o r not t h e r o d is c l a m p e d in a c a n t i l e v e r a r r a n g e m e n t , or w h e t h e r 
o r not the r e s t r a i n t i s suf f ic ien t to p e r m i t c o m p r e s s i o n a l bowing . In r e g a r d 
to the f i r s t two c a s e s , if t h e r e s t r a i n i n g point i s b e t t e r d e s c r i b e d by a s i m p l e 
p ivo t , s o m e a d j u s t m e n t of the d e f o r m a t i o n can o c c u r a b o v e t h e p i v o t . If, 
h o w e v e r , t he r o d i s t i g h t l y c l a m p e d at t he r e s t r a i n i n g po in t , no such a d j u s t 
m e n t i s p o s s i b l e and a g iven d e f o r m a t i o n wi l l l e a d to a s m a l l e r bow. F i n a l l y , 
if the r o d s a r e so t i g h t l y c l a m p e d t h a t a x i a l e x p a n s i o n i s d e n i e d , the r e s u l t 
m a y be a c o m p r e s s i o n a l bowing o r " b u c k l i n g " wh ich , if i n w a r d , wi l l a c c e n 
t u a t e the t h e r m a l bowing . 

F r o m t h e s e c o n s i d e r a t i o n s i t i s c l e a r t h a t , a l t h o u g h r o d d e f o r m a t i o n 
i s a l o g i c a l c o n s e q u e n c e of a c h a n g e in t e m p e r a t u r e d i f f e r e n t i a l a c r o s s a 
r o d , i t d o e s not fol low tha t t he ne t a s s o c i a t e d r e a c t i v i t y effect wi l l be p o s i 
t i v e . To p r o m o t e a s l a r g e a bowing effect a s p o s s i b l e , c a r e m u s t be t a k e n 
to e l i m i n a t e r a d i a l m o v e m e n t a t r e s t r a i n i n g p o i n t s wh i l e s t i l l p e r m i t t i n g 
r a d i a l m o v e m e n t in the v i c i n i t y of the fuel . The i m p o r t a n c e of t h i s r e q u i r e 
m e n t w a s d e m o n s t r a t e d c o n c l u s i v e l y in the s t r i p p e d - r i b e x p e r i m e n t s . 

J . B l a n k e t Rod Bowing 

To e s t a b l i s h the i m p o r t a n c e of b l a n k e t r o d bowing , a t t e m p t s w e r e 
m a d e to d e t e c t s m a l l c h a n g e s c a u s e d in the f e e d b a c k t h r o u g h the r e m o v a l 
of s t a b i l i z i n g r i b s f r o m a l l b l a n k e t r o d s in h e x M. O n e - i n c h r i b s e c t i o n s 



were left intact at the upper and lower ends of the blanket pieces to p r o 
vide proper tightening action for the central ly located tightening rod. In 
principle this a r r angemen t provided a sys tem of rods r e s t r i c t e d from 
radia l motion at upper and lower ends yet still free to move radial ly at 
in termedia te points . The r e s u l t s of t ransfe r function m e a s u r e m e n t s 
ca r r i ed out for full s e r i e s flow and at high and low inlet t empe ra tu r e s a r e 
i l lus t ra ted in Fig . 28. Within the l imi ts of exper imenta l accuracy it may 
be concluded that the effects of shearing r ibs from blanket rods a r e in
significantly smal l . Similar conclusions follow from the r e su l t s of high 
and low inlet t empera tu re t ransfe r function m e a s u r e m e n t s conducted unde 
para l le l flow conditions (see F ig . 29). The re su l t s of power coefficient 
measu remen t s c a r r i e d out in conjunction with these m e a s u r e m e n t s also 
substantiated this conclusion. 

Fig. 28. Comparison of Reference with Pa r t i a l ly Sheared 
Blanket Feedback: Ful l -power , F u l l - s e r i e s Flow, 
High and Low Inlet Tempera tu re s 



F i g . 29. C o m p a r i s o n of R e f e r e n c e with P a r t i a l l y S h e a r e d 
B lanke t F e e d b a c k : F u l l - p o w e r . F u l l - p a r a l l e l 
F low, High and Low Inlet T e m p e r a t u r e s 

K. F u e l Rod Bowing 

One of the m a j o r p r o b l e m s a s s o c i a t e d with the s t r i p p e d - r i b e x p e r 
i m e n t s w a s the diff icul ty e n c o u n t e r e d in r e a l i z i n g a r i g i d a r r a n g e m e n t of 
the s h e a r e d r o d s . F r o m the r e s u l t s of e a r l y e x p e r i m e n t s in th i s s e r i e s it 
w a s a p p a r e n t tha t c h a n g e s in f eedback a r i s i n g f r o m the s h e a r i n g w e r e s e n 
s i t i ve to the d e g r e e of r a d i a l r e s t r a i n t . On one o c c a s i o n , t e n s i o n f r o m the 
ex i s t i ng t igh ten ing r o d w a s p u r p o s e l y r e l a x e d , with the r e s u l t tha t the p o s 
i t ive componen t e x i s t i n g at tha t t i m e v a n i s h e d . Such r e s u l t s i l l u s t r a t e the 
n e c e s s i t y for m i n i m i z i n g r a d i a l m o t i o n at r e s t r a i n i n g po in t s in e x p e r i m e n t s 
of t h i s n a t u r e . A c c o r d i n g l y , a c o n s i d e r a b l e effort was devoted in subsequen t 
e x p e r i m e n t s to the d e v e l o p m e n t of p r a c t i c a l and r e l i a b l e t igh ten ing s y s t e m s . 
Dur ing the c o u r s e of the m e a s u r e m e n t s a to ta l of four d i f ferent s y s t e m s 
w a s u s e d . Of t h e s e the m o s t s u c c e s s f u l c o n s i s t e d of two c o n i c a l - a c t i o n 
t i gh ten ing r o d s p e r a s s e m b l y : one o p e r a t i n g at the uppe r r e s t r a i n i n g point , 
and the o t h e r at the l o w e r . P e r t i n e n t d e t a i l s and d i m e n s i o n s a r e given in 
F i g . 30 . C o m p l e t e d e t a i l s of o t h e r l e s s s u c c e s s f u l s y s t e m s , a long -with 
c o r r e s p o n d i n g r e s u l t s , a r e s u m m a r i z e d in P r o g r e s s R e p o r t 9. '^^^ 

F o r the m o s t p a r t the e a r l i e r e x p e r i m e n t s w e r e l i m i t e d to s u c c e s 
s ive a t t e m p t s to e n h a n c e r o d bowing t h r o u g h the s h e a r i n g of add i t iona l 
i n c r e m e n t s of r o d s , t h r o u g h r e f i n e m e n t s in tended to p r o m o t e a m o r e 



normal t empera tu re profile a c r o s s the assembly , and through the achieve
ment of a g rea t e r degree of t igh tness . Almost -without exception as changes 
more conducive to rod bowing were init iated, the feedback changed in a 
manner consistent with the introduction of a positive component to the 
power coefficient. 
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Fig. 30. Dimensions of Cone-action Tighten
ing Rods 

The re su l t s for conditions under -which the maximum change in 
feedback -was noted, i .e . , for two completely sheared as sembl ie s and for 
the most effective tightening sys tem, a r e summar ized in Fig. 31 . 
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Fig. 31 . Comparison of Reference and Par t ia l ly 
Sheared Core Feedbacks : Ful l -power . 
F u l l - s e r i e s Flow, High Inlet 
Tempera tu re 



Two features a re immedia te ly apparent . One of these consists of a marked 
decrease in the amplitude of the feedback and the other of an equally 
marked tendency for the phase of the feedback to increase as a resul t of 
the shear ing . Both features a re consistent with the introduction of a pos 
itive power coefficient component. Similar resu l t s obtained from studies 
c a r r i e d out at low inlet t empera tu re a r e i l lus t ra ted m Fig. 32. 
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Fig. 32. Comparison of Reference and Par t ia l ly 
Sheared Core Feedbacks: Full-power, 
F u l l - s e r i e s Flow, Low Inlet Tempera ture 

By smoothing the reference and part ia l ly sheared feedbacks and by 
applying f i r s t -o rde r cor rec t ions for power and flow differences, it is pos
sible to isolate the component responsib le for the feedback change by sub
t ract ing the reference from the par t ia l ly sheared feedback. The resul t of 
such a subtract ion is given in Fig. 33. 

X=030 Ih/kw 

Fig. 33. Posit ive Feedback Resulting from 
Rib Shearing in Hexes C and D 



Consistent with the concept of a posit ive component, the separa ted feedback 
l ies a lmos t ent i re ly in the II quadrant of the complex plane. While no claim 
can be made for accu racy , because of a lack of information at low frequen
c ies , a crude extrapolat ion to ze ro frequency r e su l t s in a value of 0.030 ih/kw 
or 0.686 X 10" Ak/k per kw. If it is a s sumed that bowing of the fuel rods in 
the cent ra l a s sembly may be neglected, the ext rapola ted rod bowing coef
ficient for the fully shea red core becomes 0.090 ih /kw or 2.06 x 10" Ak/k 
per kw. The r e su l t s of a Bode analys is of the feedback indicate a dependence 
upon frequency governed by a single t ime constant of 1 .87 sec . 

Although the separa ted feedback l ies for all p rac t i ca l purposes en
t i r e ly in the II quadrant , it does not n e c e s s a r i l y follow that the power coef
ficient component ini t ia ted through r ib shear ing is posi t ive . In fact, the re 
is nothing in the exper imenta l r e s u l t s which pe rmi t s a differentiation be 
tween the effects of introducing a posit ive component and the effects of de
creas ing the magnitude of an a l r eady exist ing negat ive. It might be argued 
that r ib shear ing leads to a d e c r e a s e in radia l coupling between rods and 
that this dec rea se is ref lected by a reduct ion in the net power coefficient. 
Such a reduct ion would be indi 'stinguishable from the effects of a s u p e r i m 
posed positive component resu l t ing from bowing. Such a rguments a r e , 
however , invalid. Although the radia l coupling in the vicinity of the core 
is cer ta in ly affected by the shear ing , the rods still r e m a i n s t rongly coupled 
as a consequence of the tightening action at upper and lower ends . Radial 
expansion of the rods and hexes in this region would sti l l be manifested by 
a s trong negative power coefficient component. Most l ikely, the t ime con
stant a s soc ia t ed with the no rma l fuel expansion would be affected by the 
shear ing , since the contribution of rod and hex expansion to the power coef
ficient -would be delayed. Such effects would appear through feedback phase 
changes such as those actual ly observed exper imenta l ly . On the other hand, 
such a c r i t e r ion cannot be applied to dist inguish a super imposed posit ive 
from a l e s sened negative effect, s ince the re is no a s s u r a n c e that the t ime 
constant for rod bowing will not differ f rom that no rma l ly a s soc ia t ed with 
fuel expansion. The only definitive tes t which may be applied to differentiate 
bet-ween a l e s sened negative or an added posit ive component is to i n c r e a s e 
the magnitude of the effect until the power coefficient e i ther d e c r e a s e s to 
zero (or to some min imum negative value) or changes sign. If the power 
coefficient cannot be made posit ive r e g a r d l e s s of the amount by which the 
effect is i nc reased , it follows that the effect is c lea r ly one of a l e s sened 
negative na tu re . If the power coefficient changes sign and becomes posi t ive, 
the effect is cer ta in ly one cha rac t e r i zed by the addition of a posit ive com
ponent. In the u l t imate analysis any difference between a super imposed 
positive and a l e s sened negative component is pure ly academic , since the 
effects of both, especia l ly when per ta ining to stabil i ty cons idera t ions , a r e 
ident ical . In subsequent d iscuss ions the component respons ib le for the 
feedback change will be r e f e r r e d to as posi t ive since c i r cums tan t i a l evidence 
points to this conclusion. 



The successful separat ion of the positive effect may be used as a 
bas is for the extrapolated performance of the reac tor under fully sheared 
conditions. Assuming a value of 0.090 ih /kw for the rod bo-wing coefficient 

and that all components, both positve 
and negative, vary l inear ly with power, 
the Nyquist stability c r i te r ion may be 
applied. Values for -GQH for various 
frequencies and power levels a re plotted 
in Fig . 34, from which it may be seen 
that the resonance power is close to 
nine t imes nominal full power (1200 kw) 
or about 11 megawat ts . The frequency 
at which resonance will occur is seen 
to be in the vicinity of 0.14 cps. 

The predicted performances of 
the fully sheared core at nominal full 
po-wer and at resonance a r e compared 
in Fig. 35. Although the effects of a 
complete removal of stabilizing r ibs 
tends to make the reac tor l ess stable, 
the effects a r e , never the less , so small 
that operation under full-power, fully 
sheared conditions would still be pos 
sible . For successively higher levels 
of power the reac tor would become 
increas ingly more unstable, until open 
resonance would be reached at 11 mega
watts , a power level far beyond p r a c 
t ical capabilit ies of heat removal . 

Fig. 34. Nyquist Stability C r i 
ter ion for Fully 
Sheared Core 

One ve ry important conclusion resul t ing from these studies concerns 
the fact that, even for a fully sheared core under conditions par t icu lar ly 
conducive to rod bowing^the net prompt power coefficient would still be 
negat ive. This , of course , was not t rue for Mark II. The reason for this 
difference is d iscussed in Section VIII. The resu l t s of flow-change tes ts 
c a r r i ed out on the par t ia l ly sheared core demonstra ted conclusively the 
absence of a prompt positive power coefficient component. 

Another m e a s u r e of the importance of the positive effect on the 
stabili ty of the reac tor may be infer red from the resu l t s i l lus t ra ted in 
Fig. 36 for the t ransfer functions at nominal full power and at nine t imes 
full power for the fully r ibbed and rigid core . At low frequencies and at 
nine t imes full power the reac to r would still be ext remely s table . No evi
dence of the resonance at 0.14 cps can be seen. For frequencies higher 
than 0.3 cps a small amount of react ivi ty amplification is indicated. 
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Fig . 35. Transfer Function for Fully Sheared Core 
at Full Power and at Nine Times Full 
Power 

0.1 
FREQUENCY c/sec 

Fig. 36. Transfer Function for Fully Ribbed Core 
at Full Power and at Nine Times Full 
Power 

Never the less , operat ion would sti l l be poss ible , hypothetically, even under 
these conditions. In e s sence , then, the effect of the positive component i s , 
as Bethel^'^) has pointed out, manifested by a d ras t i c reduction in the r e s 
onance power level . 
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L. Power Coefficient 

The r e su l t s cited above c lear ly indicate that the removal of s tabi l iz 
ing r ibs leads to the introduction of a posit ive power coefficient component 
which logical ly must be assoc ia ted with an inward bowing of fuel rods . With 
the exception of a few exper iments dealing with an intentionally or uninten
tionally loosened configuration, the t rend of the data indicates beyond r ea son 
able doubt that the effects m e a s u r e d a r e r e a l . This conclusion is strongly 
supported through the r e su l t s of frequent zero power cal ibrat ions and the 
p rac t i ce of duplicating data with a second ion chamber . There seems to be 
no valid r ea son to question the re l iab i l i ty of the r e s u l t s . 

On the other hand, independent m e a s u r e m e n t s of the s ta t ic po-wer 
coefficient c a r r i e d out in conjunction with these studies resu l ted in values 
c lear ly inconsis tent with those expected from logical extrapolat ions of the 
feedback to ze ro frequency. Although the resu l t s of t ransfer function m e a s 
u r e m e n t s c lear ly indicated a reduct ion of 24 percent in the dynamic power 
coefficient, the s ta t ic power coefficient r emained essent ia l ly unchanged 
throughout the t e s t s . 

To explain this d i sc repancy it is n e c e s s a r y to postulate the ex is t 
ence of some physical p r o c e s s ini t iated through r ib shear ing, which acts 
to produce an ex t remely delayed negative react iv i ty effect with a t ime con
stant of the o rde r of five minu tes . The fact that a s imi l a r , but not n e c e s 
sa r i ly r e l a t ed , component exis ts for the fully r ibbed and rigid core has 
a l ready been pointed out by Smith(27) and Storrer . (28) F r o m a study of 
ea r l i e r Mark III data, both o b s e r v e r s concluded that the m e a s u r e d stat ic 
po-wer coefficient is l a r g e r in magnitude than logical extrapolat ions of low-
frequency feedback ampli tudes indicate . Additional evidence of the ex is t 
ence of such an effect is indicated through the r e su l t s of empi r ica l ana lyses , 
d i scussed in Section VII. Thus, s ta t ic power coefficient m e a s u r e m e n t s which 
take place over a per iod of 10-20 minutes come under the influence of the 
delayed component. On the other hand, the p roces s is so delayed in t ime 
that the r eac to r oscil lat ing at f requencies as low as 0.02 cps cannot sense 
the feedback. 

The origin of the postulated delayed feedback is unknown. Attempts 
to assoc ia te the action with the delayed expansion of the seal plate were un
successful . Thermocouple m e a s u r e m e n t s ca r r i ed out at th ree different 
elevat ions in the seal plate failed to ref lect t empera tu re d e c r e a s e s init iated 
by s t rong step d e c r e a s e s in r eac to r power . Actually, both sides of the seal 
plate (see Fig . 5) a r e maintained at inlet t e m p e r a t u r e . 

Although the or igin of this effect cannot be identified, the re seems 
l i t t le doubt of its ex is tence . In view of the ex t remely long t ime constant 
assoc ia ted with this effect, it follows that some mass ive s t ruc tu ra l i-nember 
located downst ream from the core must be involved. 



This effect, r e g a r d l e s s of i ts or igin , cannot explain the d i sc repancy 
between the s ta t ic and dynamic power coefficients for the par t i a l ly sheared 
co re . Since the posit ive component in t roduced through r ib shear ing is known 
to be c h a r a c t e r i z e d by a short t ime constant , i ts effect mus t be ref lected in 
the magnitude of the s ta t ical ly m e a s u r e d power coefficient. Since the p o s 
itive component did not affect the magnitude of the s ta t ic power coefficient, 
it follows that the posi t ive effect was cancel led by an apparent ly equal, but 
much m o r e slowly act ing, negative component. It a lso follows that the de 
layed negative component in this case mus t be a consequence of r ib s h e a r 
ing and is not n e c e s s a r i l y re la ted to the delayed component noted in the 
fully r ibbed r i g i d - c o r e t e s t s . 

To explain the exper imenta l observa t ions the following m e c h a n i s m 
is postula ted. As the remain ing fuel rods in hex D, and l a t e r in C, were 
shea red the -walls common with hex A (the cen t ra l a s sembly) acqui red a 
degree of flexibility previous ly denied through the influence of the s tab i l iz 
ing r i b s . P r e s s u r e s genera ted by the d i ame t r a l growth of fuel rods in 
hex A could then be par t i a l ly r e l i eved through a deformation of the common 
wal l s . Without a physical examinat ion of the walls it is meaning less to 
speculate about the exact form the deformation might have taken. It s e e m s 
plaus ible , however , that the n o r m a l c l ea r ance , if any, exist ing between 
common walls would be se r ious ly affected. Under no rma l condit ions, i .e . , 
for the fully r ibbed r ig id core , the act ion of the cen t ra l co re c lamps and 
the p r e s s u r e s exer ted by d i ame t ra l growth would tend to reduce c l ea rances 
between walls at fuel elevation to a min imum. Under these conditions the 
magnitude of the delayed negative effect a r i s i ng f rom the expansion of the 
upper s t r u c t u r e might well be l imi ted to reac t iv i ty effects in the upper 
blanket where c l ea rances bet-ween cans would be l e s s affected by rod growth. 
If c l ea r ances a r e opened between hexes A and D and between A and C, or if 
p r e s s u r e s between hexes a r e re l i eved through wall deformation, it is p o s 
sible that the s t ruc tu ra l expansion would be felt not only in the upper blanket 
but in the co re as wel l . Such an effect would be negative and would have the 
same t ime behavior as the no rma l delayed negative effect a r i s ing through 
s t ruc tu r a l expansion. The two effects, one no rma l and one the consequence 
of r ib shear ing , would s imply add. The p r e sence of ne i ther would be a p p a r 
ent f rom an ana lys is of the osc i l l a tor data a lone . 

The r e s u l t s of fuel rod growth m e a s u r e m e n t s c a r r i e d out for 1.14 and 
1 .63 X 10 kwhof opera t ion have sho-wn that the max imum d iame t r a l growth 
occurs in the upper one-fourth of the fuel sect ion and that the ave rage d ia
m e t r a l growth of fuel in hex A at the t ime the d i sc repancy became apparent 
(1.63 X 10 kwh) was about 0.010 in. Such growths in tegra ted a c r o s s the 
flats of hex A would lead to p r e s s u r e s which, if re l i eved by r ib shear ing in 
neighboring a s s e m b l i e s , would a lmos t ce r ta in ly affect the no rma l c l ea rances 
between common hex wa l l s . 



The resu l t s of a t tempts to demonst ra te the existence of a delayed 
negative component sufficiently la rge in magnitude to explain the d i sc rep 
ancy through a t ime analysis of the power following a rod drop have 
substantiated the validity of the delayed negative postulate . A typical 
power- t ime t r a c e following the essent ia l ly instantaneous loss of 11.35 ih 
is given in Fig . 3 7. 
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Fig. 37. Rod Drop Measurement of the 
Delayed Negative Power Coef
ficient Component 

Approximately 41% of the stat ic power coefficient consists of the 
delayed s t ruc tura l component. This is in excellent agreement with the 
value of 40% establ ished through an empir ica l analysis of par t ia l ly sheared 
feedback resu l t s (see Section V I I - E ) . P resumably the 40% accounts for the 
13% contribution normal ly assoc ia ted with the fully ribbed core (see 
Section VII-C), and an additional contribution of 25% result ing from the 
r ib shearing (see Section VII-E). 



VII. EMPIRICAL MODELS 

In pr inc ip le , it should be poss ible to calculate the feedback a r i s ing 
from a sinusoidal forcing function from a complete knowledge of the r e a c 
tor sys t em (dimensions , physical p rope r t i e s of fuel, coolant, etc) and a 
solution of the t r ans ien t heat t r ans fe r and heat conduction equat ions . 
However, the necess i ty for making simplifying assumpt ions l imi ts the 
application of such mathemat ica l approaches to spec ia l cases not usual ly 
encountered in p r a c t i c e . Since the solution of t r ans i en t heat t r ans fe r and 
heat conduction equations even for ideal ized cases is in itself formidable , 
it is inconceivable at this t ime that any one ma themat i ca l model can sa t 
is factor i ly explain the dynamic behavior of the Mark III loading under all 
conditions of power, t e m p e r a t u r e , and flow, pa r t i cu l a r l y in view of the 
evidence pointing to s t rong t e m p e r a t u r e and power - sens i t i ve p r o c e s s e s 
which act nonl inear ly . F u r t h e r m o r e , the development of a t ru ly s u c c e s s 
ful unified model applicable over the no rma l range of operat ing conditions 
would p r e s u m e detai led knowledge of ve ry poorly defined c l ea rance s y s 
t e m s . In the p rac t i ca l ca se , where nonl inear i t ies do exist , the concepts of 
a single unified model must be abandoned in favor of sl ightly differing in
dividual mode ls , each of which finds immedia te applicat ion over sma l l 
ranges of power, t e m p e r a t u r e and frequency. 

In the face of obvious difficulties an elegant and highly p romis ing 
approach to the p rob lem for l inear s y s t e m s has been made by Stor rer . (30) 
F r o m exact solutions of the t r ans i en t heat t r ans fe r and heat conduction 
equations S t o r r e r a r r i v e d at an express ion for the ampli tude and phase of 
fuel and coolant t e m p e r a t u r e osc i l la t ions as a function of spat ia l coord i 
na t e s . By the substi tut ion of physica l p a r a m e t e r s into S t o r r e r ' s e x p r e s 
s ions , Long(31) has been able to show that calculated values for the phase 
and ampli tude of t e m p e r a t u r e osc i l la t ions (with r e spec t to power) at spe 
cific core locat ions a r e in reasonable ag reement with values obtained 
exper imenta l ly in the Mark III t r ans i en t t e m p e r a t u r e m e a s u r e m e n t s . A 
compar i son of exper imenta l ly m e a s u r e d feedbacks with values calculated 
from osci l la t ing t e m p e r a t u r e data has revea led d i s c r epanc i e s which have 
not yet been r e so lved . 

A somewhat different approach to the problem has been made by 
C a r t e r , w ^ ) who introduced the concept of nonl inear i t i es a r i s ing from a 
fr ict ional r e s t r i c t i o n of axial expansion. Through a combination of ana
lytic and empi r i ca l techniques C a r t e r was able to fit exper imenta l ly 
m e a s u r e d values of the t r ans fe r function to a t ru ly nonl inear mode l . 

A. The Empi r i ca l Approach 

Attempts to fit the Mark III data to ma themat i ca l models through 
pure ly empi r i ca l methods have been reasonably successfu l . Whereas such 
an approach suffers from the disadvantage that l e s s insight is provided 
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into the physical aspects of feedback, mathemat ica l models deduced in this 
manner se rve as reasonably re l iable bases for performance extrapolations 
over l imited ranges of operat ing condit ions. 

The following two models desc r ibe with acceptable accuracy most 
of the feedback phenomena observed in the Mark III loading: 

-H = , . ; 13 
(1 +iwTiJ 

PX 
' ^ " (1 + iwTi)(l +iwT2) • ^^^^ 

The f i rs t of these , the single-pole t r anspor t lag model, has been found 
useful in descr ibing the feedback observed under conditions of reduced 
flow. Fo r m e a s u r e m e n t s at full flow, the second (double-pole) model has 
been found to be m o r e applicable. 

B. Empi r ica l Solutions for Reduced Flow 

The f i r s t step in the solution of Equation 13 for the unknowns X, T 
and Tj consis ts of a Bode analysis of the feedback amplitude. This p r o 
cedure resu l t s in a value for Tj from which the feedback phase lag ar is ing 
through the denominator of Equation 13 can be evaluated for any given f re 
quency. The difference between experimental ly measured phase values 
and the phase values associa ted with the t ime constant Tj a re then a t t r ib
uted to the influence of the p a r a m e t e r -wT. This procedure resu l t s in an 
evaluation of T at each exper imental frequency point. By means of an 
averaged value for T, the empir ica l ly established value of Tj, and the ex
per imenta l values of -H, Equation 13 may be solved for the power coeffi
cient X. A s u m m a r y of values for T, Tj and X deduced in this manner for 
s e r i e s and para l le l flow and at th ree different flow ra tes at approximately 
500 kw is given in Table II. 

Table II 

EMPIRICAL PARAMETERS, S INGLE-POLE TRANSPORT LAG MODEL 

Runs 

112-122 
127-138 
162-167 

193-203 
212-223 
224-235 

Po-wer, 
k-w 

489 
481 
481 

491 
500 
500 

Metered 
Flow, 
g p m 

2 9 3 
180 

no 

290 
180 
110 

Core 
Flow, Ti , 
gpm sec 

S e r i e s F low 

246 2.79 
151 3.31 

93 4.91 

P a r a l l e l Flow 

244 2.70 
151 3.06 

93 4.81 

T , 
s e c 

0.70 
1.03 
1.24 

0.46 
1.08 
1.17 

P X , 
Ak/k X 10-^ 

-0 .837 
-1 .13 
-1.95 

-0.881 
-1 .14 
-2 .03 

X, 
Ak/k/kw X 10"^ 

-1.71 
-2 .35 
-4.05 

-1.80 
-2 .28 
-4 .05 



As discussed in Section III-E, the actual flow through the core , 
both in s e r i e s and in para l le l , is less than the flow me te red at the p r i m a r y 
inlet . Actual flow values given in Table II have been modified to account 
for bypass leakage in s e r i e s flow and for the part i t ion of flow between 
core and blanket in pa ra l l e l flow. 

A compar i son of the feedbacks calculated from Equation 13 and 
based on the p a r a m e t e r s of Table II with exper imenta l ly m e a s u r e d values 
is given in F i g s . 38 and 39, respect ive ly . Considering the uncer ta in t ies 
associa ted with exper imental feedback values (see Appendix A) and p a r a 
m e t r i c values of Table II, the fit may be regarded as sa t i s fac tory . The 
fact that values establ ished for T, Ti and X a re essent ia l ly the same for 
both s e r i e s and para l le l flow supports the conclusion that feedback effects 
originating in the radia l blanket in s e r i e s flow a r e insignificant. 

0 6 - H x 10 

SERIES FLOW 
o CALCULATED • EXPERIMENTAL 

0 5 - H x l O 

PARALLEL FLOW 

o CALCULATED • EXPERIMENTAL 

A '> • '< 

Fig . 38. Comparison of Exper imenta l 
and Calculated Results for 
Single-pole Transpor t Lag 
Model, Reduced Ser ies Flow 

F ig . 39. Comparison of Exper imental 
and Calculated Results for 
Single-pole Transpor t Lag 
Model, Reduced Pa ra l l e l Flow 

Actually, as S to r r e r has sho-wn, the value de termined for T is r e 
lated to the physical t r ans i t t ime T̂ - through the re la t ion 

T = Tt [1 +(Tf /Tc) ] (15) 

where T£ and T ,̂ a r e the t ime constants associa ted with the fuel and cool
ant, respec t ive ly . In effect, the factor [l + (Tf/T^)] is the ra t io of the total 
heat capacity to the heat capacity of the coolant. The significance of this 
effect is essent ia l ly th i s : at low frequencies a t empe ra tu r e signal 



t r anspor ted by the coolant t r ave l s slower than the coolant by the factor 
[l + (Tf /Tc)] . The effect a r i s e s through the exchange of heat between fuel 
and coolant and between coolant and nonheat-producing components such 
as blanket rods and rod extens ions . 

The location of the region coming under the influence of the t r ans i t 
t ime dependence may be infer red from a considerat ion of the empi r ica l 
values for T, the actual velocity of the coolant, v, and an evaluation of the 
factor [l + (Tf /Tc)] . The dis tance assoc ia ted with the convective effect is 
given by 

rr-t 

^ = 1 + (TI/TC) ^''^ 

where T is the empi r i ca l (effective) t r anspor t lag and the factor [l + {T^/T^)] 
has been evaluated for Mark III by S t o r r e r as 9.5. A s u m m a r y of values 
for the effective t r anspor t d is tance d for different s e r i e s and para l l e l flow 
ra te s is given in Table III. 

Table III 

EFFECTIVE TRANSPORT DISTANCE 

Core Flow, Velocity of T, d, 
gpm Coolant, i n . / s e c sec in. 

245 

151 

93 

244 

151 

93 

Ser ies Flow 

74.5 

45.8 

28.2 

P a r a l l e l Flow 

74.4 

45.8 

28.2 

0.70 

1.03 

1.24 

0.46 

1.08 

1.17 

5.5 

5.0 

3.7 

3.6 

5.2 

3.5 

The fact that the effective t r an spo r t d is tance is of the o rde r of 4-5 inches 
indicates that feedback effects descr ibed by a t r anspor t lag dependence a re 
l imited to the core and the lower port ion of the upper blanket . 



C. E m p i r i c a l A n a l y s e s of F u l l - f l o w , F u l l - p o w e r D a t a 

Without e x c e p t i o n , f e e d b a c k d a t a u n d e r fu l l - f low cond i t i ons w e r e 
found to be m o r e a d e q u a t e l y d e s c r i b e d by the d o u b l e - p o l e m o d e l d e s c r i b e d 
m a t h e m a t i c a l l y by Equa t i on 14. An e m p i r i c a l e v a l u a t i o n of the p a r a m e 
t e r s T j , T2 and X fronn e x p e r i m e n t a l l y m e a s u r e d f e e d b a c k s w a s c a r r i e d 
out in the fol lowing m a n n e r . By i n v e r t i n g and r e a r r a n g i n g Equa t i on 14, it 
can be sho-wn tha t the r e c i p r o c a l s of the r e a l and i m a g i n a r y c o m p o n e n t s 
of t h e f eedback a r e g iven by 

, 1 -W^TjTz , , 

P X 

a n d 

, W(Ti + T2) , , 
( - l / H ) l m = P X • (^^) 

By p lo t t ing the r e a l c o m p o n e n t s of the i n v e r s e f e e d b a c k a s a funct ion of W , 
it i s p o s s i b l e to e s t a b l i s h a va lue for l / p x t h r o u g h an e x t r a p o l a t i o n to 
z e r o f r e q u e n c y . The s l o p e , in t u r n , y i e ld s a va lue for T 1 T 2 / P X . If the 
i m a g i n a r y c o m p o n e n t of the i n v e r s e f eedback , ( - l /H) i rn> i s p lo t t ed a s a 
funct ion of w, an eva lua t i on of the s lope g ives (T^ + T 2 ) / P X . T h i s p r o c e 
d u r e r e s u l t s in two independen t equa t i ons with two unkno-wns (PX be ing 
kno-wn) which m a y be so lved s i m u l t a n e o u s l y for T^ and T2. The r e s u l t s of 
such a t r e a t m e n t for t y p i c a l h igh and l o w - t e m p e r a t u r e s e r i e s - f l o w r u n s 
a r e s u m m a r i z e d in T a b l e IV. An a n a l y s i s of d a t a t a k e n a p p r o x i m a t e l y 
one y e a r e a r l i e r u n d e r e s s e n t i a l l y i d e n t i c a l cond i t ions h a s b e e n inc luded 
for c o m p a r i s o n . In t h i s c a s e X^jy i s d y n a m i c p o w e r coef f ic ien t e v a l u a t e d 
e m p i r i c a l l y and Xg i s the s t a t i c p o w e r coeff ic ient e v a l u a t e d f r o m rod 
d r o p m e a s u r e m e n t s . 

Runs 

1141-1156 

1497-1512 

1157-1172 

1425-1441 

EMPIRICAL 

°C 

47.0 

75.4 

231 

234 

P o w e r , 
kw 

1160 

1225 

1164 

1214 

Table IV 

PARAMETERS FOR THE D O U B L E - P O L E MODEL; 

T i , 
sec 

2.16 

2.00 

2.14 

2.30 

F U L L FLOW (SERIES) 

s e c 

0.32 

0.46 

0.37 

0.43 

PXdy, 
Ak/k X 10"^ 

-2.12 

-2 .17 

-2.56 

-2 .69 

^ d y . 
Ak/k /kw X 10-^ 

-1 .83 

-1 .78 

-2.20 

-2 .21 

^ s , 
Ak /k /kw X 

-1 .84 

-1 .87 

-2.50 

-2 .57 

1 0 - ' 

A v e r a g i n g the r e s u l t s at low in l e t t e m p e r a t u r e g ives v a l u e s of 
2.08 s e c , 0,39 s e c , and -1 .81 x 10"^ A k / k / k w for T j , T2, and X^y, r e s p e c 
t i v e l y . A s i m i l a r a v e r a g e for the h i g h - t e m p e r a t u r e p a r a m e t e r s a r e 
2.22 s e c , 0.40 s e c , and -2 .21 x 10" A k / k / k w . A c o m p a r i s o n of e x p e r i m e n t a l 



resu l t s -with those calculated at high and low inlet t empera tu res from the 
p a r a m e t e r s given in Table IV is given in F igs . 40 and 41, respect ively . 
Within the l imits of exper imenta l accuracy (see Appendix A) the fit may 
be regarded as sa t i s fac tory . It is also significant that an equally s a t i s 
factory fit is obtained if the values used for Tj and T2 represen t averages 
without r ega rd to t e m p e r a t u r e . 
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F r o m the data given in Table IV it is c lear that one significant 
difference dist inguishing the high and low- t empera tu re p a r a m e t e r s appears 
in values obtained for the dynamic and stat ic power coefficients. The dif
fe rences effected in X^j^ and Xg through an inlet t e m p e r a t u r e i nc r ea se of 
175°C, say from 60 to 235°C, amounts to approximate ly 22% and 41%, r e 
spect ively . A s imi l a r dependence, although not as pronounced, has been 
noted for the i so the rma l t e m p e r a t u r e coefficient. Values m e a s u r e d for 
the inc remen ta l and in tegra l i so the rma l t e m p e r a t u r e coefficients a re 
summar i zed in F ig . 42. F r o m 60 to 235°C, approximate ly the range of 
compar i son for feedbacks, the inc rementa l i so the rma l t e m p e r a t u r e coef
ficient i n c r e a s e s from 1.16 to 1.32 ih/°C, an i nc r ea se of approximate ly 14%. 
Such changes effected by t e m p e r a t u r e in the i s o t h e r m a l t e m p e r a t u r e coef
ficient a r e ce r ta in to be ref lected in the power coefficient. The explana
tion of the i s o t h e r m a l t e m p e r a t u r e coefficient dependence on t e m p e r a t u r e 
l ies in the t e m p e r a t u r e - s e n s i t i v e dependence of the l inear expansion coef
ficient for the 98% uran ium-2% zi rconium alloy fuel used in Mark III. F r o m 
F ig . 43, which i l l u s t r a t e s the expansion coefficient dependence on t e m p e r a 
t u r e , it may be seen that i n c r e a s e of the t e m p e r a t u r e from 60 to 235°C 
causes the expansion coefficient to i n c r e a s e from 11.0 to 13,5 x l O " A L / L / ° C 

an i n c r e a s e of 23%. Thus, if the i so the rma l t e m p e r a t u r e coefficient is con
s ide red to be the r e su l t of expansion effects in fuel, only a cor responding 
i n c r e a s e of 23% would be expected in the magnitude of the i so the rma l t e m 
p e r a t u r e coefficient. The fact that a s m a l l e r i n c r e a s e -was noted is p r o b 
ably not significant s ince the full i n c r e a s e would be rea l i zed only for the 
specia l case of complete r ad ia l coupling of fuel r o d s . The compar i son of 
the 23% i n c r e a s e in the l inear expansion coefficient of the fuel with the 
22% i n c r e a s e in the dynamic power coefficient is not significant s ince the 
two coefficients a r e not l i nea r ly r e l a t ed . Detailed calcula t ions based on 
fuel and coolant t e m p e r a t u r e d is t r ibut ions throughout the core and blanket 
a r e needed to tes t the validity of these concepts . 

Pe rhaps the mos t significant r e su l t of the emp i r i c a l t r ea tmen t is 
the 13% d i sc repancy exist ing between values es tabl i shed for the dynamic 
and s ta t ic power coefficients at the higher inlet t e m p e r a t u r e s . A sma l l e r 
2.7% d i sc repancy in the s a m e d i rec t ion is noted for the l o w - t e m p e r a t u r e 
r e s u l t s , but, in view of an approximate +3% uncer ta in ty assoc ia ted with 
s ta t ic power coefficient m e a s u r e m e n t s , this d i sc repancy may or may not 
be significant. 

Since the d-ynamic and s ta t ic power coefficients become identical in 
the l imi t of zero frequency, it mus t be concluded that 13% of the net power 
coefficient (s ta t ica l ly measu red ) at high inlet t e m p e r a t u r e s cons i s t s of a 
component so delayed in t ime that the r eac to r osci l la t ing at f requencies as 
low as 0.02 cps cannot sense the feedback. Conf i rmatory evidence of the 
exis tence of the delayed negat ive effect, pa r t i cu l a r ly for the pa r t i a l ly 
shea red co re , has been d i scussed in Section VI. The or ig in of this effect 
is obscu re , but in view of the ex t r eme ly long t ime constant (of the o rde r of 
400 seconds) , some por t ion of the upper s t r uc tu r e mus t be involved. Why 
the effect is m o r e m a r k e d at higher inlet t e m p e r a t u r e s is not unders tood. 
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D. Mode l , Inc lud ing D e l a y e d F e e d b a c k , for the R ig id F u l l y R i b b e d C o r e 

The e f fec t s of t h e d e l a y e d s t r u c t u r a l c o n t r i b u t i o n to t h e r e a c t i v i t y 
f e e d b a c k for the r i g i d ful ly r i b b e d c o r e a t h igh i n l e t t e m p e r a t u r e s a r e d e 
s c r i b e d by t h e e x p r e s s i o n 

P X i PX2 , , 
TT _ i , '^ (19^ 

(1 + i w T i ) ( l + iwT2) ( l + i w T s ) ^ ' 

w h e r e the f i r s t t e r m on the r i g h t d e s c r i b e s t h e f e e d b a c k a r i s i n g f r o m c o r e 
and b l a n k e t h e a t i n g , and the s e c o n d t e r m d e s c r i b e s t h e d e l a y e d s t r u c t u r a l 
f e e d b a c k . E m p i r i c a l l y d e d u c e d v a l u e s for t h e v a r i o u s p a r a m e t e r s a r e 
g iven in T a b l e V. V a l u e s for Xi , T j , and T2 a r e a v e r a g e v a l u e s e s t a b l i s h e d 
f r o m an e m p i r i c a l a n a l y s i s of e x p e r i m e n t a l l y m e a s u r e d f e e d b a c k s . T h e 
p o w e r coef f i c i en t X2 i s s i m p l y t h e d i f f e r e n c e b e t w e e n the s t a t i c and d y n a m i c 
p o w e r c o e f f i c i e n t s , and the v a l u e for the t i m e c o n s t a n t T3 i s an e s t i m a t e 
b a s e d on r o d - d r o p d a t a t y p i c a l l y i l l u s t r a t e d in F i g . 37 . F r o m F i g . 44, 
wh ich c o m p a r e s c a l c u l a t e d and e x p e r i m e n t a l r e s u l t s , i t i s c l e a r t h a t E q u a 
t ion 19 a d e q u a t e l y d e s c r i b e s t h e f e e d b a c k o v e r t h e f r e q u e n c y r a n g e 0.02 to 
0.54 c p s and l e a d s to a s a t i s f a c t o r y e x t r a p o l a t i o n of t h e low f r e q u e n c y f e e d 
b a c k to a v a l u e c o n s i s t e n t w i th the m e a s u r e d s t a t i c p o w e r coe f f i c i en t . 

T a b l e V 

P A R A M E T E R S F O R D E L A Y E D 
F E E D B A C K M O D E L O F T H E 
RIGID F U L L Y R I B B E D C O R E 

P = 1214 kw 

Xi = - 2 . 2 1 x 1 0 ' ^ A k / k / k w 

X2 = - 0 . 3 3 x 1 0 " ^ A k / k / k w 

T i = 2.22 s e c 

T2 = 0,40 s e c 

T3 = 400 s e c 

E . M o d e l , Inc lud ing D e l a y e d F e e d b a c k , for the P a r t i a l l y S h e a r e d C o r e 

M a t h e m a t i c a l l y t h e fo l lowing m o d e l d e s c r i b e s t h e b e h a v i o r of t h e 
p a r t i a l l y s h e a r e d c o r e : 

P X i PX2 PX3 

"•" ~ ( T T i w T i ) ( l + i w f ^ "*" (1 + iwTa) "̂  (1 + i w T j ' ^^^' 
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PX, PX, 

(l + iCJ-qXl+ iWX^ (l + iCJTj) 

P = 1214 Kw 
X| = 2 205 X IO'*Ak/l</kw 
Xg- 0 3 3 0 X lO-^Ak/k/kw 

-t; = 2 22 SEC 
r 2 = 0 4 0 SEC 
T j = 4 0 0 SEC 

- « - CALCULATED 

A EXPERIMENTAL, RUNS 1425—1441 

Fig . 44. Connparison of Exper imenta l with Calculated Resul ts for Fully 
Ribbed Core , Full Power , Ful l Flow, High Inlet Tempera tu re 

where the t e r m s on the right desc r ibe , respect ively, the feedback associated 
with the re fe rence core (rigid fully ribbed), rod bowing, and delayed s t r u c 
tu ra l expansion. A s u m m a r y of the various p a r a m e t e r s and their respect ive 
empi r ica l values is given in Table VI. 

Table VI 

PARAMETERS FOR DELAYED FEEDBACK MODEL OF THE 
PARTIALLY SHEARED CORE 

P = 1189 kw 

Xi = -2,21 x 10"^ Ak/k/kw 

Xz = +0.543 X 10-^ Ak/k/kw 

Xs = -0.873 X 10"^ Ak/k/kw 

Ti = 2.22 sec 

Tz = 0.40 sec 

T3 = 1.20 sec 

T4 = 400 sec 

Values for Tj , T2, and Xi a r e those deduced for the fully ribbed rigid core , 
as descr ibed in Section VI-C. Values for the rod bowing p a r a m e t e r s X2 
and T3 were obtained empir ica l ly from a solution of the equation 

PX, 
•H = 

P X , 
(1 + iwTi ) ( l -f iwT2) (1 + iwTa) 

(21) 



w h e r e - H i s the d-ynamic f e e d b a c k a s s o c i a t e d wi th the p a r t i a l l y s h e a r e d 
c o r e and the f i r s t - t e r m p a r a m e t e r s Xi , T j , and T2 a r e t h o s e a s s o c i a t e d 
wi th the r i g i d , fully r i b b e d c o r e . The p o w e r coef f ic ien t a s s o c i a t e d with 
d e l a y e d s t r u c t u r a l e x p a n s i o n X3 w a s e s t a b l i s h e d t h r o u g h the r e l a t i o n 

•^s ta t ic = Xi + X2 + X3 . (22) 

F i n a l l y , t he t i m e c o n s t a n t T4 w a s a s s u m e d to be 400 s e c , the va lue e s t i 
m a t e d f r o m r o d - d r o p m e a s u r e m e n t s . 

A c o m p a r i s o n of e x p e r i m e n t a l l y m e a s u r e d f e e d b a c k s wi th t h o s e 
c a l c u l a t e d f r o m Equa t ion 20 and the p a r a m e t e r s of T a b l e VI i s g iven in 
F i g . 4 5 . Aga in , t he fit m a y be r e g a r d e d a s s a t i s f a c t o r y . A s s u m i n g t h a t 
the v a l u e s u s e d for the v a r i o u s p o w e r coe f f i c i en t s a r e r e a l i s t i c , i t i s c l e a r 
f r o m th i s m o d e l t h a t the ef fects r e s u l t i n g f r o m s h e a r i n g r i b s f r o m the r e 
m a i n i n g fuel a s s e m b l i e s wi l l no t b e su f f i c ien t ly l a r g e to c a u s e |X2|> IXj] , 
i . e . , tha t the p r o m p t b e h a v i o r of the r e a c t o r wi l l s t i l l be g o v e r n e d by a 
n e g a t i v e but s m a l l e r p o w e r coef f i c ien t . 
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X2= -0 543 
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T| = 2 22 SEC 
r2=0 40 SEC 
TJ = 1 20 SEC 
-r^= 400 SEC 

-O- CALCULATED 

A EXPERIMENTAL, RUNS 1857—1897 

i g . 4 5 . C o m p a r i s o n of E x p e r i m e n t a l wi th C a l c u l a t e d R e s u l t s for P a r 
t i a l l y S h e a r e d C o r e , F u l l P o w e r , F u l l F l o w , High Inlet 
T e m p e r a t u r e 
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VIIL CORRELATION OF MARK III RESULTS WITH MARK II BEHAVIOR 

The following important conclusions pert inent to an understanding 
of the Mark II behavior have resu l ted from the Mark III t es t r e s u l t s : ( l ) the 
delayed negative power coefficient component contributing to the instabil i ty 
of Mark II was el iminated in Mark III through changes in mechanical de 
sign, (2) the addition of stabil izing r ibs to the fuel rods el iminated,or at 
leas t grea t ly reduced, posit ive reac t iv i ty effects a r i s ing through rod bow
ing, and (3) posit ive react iv i ty effects associa ted with rod bowing are the 
consequence of specia l , not eas i ly real ized, mechanical conditions„ 

Empi r i ca l analyses of Mark III feedback data taken under full and 
reduced flow conditions have failed to r evea l any evidence of a delayed 
negative power coefficient component s imi l a r to the one associa ted with 
Mark IL Although it is cer ta in that a delayed s t ruc tu ra l effect does exist 
in Mark III, the fact that its t ime constant is exceedingly long, i .e . , approx
imate ly 400 sec , indicates r a the r definitely that the p r o c e s s e s responsible 
for the delayed negative component in Mark II and Mark III cannot be the 
s a m e . 

The r e su l t s of empi r i ca l analyses do indicate the existence of a 
t r anspo r t lag dependence for reduced flow conditions in Mark IIL The 
t r an spo r t lag dependence in Mark III differs considerably from that d i 
rec t ly responsib le for the instabil i ty of Mark IL As discussed in Sec
tion VII-B^the feedback p roces s assoc ia ted with the t r anspor t lag in 
Mark III opera tes over a dis tance of only 4-5 inches, a dis tance which 
effectively l imits the p r o c e s s to one involving the expansion of fuel and, 
possibly, of upper blanket m a t e r i a l . 

Since the effective t r anspo r t lag of the Mark II negative feedback 
was much l a r g e r (10 sec according to Bethevl^j fQj. one- thi rd flow), the 
effect mus t have opera ted between the core and some s t ruc tu ra l region 
considerably removed from the co re . The fact that no comparable feed
back component was observed in Mark III after the elimination of all do-wn-
s t r e a m Mark II s t ruc tu re s t rongly supports this conclusion^ 

As the resu l t of recent s tudies , d i scussed in Appendix B, it now 
seems quite l ikely that the mechan ism responsib le for the delayed Mark II 
feedback involved the rma l ly induced motions in rod-posit ioning l igaments 
of the Mark II lower shield p la te . To apprec ia te the in t r icacy of this mech
anism it is n e c e s s a r y to review per t inent detai ls of the Mark II construct ion. 
A cutaway view of the reac tor proper and a c ros s - sec t i ona l view taken 
through the core center a r e given in F ig . 46 and 47, respect ive ly . The fuel 
port ion cons is t s of a hexagonal a s sembly of 217 fuel rods , each of which 
cons is t s of a s ta in less s tee l tube, 0.448 in O.D. with a 0.020-in. wall thick
n e s s , containing concentr ica l ly spaced fuel and blanket s lugs , 0.384 in. in 
d i ame te r . The fuel rods a r e positioned at the bottom on 0.494-in. cen te rs 



70 

by a tube plate perforated with t r iangular holes which, in the case of 
Mark II, engaged conical-shaped rod t ips . Dimensions and to le rances 
were such that the following c l ea rances between rod t ips and holes were 
afforded: minimum, 0.004 in; maximum, 0.008 in. Surrounding each 
positioning hole a r e six coolant pa s sages , e a c h - ^ in. in d iameter , and 
t h r ee , each T^in. in d i ame te r . Approximately 16 inches above the center 
of the fuel region is the four- inch thick Lower shield plate i l lus t ra ted in 
F ig . 48. (The photograph sho-wn is actually one of a dummy two-inch 
plate s imi la r in design and all other dimensions to the four-inch plate 
actually p resen t in Mark II.) 

INNER BLANKET RODS 

OUTER BLANKET 

SHIELD 

FUEL ELEMENTS 

STRUCTURE TIE RODS 

REACTOR TANK 

CONTROL ROD 

SAFETY BLOCK 

Fig. 46. Cutaway View of EBR-I, Mark II Reactor 
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Fig . 47. Cross Section through EBR-I , Mark II Core 

F ig . 48. Lower Shield Pla te , EBR-I , Mark II 



The plate consis ts of two reg ions : an inner hexagonal sect ion 
containing 217 fuel rod holes , each nominally 0.460 in. in d i ame te r , and 
an outer a r r angemen t of 138 holes for blanket rods , each 0.964 in. in d i am
e t e r . Separating the two regions is a hexagonally shaped annulus, approx
imate ly 0,200 in. wide with grooves mil led to a depth of 0.125 in,, in the 
upper and lower su r faces . Two hexagonal flow div iders of 347 s ta in less 
s teel , 0.088 in. in th ickness , fitted into the grooves se rve to separa te inlet 
and outlet coolant. The 24- in . lower flow sepa ra to r extends between the 
tube sheet and the lower surface of the lower shield pla te , whereas the 
4-in. upper s epa ra to r extends from the upper surface of the lower shield 
plate to the lower surface of the sea l p la te . 

To pe rmi t the passage of coolant, blanket rod extensions a r e fluted 
in the vicinity of the lower shield plate and fuel rod extensions a r e fluted 
over the length extending from the bottom of the lower shield plate to the 
top of the sea l p la te . The nominal dimensions of the fuel rod extensions 
(at maximum diameter ) and shield plate perfora t ions a r e 0,449 and0.460ino, 
respec t ive ly , giving a nominal d i ame t r a l c lea rance of 0,011 in„ In s e r i e s 
flow, the only a r r angemen t poss ib le , the coolant flows downward around 
the blanket rod fluting into the lower plenum chamber , where the flow r e 
v e r s e s and p a s s e s upward through the core , through the fluted port ion of 
the fuel rod extensions, and into the outlet p lenum. 

Above the two-inch sea l plate is a s e r i e s of two and four- inch 
shield plates a l ternat ing with four- inch spacer r ings running to an eleva
tion of 86 inches above the bottom of the lower shield p la te . Six li ' - in. tie 
rods penetra t ing the outer port ion of the var ious shield pla tes and s t r u c 
tu re r ings t ighten the en t i re collect ion. 

As d i scussed in Appendix B, the r e su l t s of exper iments conducted 
on a dummy two-inch Mark II shield plate have demons t ra ted that rods 
penetrat ing the perfora t ions a r e subject to radia l motions init iated by ex
pansive and contract ive actions of l igaments in the inner fuel rod region 
following t e m p e r a t u r e pe r tu rba t ions . It now seems plausible that such 
motions were respons ib le , not only for the delayed negative component of 
Mark II, but indi rec t ly for the prompt posit ive rod-bo-wing power coefficient 
as wel l . In the following d iscuss ion , a mechan ism based on t e m p e r a t u r e -
induced l igamental motions is postula ted. 

As the Mark III t e s t r e su l t s have shown, posi t ive reac t iv i ty effects 
from rod deformation r equ i re that the fuel rods be r igidly r e s t r a ined from 
rad ia l motion immedia te ly above and below the c o r e . In view of the sub
stant ial c l ea rances at upper and lower r e s t r a in ing points , i .e . , the lower 
shield plate and tube sheet , respec t ive ly , these conditions were not r e a l 
ized. The fact that rod bo-wing was important in Mark II under conditions 
apparent ly nonconducive to rod bowing has long consti tuted a source of 
cons iderable speculat ion. F o r s imi l a r r easons it has also been difficult 
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to assoc ia te the s t rong delayed negative power coefficient component with 
the expansive action of shield plate l igamentsj since s ta t is t ica l ly only 
those rods accidently bear ing on the inner surfaces of holes would be af
fected by expansive mot ions . To explain these apparent inconsis tencies it 
is n e c e s s a r y to consider the effects of an elevated inlet t empera tu re and 
of power generation on these c r i t i ca l c lea rance s y s t e m s . 

As the inlet t e m p e r a t u r e i n c r e a s e s , for example during a normal 
s ta r tup , both the tube sheet and the lower shield plate expand more or l ess 
freely, since the outer port ions of the inner tank assembly expand by e s 
sent ial ly s imi la r amounts . The effect of i so thermal ly increas ing the inlet 
t e m p e r a t u r e , with e lec t r i c hea t e r s for example, would tend to move p e r 
forations in the lower shield plate and tube sheet outward. Rod extensions 
and rod tips m o r e or l e s s randomly or iented at room tempera tu re would 
eventually be gathered in an o rde r ly a r rangement along the inner edges of 
the pe r fo ra t ions . In pr inc ip le , for a sys tem of rods so oriented deforma
tion accompanying power i n c r e a s e s would be manifested by an outward 
movement of rod tips at the bottom, a-a effect that is c lea r ly negat ive. In 
p rac t i ce , the t e m p e r a t u r e diffeT-ential existing ac ros s the core as the r e 
sult of power generated resu l t s in an additional radia l movement of shield 
plate l igaments , which effectively moves the fuel rods outward until the 
tips bear against the outer edges of the positioning holes . Under these 
highly o rde red conditions the most logical manifestation of rod bowing will 
be an inward bow. 

It is pa r t i cu l a r ly in teres t ing to note that the s t ruc tu ra l member 
indi rec t ly responsib le for the posit ive rod-bowing component appears to 
be d i rec t ly respons ib le for the delayed negative component. Outward radial 
motions of shield plate l igaments effected through a power inc rease c a r r y 
the a l ready gathered rod extensions and effectively inc rease the size of the 
r eac to r co re . Conversely , the r ecove ry of l igaments following a power 
d e c r e a s e allo-ws rod extensions to drift inward and to dec rease the core 
r ad ius . 

Before the Mark II r e su l t s can be in terpre ted in t e r m s of a physi
cal feedback model , it is nece s sa ry to unders tand why the prompt power 
coefficient of Mark II was posit ive and why an extrapolation of Mark III 
data to fully sheared conditions indicates a prompt negative. The explana
tion of this impor tant difference l ies ir the degree of rad ia l coupling b e 
tween fuel r o d s . Whereas the fuel rods in Mark III a re s t rongly coupled, 
even when s t r ipped of thei r r ibs (one-inch sections remain at upper and 
lower ends), essen t ia l ly no coupling existed in Mark II, In Mark III the ef
fective core radius following a power change is influenced by the number of 
fuel rods contiguous with the hexes and with each o ther . In Mark II, on the 
other hand, the effect of radial expansion on core radius was l imited by ex
pansion effects in individual rods . F r o m these considerat ions it follows 
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that the prompt rad ia l power coefficient should be l a rge in Mark III and 
should have been sma l l in Mark II, As the r e su l t s of extrapolat ion show, 
the Mark III prompt rad ia l and axial power coefficient is sufficiently 
la rge to over r ide the en t i re prompt posit ive rod-bowing component. In 
Mark II the prompt negative component, which consis ted chiefly of axial 
effects, was insufficiently l a rge and the net prompt power coefficient was 
pos i t ive . 

Based on these concepts , the foUo-wing ma themat i ca l model descr ib
ing the Mark II behavior at full flow is postulated: 

-iwT 

-H = 
P X ax P X r b P X . e 

+ (1 + iwTi)(l + iwT2) (1 + iwTs) (1 + iwT4) 
(23) 

where Xax> Xrb> 3-nd Xd a r e the power coefficients for axial expansion, rod 
bowing, and shield plate expansion, r espec t ive ly . The coefficients X^x ^^^ 
X^ a r e , of cour se , negat ive, and Xj.]-, is pos i t ive . The f i r s t two t e r m s on the 
r ight-hand side of Equation 23 desc r ibe the feedback a r i s ing from axial fuel 
expansion and rod bowing, and a r e , in fact, re la ted , at l eas t qualitatively, to 
the corresponding t e r m s in Equation 20, which d e s c r i b e s the feedback for 
the pa r t i a l ly shea red Mark III c o r e . The thi rd t e r m , which desc r ibes the 
delayed feedback from l igamental expansions in the lo-wer shield plate , is 
pecul iar to Mark II, s ince such s t ruc tu r a l m e m b e r s were el iminated in the 
Mark III design. 

Reasonable e s t ima tes of the p a r a m e t e r s X^^, X^.^, Tx, T2, and T3 
may be obtained from the r e su l t s of empi r i ca l analys is of Mark III data. 
As a f i r s t approximation, values for Ti , T2, and T3 can be a s sumed equal 
to the corresponding values quoted in Table VI for the ful l-power, full-flow, 
par t i a l ly shea red c o r e . The value of Xĝ ^̂ . may be approximated as one-
th i rd that given for the prompt negative power coefficient in Table VI and 
the value of Xj.-^ may be approximated by th ree t i m e s the value given for 
the cor responding rod-bowing coefficient. F r o m physical cons idera t ions , 
values of 2.0 and 2.1 sec may be es t imated for the t ime constant T4 and 
the effective t r a n s p o r t lag Ti , r e spec t ive ly . The p a r a m e t e r leas t capable 
of evaluation is the delayed power coefficient X^. An es t imate of the mag
nitude of this coefficient may be obtained from a solution of Equation 23 
where -H is given by actual Mark II data and where al l other p a r a m e t e r s 
a r e defined by the values cited above. The value of Xd resul t ing from such 
a t r ea tmen t amounts to 2,73 x 10" Ak/k/kw, In t e r m s of the effect on core 
r ad ius , this value r e q u i r e s a 0.020-in. i nc rease in c o r e rad ius for a nom
inal 100°C t e m p e r a t u r e differential a c r o s s the co re , an i nc rease incons is t 
ent with the value of 0.00 7 in. which would be expected for an unres t r a ined 
rad ia l expansion of the shield plate l igament s . In effect, then, to explain 
the exper imenta l Mark II r e su l t s at full power and full flow based on the 
above assumpt ions , rad ia l movements approximate ly threefold l a r g e r than 
those predic ted on the bas i s of un re s t r a ined expansion a r e requ i red . Some 
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mechanism which mechanical ly amplifies l igamental motions is requi red 
to explain this apparent anomaly. As d iscussed in Appendix B, such a 
mechan ism has indeed been found in a pronounced dishing action of the 
lower shield p la te . 

Attention must also be called to the possibi l i ty of amplification 
mechan i sms operat ing in the shield plate region. If the al ignment of the 
lower shield plate and sea l plate (four inches above) happened to be such 
that l igaments in the seal plate acted as pivots, a given radial d i sp lace
ment of fuel rods at shield plate level would lead to an approximate t h r e e -
or fourfold mechanica l amplification at co re elevation. Deposits of sodium 
and potass ium oxides in the 0.0055-in, radia l c learance existing between 
rod extensions and l igaments of the sea l plate could, of course , enhance 
the possibi l i ty of leverage action. 



IX. SUMMARY 

F r o m the r e s u l t s of instabil i ty s tudies it may be concluded that the 
operat ional c h a r a c t e r i s t i c s of the fully ribbed and rigid Mark III loading 
a r e governed by feedback p r o c e s s e s which guarantee safe and stable ope ra 
tion under no rma l operat ing condit ions. The influence of the stabil izing 
r ibs is felt in two ways , both of which a r e in the di rect ion of inc reased 
stabi l i ty. The r ibs provide s t rong radia l coupling between fuel rods and 
between fuel rods and hex cans , with the consequence that a la rge radia l 
contribution to power coefficient is rea l ized . The r ibs have also e l imi 
nated, for a l l p rac t i ca l pu rposes , posit ive feedback effects a r i s ing from 
the inward bowing of fuel rods during power i n c r e a s e s . Absolutely no evi
dence of posit ive reac t iv i ty effects was noted for the fully ribbed and rigid 
co re . 

The r e su l t s of logical extrapolat ions of ful l-power, full-flow tes t 
data indicate that the r eac to r could be brought into a resonant condition for 
power levels exceeding 1000 megawat t s . Since nominal full-power operat ion 
is l imited by design to 1.2 megawat t s , the hypothetical instabi l i ty power is 
one of m e r e academic in t e r e s t . The l imit to which power m a y b e inc reased 
is dictated, not by m a t t e r s of instabil i ty, but by m a t t e r s of heat r emova l . 
In a p rac t i ca l s ense , then, the fully ribbed Mark III loading could never be 
made uns table . 

The s t rong nonl inear i t ies observed in the power coefficient pose no 
ser ious operat ional p rob l ems , at leas t over the range of power assoc ia ted 
with the t e s t s . Except for the region between zero and 200 kw, in which the 
power coefficient is smal l but s t i l l negat ive, the power coefficient is every
where ve ry s t rongly negat ive . The nonl inear i t ies a r e , in fact, re la t ive ly 
unimportant from the stabi l i ty viewpoint. They a r e , however , bo the r some , 
since they grea t ly complicate the in te rpre ta t ion of t es t data in t e r m s of a 
single unified model w^hich may be applied over wide ranges of power, flow 
and t empe ra tu r e condit ions. The or igin of the nonl inear i t ies appears to be 
a consequence of power and t e m p e r a t u r e - s e n s i t i v e c l ea rance sys tems exis t 
ing between rods , between rods and hexes , and between hexes . Attempts to 
define such sys tems mathemat ica l ly a r e fur ther f rus t ra ted by differences 
existing in the expansion coefficients of fuel and s t r u c t u r a l m a t e r i a l s . Ob
viously, the associa t ion of such ex t remely tenuous c l ea rance sys tems with 
power coefficient nonl inear i t ies cannot be placed on an analyt ical b a s i s . 
The descr ip t ive in te rpre ta t ion of the effects of such c lea rance sys tems is 
never the les s impor tant , not only for an unders tanding of Mark III behavior , 
but to s e rve as a guide in the predic t ion of power coefficient nonl inear i t ies 
in other conceptual designs of fast r e a c t o r s . 

As an additional complicat ion, the power coefficient has also been 
shown to be sens i t ive to the t e m p e r a t u r e of the inlet coolant . The effects 
of i n c r e a s e s in inlet t e m p e r a t u r e a r e reflected by significant i n c r e a s e s in 



t he m a g n i t u d e s of bo th s t a t i c and d y n a m i c power c o e f f i c i e n t s . The t i m e 
d e p e n d e n c e of f e e d b a c k h a s b e e n found to be i n s e n s i t i v e to such c h a n g e s . 
The e x p l a n a t i o n of t h i s effect l i e s u n q u e s t i o n a b l y m the s t r o n g t e m p e r a 
t u r e d e p e n d e n c e of the e x p a n s i o n coef f ic ien t for the u r a n i u m - Z x r c o n i u m 
a l l oy fuel m a t e r i a l . The effects of m o r e f eedback at h i g h e r t e m p e r a t u r e s , 
whi le r e a l a r e relati-^-ely m i n o r At h i g h e r in le t t e m p e r a t u r e s the r e a c 
t o r would be m o r e s t a b l e at the l o w e r f r e q u e n c i e s but would be l e s s s t a b l e 
for f r e q u e n c i e s above 0,12 c p s . The effect is n e v e r t h e l e s s s m a l l and in 
no -way i n v a l i d a t e s g e n e r a l s t a b i l i t y c o n c l u s i o n s b a s e d OTI da t a ob t a ined at 
lo-wer t e m p e r a t u r e s . 

The in f luence of s t r u c t u r a l feedback h a s a l s o been o b s e r v e d m 
M a r k III, f o r t u n a t e l y to a d e g r e e m u c h l e s s s e r i o u s tha-n m the e a r l i e r , 
M a r k II d e s i g n . At the h i g h e r in le t t e m p e r a t u r e s a p p r o x i m a t e l y 13% of the 
s t a t i c p o w e r coef f ic ien t is a s s o c i a t e d with a feedback p r o c e s s o p e r a t i n g 
with a t i m e c o n s t a n t of the o r d e r of 400 s e c , m v iew of the e x t r e m e s l o w 
n e s s of a c t i o n the p h y s i c a l p r o c e s s r e s p o n s i b l e for the f eedback m u s t 
c e r t a i n l y be one a s s o c i a t e d wi th s o m e m a s s i v e po r t i on of the s t r u c t u r e at 
s o m e do-wns t ream l o c a t i o n . The e x i s t e n c e of th.,s de laved component h a s 
l i t t l e effect on s t a b i l i t y c o n c l u s i o n ? s i n c e i t s effect cannot be s e n s e d for 
f r e q u e n c i e s g r e a t e r t h a n 0.003 c p s . F o r f r e q u e n c i e s l e s s than th i s i t s 
p r e s e n c e a c t u a l l y c a u s e s the r e a c t o r to be m o r e s t a b l e 

A t t e m p t s to e n h a n c e and to m e a s u r e p o s s i b l e feedbacK ef fec ts 
a r i s i n g m the r a d i a l b r e e d i n g b l a n k e t w e r e u n s u c r e s s f u l As a c o n s e 
q u e n c e it m u s t be conc luded t h a t f e e d b a c k m e c h a n i s m s b a s e d on the p r e 
hea t i ng of i n l e t coo lan t by the t r a n s f e r of heat be tween c o r e ou t le t and 
b lanke t i n l e t m s e r i e s flow a r e u n i m p o r t a n t . Since p r e h e a t i n g p o s s i b i l i t i e s 
a r e v e r y n e a r l y the s a m e for bo th M a r k II and M a r k IIi it m a y a l s o be 
c o n c l u d e d tha t s t r o n g b l a n k e t f eedback m e c h a n i s m s p o s t u l a t e d a s the 
s o u r c e of the M a r k II d e l a y e d n e g a t i v e c o m p o n e n t a r e c o n s i d e r a b l y 
d i s c r e d i t e d . 

As the coo lan t flow is r e d u c e d (at c o n s t a n t p o w e r ) , t h r e e b a s i c 
c h a n g e s o c c u r m the f e e d b a c k T h e p o w e r coeff ic ient i n c r e a s e s by an 
a m o u n t rough ly i n v e r s e l y p r o p o r t i o n a l to the change m flow r a t e . The 
t i m e c o n s t a n t s for the e x p a n s i o n of fuel and the effect..^ e t r a n s p o r t lag 
a l s o i n c r e a s e . All of t h e s e c h a n g e s a r e in the d i r e c t i o n of i n c r e a s i n g i n 
s t a b i l i t y , s i n c e the r e s u l t of s u c h c h a n g e s i s m a n i f e s t e d by s t r o n g i n c r e a s e s 
m the p h a s e and a m p l i t u d e of f eedback v e c t o r s m the i m p o r t a n t III q u a d r a n t . 

L o g i c a l e x t r a p o l a t i o n s of t e s t d a t a for a p p r o x i m a t e l v o n e - t h i r d flow 
r e s u l t m the c o n c l u s i o n tha t the r e a c t o r would r e a c h r e s o n a n c e i n s t a b i l i t y 
m the v i c i n i t y of 10 m e g a w a t t s , a p o w e r l e v e l a p p r o x i m a t e l y twent-y t i m e s 
t h a t of t h e d e s i g n e d va lue for o n e - t h i r d f low. F u r t h e r r e d u c t i o n s of flow 
at c o n s t a n t p o w e r would r e s u l t in an a c c e l e r a t e d l o w e r i n g of the r e s o n a n c e 
p o w e r . F u r t h e r r e d u c t i o n s would be i n a d v i s a b l e not onlv b e c a u s e of the 
l o w e r e d r e s o n a n c e p o w e r l e v e l , but b e c a u s e of the p o s s i b i l i t y of fuel rod 
t e m p e r a t u r e s e x c e e d i n g l i m i t s s e t by d e s i g n . 



The resu l t s of removing the stabil izing r ibs from fuel rods have 
demons t ra ted conclusively the existence of a s t rong posi t ive effect which 
must logically be associa ted -with the inward bowing of fuel r o d s . An ex
t rapolat ion of the r e su l t s obtained from shear ing the r ibs from approxi
mate ly one- th i rd of the fuel rods r e su l t s in a value of +2.0 6 x 10" Ak/k/kw 
for the fully sheared c o r e . Since the prompt negative component a s s o 
ciated with fuel, coolant and blanket expansion is -2,205 x 10" Ak/k/kw, 
the response of the r eac to r , even when fully sheared , would sti l l be gov
erned by a sma l l e r , but s t i l l negat ive, prompt power coefficient. Under 
these conditions, runaway excurs ions , such as that which damaged the 
Mark II co re , would be imposs ib le . 

An application of the Nyquist s tabi l i ty c r i t e r ion to the extrapolated 
fully sheared data r e su l t s in the conclusion that the r eac to r would attain 
resonance instabi l i ty at full flow at approximate ly 11 megawat t s . The f r e 
quency at which resonance will occur is in the vicinity of 0.14 cps . The net 
resu l t of the positive component assoc ia ted -with rod bowing is a d ras t i c 
lowering of the resonance po-wer. 

It has also been shown that r ib shear ing r e su l t s in an unexpected 
and unexplained inc rease in the magnitude of the delayed s t ruc tu r a l power 
coefficient component. An empi r i ca l fit of feedback data to a model d e s c r i b 
ing the dynamic and s ta t ic behaviors of the pa r t i a l ly shea red core resu l ted 
in the following values for the respec t ive prompt negative, rod-bowing, and 
delayed s t ruc tu ra l power coefficient components : -2,21 x 10" , +0,543 x 10" , 
and -0.873 x 10" Ak/k/kw. These values c o r r e l a t e in a cur ious manner 
with those empi r ica l ly deduced for the prompt negative and delayed s t r u c 
tu ra l power coefficient component for the fully ribbed co re , namely, -2.21 x 
10" and -0.330 x 10" Ak/k /kw. The magnitude of the posi t ive power coef
ficient component is equal to the i nc r ea se in the magnitude of the s t ruc tu ra l 
component. Apparently, r ib shear ing introduces two feedback p r o c e s s e s : 
rod bowing, which is prompt and posi t ive, and one of an unspecified nature 
that is negative and ex t remely delayed in t i m e . A postulate has been for
mulated to explain the or igin of the inc reased delayed negative effect; this 
cons iders wall deformation in those a s sembl i e s containing sheared fuel 
rods . Regard les s of the exact na ture of the p r o c e s s , it is c lear that the 
s trong i nc r ea se in the negative s t ruc tu re t e r m does not affect conclusions 
regarding the resonance s tabi l i ty of the par t i a l ly or fully sheared cores 
since the p r o c e s s acts so slowly that the r eac to r osci l la t ing at frequencies 
as low as 0.02 cps cannot sense the feedback. 

The overa l l behavior of the Mark III co r e , whether fully ribbed and 
rigid, fully ribbed and loose, and even par t ia l ly or fully sheared , is one of 
ex t reme stabil i ty, a behavior in s t r iking cont ras t with that of Mark II. To 
apprecia te the reasons for this significant difference it is ins t ruct ive to 
show how those fea tures responsib le for the instabi l i ty of Mark II have 
been el iminated in Mark III through changes of design. 



The m o s t i m p o r t a n t and d i s t u r b i n g f e a t u r e of M a r k II w a s the 
e x i s t e n c e of the p r o m p t p o s i t i v e r o d - b o w i n g c o m p o n e n t . The i n c l u s i o n of 
s t a b i l i z i n g r i b s and a s y s t e m of t i gh t en ing r o d s in the M a r k III d e s i g n h a s 
e l i m i n a t e d , o r at l e a s t r e d u c e d to a po in t beyond d e t e c t i o n , s i m i l a r e f fec ts 
in M a r k III. It i s e q u a l l y s ign i f i can t f r o m the v iewpoin t of u n d e r s t a n d i n g 
M a r k II r e s u l t s t ha t t he M a r k III t e s t s h a v e shown tha t rod bowing i s t h e 
c o n s e q u e n c e of s p e c i a l , not e a s i l y o b t a i n e d , cond i t i ons of fuel rod r e s t r a i n t . 

The e x p l a n a t i o n of why r o d bo-wing e x i s t e d in M a r k II in wh ich c o n 
d i t i ons w e r e s u p e r f i c i a l l y n o n c o n d u c i v e to rod bowing i s b a s e d on an o r d e r e d 
a r r a n g e m e n t of r o d t i p s b r o u g h t about by e x p a n s i v e ac t i on of the l o w e r sh i e ld 
p l a t e . E x p a n s i o n b a s e d s o l e l y on the t e m p e r a t u r e d i f f e r en t i a l a c r o s s the c o r e 
w a s e v i d e n t l y suf f ic ien t to f o r c e the fuel r o d s o u t w a r d un t i l the t i p s w e r e b e a r i n 
a g a i n s t t he o u t e r e d g e s of the l o c a t i n g h o l e s . Under t h e s e c o n d i t i o n s , i n w a r d 
r o d bo-wing i s the m o s t l i k e l y c o n s e q u e n c e of d e f o r m a t i o n s a c c o m p a n y i n g 
p o w e r i n c r e a s e s . 

The e x p l a n a t i o n of why the p r o m p t p o w e r coef f ic ien t of M a r k II w a s 
p o s i t i v e and i s i n d i c a t e d to be n e g a t i v e in M a r k III, even for the ful ly s h e a r e d 
c a s e , i s found, not so m u c h in the m a g n i t u d e s of the p o s i t i v e c o m p o n e n t s , a s 
it i s in the m a g n i t u d e s of the p r o m p t n e g a t i v e c o m p o n e n t s . B e c a u s e of the 
l a c k of r a d i a l coup l ing b e t w e e n fuel r o d s in M a r k II, t he ef fects of r a d i a l 
e x p a n s i o n c o n t r i b u t e d l i t t l e to the p r o m p t p o w e r coef f ic ien t . The ne t p r o m p t 
p o w e r coef f ic ien t was a s s o c i a t e d wi th a x i a l fuel expans ion and coo lan t e x 
p u l s i o n , and was i n su f f i c i en t ly l a r g e to c a n c e l the p r o m p t p o s i t i v e c o m p o 
nen t f r o m r o d b o w i n g . In M a r k III, on the o t h e r hand, which r e p r e s e n t s a 
s t r o n g l y coup led rod s y s t e m , the p r o m p t n e g a t i v e p o w e r coef f ic ien t i n c l u d e s 
c o n t r i b u t i o n s f r o m bo th a x i a l and r a d i a l e x p a n s i o n s . The c o m b i n e d p r o m p t 
n e g a t i v e ef fec ts a r e su f f i c i en t ly l a r g e to o v e r r i d e the p o s i t i v e c o m p o n e n t 
f r o m r o d bowing , and the ne t p o w e r coef f ic ien t i s n e g a t i v e . The i n c l u s i o n 
of s t a b i l i z i n g r i b s in the M a r k III d e s i g n i s t h e r e f o r e b e n e f i c i a l in two r e 
s p e c t s : r o d bowing i s e l i m i n a t e d , and the p r o m p t n e g a t i v e p o w e r coeff ic ient 
is s t r e n g t h e n e d . 

The s e c o n d d i s t u r b i n g f e a t u r e no t ed in M a r k II was the p r e s e n c e of 
a d e l a y e d n e g a t i v e p o w e r coef f ic ien t c o m p o n e n t , which now a p p e a r s to have 
b e e n the r e s u l t of d e l a y e d e x p a n s i o n s in the l i g a m e n t a l s t r u c t u r e of the 
l o w e r s h i e l d p l a t e . As d i s c u s s e d in Append ix B, the r e s u l t s of e x p e r i m e n t s 
c a r r i e d o u t on a d u m m y sh i e l d p l a t e h a v e e s t a b l i s h e d the e x i s t e n c e of r a d i a l 
m o v e m e n t s of the s h i e l d p l a t e l i g a m e n t s which , b e c a u s e of t h e i r con t igu i ty 
wi th the fuel rod e x t e n s i o n s , e f f ec t ive ly modi fy the c o r e s i z e fol lowing 
p o w e r c h a n g e s . Such an effect i s c l e a r l y n e g a t i v e and o p e r a t e s wi th a t i m e 
d e p e n d e n c e r e a s o n a b l y c o n s i s t e n t wi th t h a t deduced a n a l y t i c a l l y f r o m a 
c o n s i d e r a t i o n of M a r k l i t e s t r e s u l t s . S t r u c t u r a l f e a t u r e s such a s the sh ie ld 
p l a t e s y s t e m of M a r k II have b e e n e l i m i n a t e d in M a r k III. T h i s fac t , coup led 
with the o b s e r v a t i o n t h a t no s i m i l a r c o m p o n e n t h a s b e e n o b s e r v e d in M a r k III, 
s u p p o r t s t h e v a l i d i t y of t h i s e x p l a n a t i o n . 



In s u m m a r y , those features responsible for the instabi l i ty of 
Mark II, namely , the prompt posit ive and delayed negative power coef
ficient components , were unquestionably the resu l t of design pecu l i a r i t i e s . 
The el iminat ion of the perfora ted shield plate sys tem coupled with the 
addition of stabil izing r ibs to the Mark III fuel rods has resu l ted in a 
r eac to r whose per formance is unquestionably stable under all credible 
operat ing condit ions. 
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APPENDIX A 

Accuracy of Feedback Measurements 

The effect of e r r o r s inherent in m e a s u r e m e n t s of the t r ans fe r func
tion on the sepa ra ted feedback is pa r t i cu la r ly important at the higher f r e 
quencies, since the feedback in this region consti tutes a difference between 
two numbers of a lmost equal magnitude. F r o m the resu l t s of a large number 
of zero power ca l ibra t ions it may be concluded that sys temat ic , i .e . , non-
random, e r r o r s were negligibly smal l , since the calculated ze ro power 
curve was reproduced repeatedly within the l imi ts of smal l obviously ran
dom e r r o r s . 

The major source of random e r r o r s and the only source warrant ing 
considera t ion was the inability to de termine p rec i se ly the null points for 
phase and amplitude m e a s u r e m e n t s . A m e a s u r e of the s tandard e r r o r a s s o 
ciated with these m e a s u r e m e n t s may be obtained from a stat is t ical considera
tion of phase and amplitude values determined at d iscre te frequencies at 
ze ro power. The s tandard e r r o r assoc ia ted with a single measurement 
may be defined by the express ion 

1 
0;=\ -^ , , (A- i ; 

— •̂ V̂  

where x is the mean value, x.: is the j measu remen t , and n is the total 
number of observa t ions . By grouping ze ro power phase and amplitude values 
according to frequency, O^ may be conveniently evaluated at severa l d i s 
cre te frequencies from Equation A-1 for the ze ro power case . Although 
values for O^ de termined in this manner apply s t r ic t ly to measu remen t s at 
ze ro power, they may be applied with li t t le loss of significance to m e a s u r e 
ments c a r r i e d out at other levels of power. 

The resu l t s of an evaluation of O^ from zero power cal ibrat ions for 
both phase and amplitude are summar i zed in Fig. 49- To simplify e r r o r 
analysis the s tandard e r r o r is given in percentage units . A smooth curve 
has been drawn through the data to facili tate the extrapolat ion of o^ for 
in termedia te f requencies . 

The effects of s ta t i s t ica l e r r o r s inherent in phase and amplitude 
m e a s u r e m e n t s on the feedback may then be found from the following consid
e ra t ions . The feedback is defined by 

^ ^ l J_ ^ 1 1 / ^ 2) 
G Go G cos 0 - i G sin 0 GQ cos 0 - i GQ sin 6 

where 0 and 6 a re the phase angles of the m e a s u r e d and zero power t r a n s 
fer functions, respect ive ly . 
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Fig 49 Standard E r r o r s Associated with Phase and 
Amplitude Measurements 

Rearranging Equation A-2, there is obtained 

_ c o s 0 + i s i n 0 c o s 0 + i s i n 0 
_H = - . 

The rea l and imaginary components a r e given by 

cos 0 cos 9 

(A-3) 

• H R , G 
(A-4) 

and 

• H Im 
s in 0 s in 0 (A-5) 

The e r r o r in the rea l port ion of -H caused by s ta t i s t ica l e r r o r s associa ted 
with the phase and annplitude of the m e a s u r e d t r ans fe r function is given by 



Similar ly , the e r r o r incur red in the imaginary portion is given by 

A (-Him) = 
a ( - H i ^ ) AG 

he 
"^(-Him) A0" 

30 
(A-7) 

where AG is the s tandard e r r o r associa ted with measur ing the amplitude G 
and A0 is the s tandard e r r o r expressed in radians associated with m e a s 
u remen t s of the phase 0. Upon ca r ry ing out the differentiations indicated 
in Equations A-6 and A-7 , the resu l t s a re 

A(-HRe) =^{ 
cos 0 AG 

) ^ ( 

sin 0 A0\^ 
(A-8) 

and 

A(-Hini) 
/ s i n 0 AGx^ /COS 0 A0>^ 

G^ 

/ C O S H^ n v ^ \ 

V G J 
(A-9) 

A m e a s u r e of the effect of s ta t i s t ica l e r r o r s on the accuracy of 
separa ted feedback values is given for a typical case in Fig. 50. Vertical 
and horizontal ba r s dratwn through the data points indicate the amounts of 
s ta t is t ica l inaccuracy associa ted with the imaginary and real components, 
respect ively. 
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Fig. 50. Stat is t ical E r r o r s for Ful l -power , Full-flow Feedback 



In one respec t the i l lus t ra t ion of r ea l and imaginary s ta t i s t ica l uncer ta in t ies 
given in Fig. 50 is mis leading, since superficial ly it s eems that the high-
frequency feedback values a r e more p rec i se ly defined. On a more rea l i s t i c 
b a s i s , in which the amplitude of the feedback is cons idered , it is c lea r that 
in spite of l a r g e r absolute e r r o r s the amplitude of the feedback is more 
p rec i se ly defined at the lower f requencies . For this r ea son the evaluation 
of values for the dynamic power coefficient by the empi r i ca l methods d i s 
cussed in Section VII f rom the feedback amplitude is considerably more 
re l iable at the lower f requencies . 



APPENDIX B 

The Effect of Tempera tu re Trans ien t s on Shield Pla te Ligamental Motions 

The resu l t s of a t tempts to detect motions induced by t empera tu re 
var ia t ions in the l igaments of a dummy two-inch shield plate have demon
s t ra ted conclusively that such motions do exist . 

The f i r s t a t tempts to observe motions involved heating the l igaments 
with the exhaust from a hydrogen blas t lamp. To prevent the heating of the 
outer port ion of the shield plate (which remained at constant t empera tu re 
in the r eac to r ) , a. pyramida l shroud was instal led beneath the plate in such 
a manner that the shroud effectively channeled the heated air through the 
centra] section and left unaffected a r ea s outside the hexagonal annulus 
(see F ig . 48). To l imit the extent of heating, the blas t was in ter rupted 
after approximately four seconds . Tempera tu r e s in the centra l port ion of 
the plate rose rapidly to about 200°C. Measurements of expansive motions 
were c a r r i e d out with a dial indicator butted against a quartz rod which, 
in turn, was sealed into a s ta in less s teel inse r t machined to provide a flush 
fit with the fuel rod per fora t ions . Asbestos shielding was instal led around 
the measu r ing equipment to prevent extraneous heating effects. The r e 
sponses of approximately 20 holes were tes ted. Although no two responded 
exactly alike, a general pa t t e rn of behavior was c lea r . With the indicator 
butted against the outside of the quar tz rod (approximately 4 in. above the 
plate) , heating the l igaments was followed immediately , i .e . , within 2-3 sec , 
by a movement of the rod inward. After approximately 5-6 sec , the inward 
motion ceased and the rod began to move outward at a much slower r a t e , 
coming to r e s t eventually at a posit ion approximately 4-5 mils outward 
from its initial posit ion. With the indicator bear ing on top of the rod, i .e . , 
in a position measu r ing ver t i ca l deflections, the initial movement was 
3-4 mi l s doAvnward over a per iod of approximately 2-3 sec , followed by a 
much slower r e tu rn to a posi t ion approximately 4-5 mi ls above its initial 
elevation. 

The explanation of this behavior is c lear . Immediately following 
the 4 - sec heat b las t the f i r s t motion consis ts of a warping or a dishing of 
the plate . A dial indicator butting against the outside of the rod senses 
the motion as an inward motion. An indicator mounted on top of a rod 
senses the motion as a dec rea se in elevation. The dishing is apparent ly 
the resu l t of p re fe ren t ia l expansion in the lower port ion of the l igaments . 
As the ent i re collection of l igaments reaches a more or l ess equil ibrium 
t e m p e r a t u r e , the dishing effect d i sappea r s , i .e . , the axes of the pe r fo ra 
tions r e tu rn to ve r t i ca l . Such act ions a r e consistent with the r ecover i e s 
noted. The overshoot in elevation is the resul t of an overall ver t ica l ex
pansion which essent ia l ly r a i s e s the rod and bear ing point of the indicator . 
The overshoot in radia l d isplacement is a consequence of a much slower 
expansion of the hexagonal annulus which allows l igamental s t r e s s e s to be 



at leas t par t ia l ly re l ieved. Observat ions c a r r i e d out on a-g-in. s ta in less 
s teel pin posi t ioned in the annulus substant ia ted this conclusion. Indicator 
m e a s u r e m e n t s c a r r i e d out as a function of elevation along the outside of 
the rod verif ied the exis tence of the dishing effect, i .e . , significantly l a r g e r 
inward displacements were m e a s u r e d at the upper por t ions of the rod. Other 
m e a s u r e m e n t s c a r r i e d out on the right and left-hand s ides of the rod demon
s t r a t ed that l a t e r a l motion a l so occur red . 

In another s e r i e s of exper imen t s , hot water was used as a heat t r a n s 
fer medium. In these exper iments , water at approximate ly 50°C was s to red 
in a tank contiguous with the lower b roached port ion of the shield plate. 
An overflow chamber fitting around the pe r iphery of the hexagonal annulus 
was mounted on the upper side. If mat ing surfaces were gasketed, hot 
water could be forced upward through the rod per fora t ions into the overflow 
chamber without sensibly affecting the t empe ra tu r e of the outer port ion of 
the pla te . Again dial indicators were used to m e a s u r e d isplacements by 
expansive mot ions . 

The re su l t s of m e a s u r e m e n t s conducted on approximate ly 25 rod 
locations confirmed the r e su l t s obtained in the heated a i r exper iments . 
With an indicator butting against the outside of the quar tz rod at an e leva
tion approximately four inches above the p la te , the initial motion was con
sis tent ly inward. In genera l , the initial motion cons is ted of about 0.5 to 
1.0 mi l over a per iod of 2-3 s e c , followed by a somewhat slower recovery 
to the initial posi t ion. In near ly all c a ses an overshoot , i .e . , an outward 
motion, of approximately 0.5 mi l talcing place over a per iod of 5-10 sec 
was observed. Upon reducing the flow of water through the pla te , the 
initial t i l t ing could be exaggera ted and the t ime r equ i r ed for t i l t ing, r e 
covery, and overshooting could be inc reased . It was a l so observed^con-
sistently^that the ti l t ing effect was m o r e pronounced in the outer two or 
th ree rows of rod per fora t ions . 

The re su l t s of exper iments in which the bea r ing point of the in
dicator was placed on top of the rod, i .e . , in a posi t ion measu r ing ver t ica l 
movement , were consis tent with the r e su l t s of s i m i l a r exper iments con
ducted with heated a i r . The initial motion cons is ted of a 0.2 to 0.3-mil 
dip over a per iod of 2 to 3 sec , followed by a s lower recovery to init ial 
elevation. In mos t cases a sma l l overshoot of approximate ly 0.3 mi l was 
observed. 

The resu l t s of exper iments conducted with two dial ind ica tors , both 
bear ing against the inside of the rod but with one at four- inch elevation 
above the plate and the other at eight inches , demons t ra t ed conclusively 
that the initial action cons is ted of a t i l t . In nea r ly al l exper iments of this 
nature the upper indicator r eg i s t e r ed significantly l a r g e r radial d i sp lace
ments than was the case for the lower indicator . 



F r o m t h e s e r e s u l t s i t is c l e a r t h a t the i m m e d i a t e c o n s e q u e n c e of a 
sudden i n c r e a s e in the t e m p e r a t u r e of coo lan t f lowing t h r o u g h the l i g a 
m e n t s is a r a p i d d i s h i n g a c t i o n which t i l t s the a x e s of con t iguous fuel r o d s 
t o w a r d s the n o r m a l . S ince the t i l t i ng i s m o r e p r o n o u n c e d a long the p e 
r i p h e r y of the p e r f o r a t i o n s , it s e e m s l i k e l y tha t the th in ( a p p r o x i m a t e l y 0.20 in.) 
h e x a g o n a l annu lus i s a l s o invo lved in the d i sh ing ac t i on . A p p a r e n t l v the 
t e m p e r a t u r e g r a d i e n t e s t a b l i s h e d a c r o s s the p l a t e e f fec ts a p r e f e r e n t i a l 
e x p a n s i o n , not only of the l i g a m e n t s , bu t of the annu lus as we l l . Such a c t i o n 
would be m a n i f e s t e d by an i n w a r d t i l t i ng of fuel r o d e x t e n s i o n s con t iguous 
wi th the l i g a m e n t s . The r e c o v e r y and o v e r s h o o t a r e c o n s i s t e n t wi th the 
b e h a v i o r e x p e c t e d for a s y s t e m which e v e n t u a l l y c o m e s to a h i g h e r (and 
u n i f o r m ) e q u i l i b r i u m t e m p e r a t u r e . 

B a s e d on t h e s e o b s e r v a t i o n s , the fol lowing m e c h a n i s m m a y be p o s 
t u l a t e d a s the s o u r c e of the d e l a y e d n e g a t i v e p o w e r coeff ic ient of M a r k II. 
As the t e m p e r a t u r e wave r e s u l t i n g f r o m a p o w e r i n c r e a s e r e a c h e s the 
s h i e l d p l a t e , d i sh ing b e g i n s . The effect of the d i sh ing on fuel r o d m o v e 
m e n t d e p e n d s to a v e r y l a r g e ex ten t on the e x a c t p h y s i c a l r e l a t i o n s h i p of 
the r o d e x t e n s i o n s wi th r e s p e c t to the p e r f o r a t i o n s . Two c a s e s a r e 
r e c o g n i z e d : one in which the r o d e x t e n s i o n s b e a r a g a i n s t the i n n e r e d g e s 
of the p e r f o r a t i o n s , l e a v i n g the e n t i r e d i a m e t r a l c l e a r a n c e b e t w e e n the 
o u t e r e d g e s of the r o d e x t e n s i o n s and the o u t e r e d g e s of the p e r f o r a t i o n s , 
a n d the o t h e r in wh ich the r o d e x t e n s i o n s a r e t igh t ly bound by the l i g a m e n t s . 
A t h i r d p o s s i b i l i t y , m which the r o d e x t e n s i o n s p e n e t r a t e the p e r f o r a t i o n s 
wi thout t ouch ing the l i g a m e n t s , i s not r e c o g n i z e d , s i n c e the e x p a n s i v e 
a c t i o n a s s o c i a t e d wi th r e a c h i n g an ou t l e t t e m p e r a t u r e of 300-400°C shou ld 
be e a s i l y suf f ic ient to g a t h e r a l l r o d e x t e n s i o n s a long the i nne r e d g e s of 
the p e r f o r a t i o n s . In the f i r s t c a s e , i . e . , wi th the r o d e x t e n s i o n s b e a r i n g 
a long the i n n e r e d g e s , the d i s h i n g ac t ion wi l l r e s u l t in an o u t w a r d m o v e 
m e n t of the r o d by an a m o u n t d i c t a t e d by the d i s p l a c e m e n t of the b o t t o m 
i n n e r e d g e s of the p e r f o r a t i o n s . In the s e c o n d c a s e , d i sh ing r e s u l t s in a 
t o r q u e which e f fec t ive ly a m p l i f i e s the m o v e m e n t of fuel at c o r e e l eva t i on . 

Of the two m o t i o n s , the l a t t e r i s f a r m o r e ef fect ive m modi fy ing the 
c o r e r a d i u s fo l lowing a p o w e r c h a n g e . In fac t , a s wi l l be shown, the r a d i a l 
m o v e m e n t of fuel r o d s r e s u l t i n g f r o m u n r e s t r a i n e d r a d i a l e x p a n s i o n s of 
the l i g a m e n t s i s too s m a l l by a f a c t o r of two or t h r e e to exp la in the i n 
s t a b i l i t y of M a r k U at 550 kw and o n e - t h i r d flow. S ince the expans ion of the 
l i g a m e n t s is r e s t r a i n e d to a l a r g e d e g r e e , th i s f a c t o r is undoub ted ly m u c h 
l a r g e r . F o r t h i s r e a s o n , m e c h a n i s m s b a s e d on the s i m p l e r a d i a l m o v e m e n t 
of r o d e x t e n s i o n s t h r o u g h l i g a m e n t a l e x p a n s i o n s a r e u n t e n a b l e . Some a m 
p l i f i c a t i o n of m o t i o n is n e c e s s a r y to e x p l a i n the l a r g e amoun t of d e l a v e d 
r e a c t i v i t y c o n t r o l l e d by t h e r m a l i n d u c e d m o t i o n s of the p l a t e . 

In h i s a n a l y s i s of M a r k II da t a , Be the a r r i v e d at v a l u e s of +1.45 and 
- 6 . 9 X 10" A k / k / k w for the m a g n i t u d e s of the p o w e r coef f ic ien t c o m p o n e n t s 
for rod bowing and d e l a y e d s t r u c t u r a l e x p a n s i o n , r e s p e c t i v e l y , for the 
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operating conditions of 550-kw power and 100-gpm flow. Assuming that 
the ent i re negative component cons is t s of delayed radia l ejqjansion, it can 
be shown that the amount of radial movement at the core center n e c e s s a r y 
to explain the negative power coefficient for a t e m p e r a t u r e differential 
a c r o s s the core of 128°C is approximately 24 m i l s . Actually, a smal l f r ac 
tion of the net negative power coefficient a r i s e s through prompt axial ex
pansion, and the value of 24 mi l s becomes an upper l imit . Since the upper 
l imit for the amount of radia l movement assoc ia ted with the un re s t r i c t ed 
radial expansion of the l igaments for the same operat ing conditions (550 kw, 
100-gpm flow, and 128°C t empe ra tu r e differential a c r o s s the core) is only 
9 mi l s , the necess i ty for amplification is c lea r . 

The explanation of the amplification n e c e s s a r y to explain the expe r i 
mental Mark II r esu l t s may well lie in the dishing and tilting actions noted, 
since such effects effectively provide a ce r ta in amount of mechanical a m 
plification. Unfortunately, the r e su l t s of the water and a i r s imulat ions do 
not constitute a re l iable bas i s for the extrapolat ion of the dishing action 
expected for Mark II. Several important points of difference prevent such 
extrapola t ions . In the f i rs t p lace, heated a i r and water were used in the 
s imulat ions in place of NaK. In view of the supe r io r heat t r ans fe r p rope r t i e s 
of NaK, it is l ikely that dishing action would be more pronounced in a NaK 
sys tem. Secondly, the flow ra t e , which exe r t s a s t rong influence on dishing, 
was considerably lower in the s imulat ions than was the case for Mark II. 
Thirdly, the s imulat ions neglected the effects of rod extensions which, 
through the i r combined heat capaci t ies , undoubtedly at tenuated the effects 
of t empe ra tu r e changes in the r eac to r . It mus t a lso be emphas ized that the 
s imulat ions were conducted on a much thinner shield pla te , two inches in 
thickness con t ras ted with four inches for the one instal led in Mark II. A 
g rea t e r degree of dishing and hence amplification would, of cou r se , be 
expected for the th icker plate . Final ly , it mus t be recognized that the ex
tent of dishing is undoubtedly dependent on the manner in which the t e m 
p e r a t u r e gradient a c r o s s the plate is imposed. In the s imulat ion the plate 
was subjected to a step change of t e m p e r a t u r e with the resul t that the 
t empe ra tu r e gradient a c r o s s the plate exis ted for a re la t ively shor t per iod 
of t ime , i .e . , for a per iod of t ime of the o rde r of seconds. Fo r this reason 
it is conceivable that the maximum dishing effect was never observed. With 
the r eac to r oscil lat ing at low f requencies , as in the Mark II instabil i ty 
s tudies , m o r e prolonged t e m p e r a t u r e gradients were imposed. F o r ex
ample, at low frequencies a sinusoidal i nc rease in t empe ra tu r e would be 
manifested by a reasonably prolonged (but varying) negative t empe ra tu r e 
gradient a c r o s s the pla te , i .e . , the bottom would always be at a higher t e m 
p e r a t u r e than the top. F o r an osci l lat ion frequency of 0.02 cps a t empera tu re 
gradient of the same sign could exist for as long as 25 sec , a t ime duration 
which would p e r m i t a g r ea t e r degree of expansion in the more slowly r e 
sponding hexagonal annulus and p resumably a g r ea t e r degree of dishing. 
As an additional point of difference during the other half of the cycle , i .e . . 



during the decreas ing por t ion of the sinusoidal var iat ion, the upper surface 
of the plate would be at a higher t e m p e r a t u r e than the lower and a dishing 
effect m the opposite direction would be expected. 

It must a lso be emphas ized that the effectiveness of the dishing 
mechan i sm re l i e s on s t rong modifications in the nominal 0.0055-in. radia l 
c l ea rances existing between rods and the edges of the per fora t ions , i .e . , 
that the rods a re reasonably contiguous with the perforat ions under operating 
conditions. If they are not contiguous, dishing action will not lead to a m 
plification and the resul t ing effect on core size will be insufficient to 
explain the Mark II ejqjerimental r e s u l t s . In view of the mass ive , con
tinuously cooled outer port ion of the shield plate , it is likely that expansion 
effects m the l igaments brought about by the t empera tu re differential a c ros s 
the core will be manifested by a pa r t i a l compress ion of the rod per fora t ions . 
Such a compress ion could conceivably reduce the c lea rances between the 
rods and thei r perfora t ions such that torque action and mechanical amplifi
cation become poss ib le . 

Because of the conditions under which the s imulat ions were con
ducted, it is not poss ible to conclude posit ively that the dishing action noted 
is the mechan i sm respons ib le for the Mark II delayed negative power co
efficient component. The s imulat ions do indicate, however, that the major 
effect resul t ing from t e m p e r a t u r e t r ans ien t s is a dishing effect which is 
in the p rope r direction to explain the Mark II exper imental r e s u l t s . Much 
m o r e e laborate exper iments a r e needed before an unequivocal answer is 
given. Before the above-postula ted mechan i sm can be accepted with as • 
su rance , it will be n e c e s s a r y to m e a s u r e fuel rod deflections (at core 
center) init iated through t e m p e r a t u r e changes in a faithful s imulation of 
the Mark II core For this purpose the simulation must include a rod t ip-
locating pla te , a lower four- inch shield plate , and a seal plate identical 
with those instal led in the Mark 1 and Mark II co re s . Care mus t be taken 
to mainta in the outer por t ions of the s t ruc tu re under rigid and constant 
t e m p e r a t u r e conditions. All of the rod perforat ions should be occupied by 
reasonable s imulat ions of the Mark U fuel rods . NaK must be used as a 
heat t r ans fe r medium and provis ion mus t be made to maintain the rod l iga
ments at a t e m p e r a t u r e approximate ly 1 00°C higher than the outer mass ive 
por t ions of the s t ruc tu r e . T e m p e r a t u r e t rans ien t s could be init iated by 
valving heated NaK into the "co re" inlet. Final ly , to study the deflection 
of fuel rods at core elevation it will be n e c e s s a r y to develop unusual 
mechanica l and e lec t ronic techniques since the core will not be eas i ly 
access ib le . Such an exper iment will be costly but, if more definitive in
format ion on the effects of dishing is needed, there seems to be no r eason
able a l te rna t ive . 
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